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General introduction

General introduction

Current world population being estimated to have reached 7.8 billion people at the time this
thesis is written, the supply of clean and sustainable energy sources and storage systems, to meet
the endless energy demand, is more than ever a major contemporary concern. Besides the
expansion of renewable energy sources such as solar, wind or also hydro-electricity to replace
traditional fossil fuels raising environmental concerns, energy storage devices have lately appeared
as a decisive obstacle to address. Capable of capturing the energy produced at one time to deliver
it at a later time when it is needed, the most widespread technology among the current various
energy storage options is the lithium-ion battery. Nowadays, due to its promising performances
regarding energy density, power and cycle life, it is a component found at the heart of all modern-
day electronics: smartphones, laptops, electric scooters and electric vehicles. As they undeniably
became imperative in our everyday life, these small devices have done the headlines recently as
the Nobel Prize in Chemistry 2019 was awarded on October 9, 2019 to three researchers
(Goodenough-Whittingham-Yoshino) for their pioneering work on this particular technology of
batteries. While current commercial lithium-ion batteries consist of stacked leaflets (2D planar
design), innovative approaches are now required to enable the development of 3D complex
architectures reported to significantly improve the electrochemical performances in term of power.
Furthermore, the request to build flexible, wearable and customizable batteries of any shape while

maximizing the energy storage as well as diminishing volume and weight must be addressed.

Additive manufacturing, also called 3D-printing, appears as a cutting-edge revolutionary
discipline based on the 3D items preparation by addition of material layer-upon-layer. This
innovative technology precisely enables to implement topological optimization of energy-storage
devices. Indeed, battery components such as electrodes, separator, electrolyte and current collectors
can be tailored with any shape, therefore allowing the future direct incorporation of batteries and
all electronics within the final three-dimensional object. Moreover, the ability of this technique to
build promising complex three-dimensional (3D) electrode architectures reported to theoretically
enhance significantly the lithium-ion battery performances in terms of power and capacity make it

appealing. Among the various additive manufacturing processes, Fused Deposition Modeling
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emerges as a promising option in order to achieve complete lithium-ion battery without the

necessity to perform any post-processes.

In this context, this PhD thesis was done under the join supervision of two laboratories,
respectively specialized on the formulation and characterization of materials for lithium-ion

batteries and on 3D-printing and mechanical engineering:

= the Laboratoire de Réactivité et Chimie des Solides (LRCS), located at Picardie Jules Verne

University in Amiens, France;

= the Laboratoire des Technologies Innovantes (LTI) located at Picardie Jules Verne

University in Amiens, France.

Joining both laboratories expertise, this PhD thesis was focused on the development of Lithium-

ion Battery 3D-Printing using Fused Deposition Modeling.

Chapter 1: The first chapter of this thesis consists of a literature review introducing the
lithium-ion battery and additive manufacturing working principles. The advantages of moving
from a 2D design to a 3D battery design as well as an overview of the recent advances in 3D-

printed lithium-ion batteries are presented.

Chapter 2: In the second chapter, in order to feed a Fused Deposition Modeling 3D-printer,
the formulation process of composite filaments corresponding to the positive and negative
electrodes but also the separator and current collector of a lithium-ion battery operating with a
liquid electrolyte is portrayed. The impact of plasticizer addition on mechanical properties and
printability is thoroughly depicted. Considering the optimized plasticizer composition for the
electrodes, an exhaustive study is carried out to identify the electrical and electrochemical impact
of conductive additives. The incorporation of ceramic particles within the separator in order to

favor the liquid electrolyte impregnation is described.



General introduction

Chapter 3: Starting from the optimized filaments composition, the third chapter is
dedicated to the assembly from independent 3D-printed components (stacking), and direct printing
of the complete LIB in a single step (one-shot). The printing difficulties faced are here detailed.
Taking advantage of the new design capabilities conferred by Fused Deposition Modeling,
separator patterns and infill density are examined to improve the liquid electrolyte impregnation
and avoid short-circuits. Electrochemical performances of the complete cells are evaluated by
performing galvanostatic tests and interpretation of the results is revealed. Finally, a modeling
study enabling the comparison of various 3D batteries architectures is introduced and an overview
of the commercially available multi-materials options offered to print such complex designs is

given.

Chapter 4: The fourth chapter of this thesis is a preliminary study devoted to the future
printability of an all-solid-state lithium-ion battery through Fused Deposition Modeling. The
advantage of such a technology in comparison with a battery using a more standard liquid
electrolyte is depicted. In this part, a development and optimization of a solid polymer electrolyte
filament is described in order to enhance the ionic conductivity and modifications of a Fused
Deposition modeling 3D-printer to facilitate its printability are introduced. The impact of three
different electrochemical impedance spectroscopy sample holders (lateral, sandwich and

interdigitated-comb) on the final ionic conductivity value is presented.

Chapter 5: Finally, acting as a perspective study, fifth chapter is focused on the elaboration
of a polypropylene (PP)-based positive electrode for a lithium-ion battery using a liquid electrolyte.
In parallel with the fused deposition modeling additive manufacturing process, the ability of the
selective laser sintering process is also examined to 3D-print PP-based LIB components for
purposes of comparison. Requirements for printing materials, resolution, advantages and

drawbacks of each technique to print PP electrodes and complete lithium-ion battery are discussed.
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1.1. Lithium-ion battery

Encouraged by the high demand on portable electronic devices and the anticipated
commercialization of electric vehicles, last decades have witnessed the elaboration and expansion
of new energy storage systems.""> Among them, lithium-ion batteries (LIB) appeared as the system
of choice due to their promising electrochemical performances (Figure 1.1) offering high energy
density, power density, efficiency and long cycle life.> Despite the impressive growth in sales of
LIB worldwide, research strategies and challenges still remain on the synthesis, characterization,

electrochemical performance and safety improvements.
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Figure 1. 1. Comparison of various energy storage systems technologies in terms of power and gravimetric energy
density. (SuperCap: supercapacitor; Pb: lead; Li-ion: lithium-ion; NiCd: nickel-cadmium; NiMH: nickel-metal
hydride; NaNiClz: sodium—nickel chloride; ZEBRA: Zero Emission Battery Research Activities). Reproduced with

permission from 3. Copyright 2013 Sage publications.
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1.1.1. Working principle

Operating as an electrochemical generator, commercial lithium-ion battery (Figure 1.2)
consists of two electrodes which are isolated electronically by a separator membrane impregnated
within a liquid electrolyte in charge of ensuring the good Li" ionic conductivity. Through
oxidation-reduction reactions, the stored chemical energy is thus converted into electrical energy.
During the discharge, lithium ions (Li") migrate from the negative electrode to the positive
electrode through the electrolyte while electrons are released (oxidation) from the negative
electrode and reach the positive electrode (reduction) through the external circuit. The opposite
reactions occur during the battery charge. The negative and positive electrodes are usually
respectively designated as anode and cathode with respect to the reactions happening during
discharge. The total Gibbs free energy change due to the electrochemical reactions on both
electrodes is directly linked to the selected electrode materials. Given the overall electrochemical

reaction and charges transferred, the theoretical cell voltage (AE = ~AG/nF) can be calculated.*
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Figure 1. 2. Schematic of a lithium-ion battery. Reproduced with permission from !. Copyright 2011 Science.
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From the electrochemical point of view, battery performances are generally given by
parameters such as the capacity, the energy, the power and the cyclability. The battery capacity
describes the total electric charges provided by the cell. This parameter, generally expressed in Ah
kg! of active material, is constantly reported at a particular current density (or cycling rate) defined
as the amount of charge flowing per time unit. On the other hand, the specific energy of a battery
indicates how much energy a battery can hold which is generally expressed in Wh kg! or Wh L,
while the power density expressed in W kg! or W L! depicts the speed at which the energy is
released. Finally, the cyclability parameter corresponds to the reversibility of the Li* insertion and
extraction processes, in terms of the number of charge and discharge cycles before the battery loses

efficiency.*

1.1.2. Components

1.1.2.1. Electrodes

Nowadays, most of positive and negative electrodes consist in composites materials. These
latter comprise an active material (Figure 1.3) conferring adequate electrochemical performances,
conductive additives allowing the good electronic conductivity and also a binder/polymer-matrix

contributing to improve the cohesion between these different particles.
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Figure 1. 3. Potential and specific capacity of commonly used active materials in lithium-ion batteries. Reproduced

with permission from °. Copyright 2019 Elsevier.
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1.1.2.1.1. Active material for the positive electrode

Most of the positive electrodes used in commercial lithium-ion batteries involve the use of
transition metal oxides as active material (Figure 1.4). These materials are capable of reversibly

insert lithium ions within their respective structure without causing any major structural damage.”
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Figure 1. 4. Discharge profiles of representative intercalation cathode materials. Reproduced with permission from 8.

Copyright 2015 Elsevier.

Among them, the lamellar structure oxide LiCoO, (LCO), discovered by Goodenough!® in
the 1980s and first commercialized by SONY under the guidance of Yoshino!!, still remains a
compound of choice for portable electronics applications. Presenting a theoretical capacity of 274
mAh g'l, its operating potential is nonetheless limited to 4.2 V with a view to preserve its structure.
Indeed, after 50% of the lithium is extracted from the structure, a transformation from hexagonal
to monoclinic phase is observed, thus having a detrimental effect upon cycling. Hence, its structural
instability reduces the practical electrochemical capacity to a lower capacity value of 140 mAh g’
I, Owing to the limited capacity, its high cost and toxicity, its use for large scale applications has

been prevented.!?

On the other hand, introduced by Ohzuku'® in 2001 and enabling to reach higher energy
density due to the presence of nickel, the oxide material LiNi,MnyCo,0, (NMC) is nowadays a

10



Chapter 1. State of the art on lithium-ion battery 3D-printing

promising material employed in hybrid and electric cars. Considering the composition
LiNii3Mni3Co1302, high practical reversible capacity is described in literature!2, reaching up to
200 mAh g! in the cut-off voltage range 2.8-4.6 V and 160 mAh g! in 2.5-4.4 V making it indeed
very appealing for high power and high energy lithium-ion batteries. With a view to increase even
further the energy density and reduce the cost, cobalt which is used within the NMC to preserve
the structure stability was substituted by more abundant and cheaper element such as nickel. This
recently led to the commercialization by the car manufacturer Tesla of the LiNio8Coo.15Al0.050:2
(NCA) having a higher practical capacity of about 180 mAh g! in the cut-off voltage range 2.7-4.4
V.14 15 Nonetheless, this material faced capacity loss upon cycling due to the appearance of

particles cracks.!®

Available at a lower cost, being safer and environmentally-friendly, the spinel oxide
LiMn,04 (LMO) appears as an alternative to the options enumerated previously. Nonetheless,
while its unique MnO; framework creating a three-dimensional diffusion pathway for lithium ions,
provides an admirable rate capability, it experiences an important capacity fading upon cycling at
a temperature higher than 50°C which is due to the manganese dissolution (Jahn Teller effect).
Hence, the practical capacity is about 120 mAh g!.% 1217 Various strategies to avoid the manganese
dissolution and minimize the capacity fading were introduced such as the doping of LiMn2O4 with
Ni to obtain the composition LiMnisNipsO0s (LMNO). The latter depicts the most promising
electrochemical performance (140 mAh g!), with high operating voltage (up to 4.7 V) and good

rate capability.'?

Olivine phosphate materials such as the LiFePOs (LFP) have also been considered as a
promising active material to replace the traditional layered positive electrodes.!® Indeed, it offers
the advantage of presenting low cost, low toxicity, good safety, high mechanical strength and low
capacity fade under high current density making this material very promising for power
applications.” ! Moreover, this compound depicts relatively high specific capacity reaching about
170 mAh g! theoretically (162 mAh g! practically in the 2.8 — 3.8 V potential range)*.
Nonetheless, it is considerably limited by its low electronic conductivity (10° S ¢cm™) and low
discharge plateau appearing around 3.4 V. By achieving a simple carbon coating, electronic

conductivity was reported to be able to increase up to 102 S cm!.2!
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1.1.2.1.2. Active material for the negative electrode

Due to its important electronegativity (-3.05 V vs. standard hydrogen electrode) and high
theoretical specific capacity reaching 3800 mAh g! thanks to its low weight (M = 6.94 g mol™! and
density p = 0.53 g cm™), lithium metal was first considered as negative electrode. Nonetheless, its
use was particularly limited due to the formation of dendrites in contact with organic liquid

electrolyte, leading to important safety issues such as the battery short-circuit upon cycling.?

For these reasons, the use of much safer composite carbonaceous negative electrodes was
introduced.??> Nowadays, most common negative electrode material is centered on the well-
established graphite (working voltage about 0.05 V).!! This latter, able to insert one lithium ion
within six carbon atoms, depicts a theoretical specific capacity of 372 mAh g'!, making this
material unfortunately limited in comparison with metallic lithium. Considering graphite as active
material, a little volume expansion up to 10% can be observed during the lithium ions insertion
between the graphene sheets. Unfortunately, this swelling phenomenon can lead to the undesired

formation of cracks within the structure.?3-2*

To avoid this phenomenon, spinel structure material such as Li4TisO12 (LTO) has also been
considered as a promising active material to replace the traditional layered negative carbonaceous
electrodes.?> 26 Indeed, while its theoretical capacity is much lower (only 175 mAh g!) than
graphite, its very low volume expansion (0.2%) makes it a material of choice for power

application.?’

On the other hand, silicon was thoroughly studied for its use in negative electrodes due to
its high theoretical specific capacity reaching 4000 mAh g! (working potential about 0.4 V).?®
Nonetheless, the use of pure silicon is not feasible because of its significant volume expansion of
about 400% upon cycling.?®- 3% Hence, recent studies investigate the addition of a small fraction of

silicon within a carbonaceous material to reach high capacity and good cycling retention.3!-32

Finally, it is worth mentioning that through the lithium-ion battery first charge, a passivation
layer called solid electrolyte interphase (SEI) created from the liquid electrolyte reduction is

deposited at the negative electrode surface that allows it to operate beyond its electrochemical
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stability window. While the formation of a homogeneous layer is contributing to the battery good
electrochemical performances, the formation of a non-homogeneous layer in combination with
extreme cycling conditions is often responsible for the battery electrochemical performances

degradation.3? 34

1.1.2.1.3. Binder

Indispensable within both electrodes in order to confer adequate mechanical strength and
facilitate their production, the binder serving as a polymer matrix represents usually only ~2wt%
of the total weight of the composite electrode. In comparison, the active material represents
~95wt% and the conductive additives ~3wt%. Preferably electrochemically inert, the binder role
is to join together homogeneously the active material and conductive additives particles but also to

enable a good adhesion with the current collector.

Thanks to its good electrochemical stability, polyvinylidene fluoride (PVDF) was first used
on both electrodes of commercial lithium-ion batteries. Nonetheless, as the use of this material
implicates the handling of toxic solvents such as N-methyl-2-pyrrolidone (NMP) during the
electrodes manufacturing, research led to other more environmentally-friendly binder that would
rather dissolve within an aqueous solvent. Among them, styrene-butadiene rubber (SBR) and/or
carboxymethyl cellulose (CMC) emerged as a better option especially with graphite negative
electrode.®®> Nevertheless, it is important to emphasize that PVDF still remain highly used within
commercial positive electrodes. Indeed, SBR contains double bonds in its backbone that are prone
to be oxidized. Also, while it was demonstrated that CMC can be used for positive composite
electrodes composed of NMC or LFP as active material,*® degradation of the active material and
aluminum current collector tends to occur because of the presence of the aqueous medium, thus

resulting in cell impedance increase, capacity loss and gas generation.

1.1.2.2. Separator

Within a lithium-ion battery, the separator acts as a physical barrier placed between both
electrodes. Electronically insulator and ionically conductive, these electrochemically inactive

microporous membranes are usually made of polyolefin such as polyethylene (PE) and/or
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polypropylene (PP). These separators are generally less than 30 um thick with pores diameter
between 0.03 et 0.1 pm.3’

Considering a monolayer separator composed either of PE or PP, upon extreme heat, due
to the melting of the polymer, the pores are close. This phenomenon is expected to act as an internal
safety and prevents from thermal runaway of the lithium-ion battery. In order to strengthen this
safety measure, preventive actions such as the use of tri-layered separator (Figure 1.5) composed
of PP/PE/PP, in which polyethylene is placed in between two layers of polypropylene, was
established. Here, upon excessive heat, the PE presenting the lower melting temperature (130 °C)
melts and its pores close, thus shutting-down the battery cell. The outer PP layer having a higher
melting temperature (~150°C) remains in the solid state, thus making the physical barrier more
efficient in comparison with a monolayer separator. Recently, additional enhancements were
completed by adding a ceramic coating onto the separator. Upon extreme heat, ceramic particles

do not melt and thus promotes a superior safety.®

Finally, it is worth-mentioning that the separator should remain as thin as possible to
minimize internal resistance. Also, the latter must be compatible with the electrolyte and enable

good impregnation.
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Figure 1. 5. Scanning electron micrographs of Celgard 2325 (PP/PE/PP) separator used in lithium-ion batteries: (a)
surface SEM and (b) cross-section SEM. Reproduced with permission from 7. Copyright 2004 American Chemical
Society.
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1.1.2.3. Electrolyte

As a key-component of lithium-ion batteries, the electrolyte has a critical responsibility
concerning both electrochemical performance and safety of the final device. It should be
electronically insulator but must exhibit ionic conductivity as high as possible. Last but not least,
it must be chemically inert toward the electrode’s components and electrochemically stable within
the potential window. While commercial lithium-ion battery typically involves organic solvent-
based liquid electrolytes, other technologies implicating the use of gel or solid electrolytes (ceramic
or polymer-based) are being developed to overcome the concerns raised by the solvent’s volatility

and flammability.

1.1.2.3.1. Liquid Electrolyte

A liquid electrolyte is composed of a lithium salt dissolved in organic solvents mixture. As

described by Marcinek et al.,*

an ideal electrolyte solvent should be able to dissolve lithium salts
to sufficient concentration, its viscosity should be low to enable fast ion transport, be inert with all
cell components especially positive and negative electrode materials and the current collectors,
have sufficient wettability towards the electrodes and separator, and remain liquid in a wide
temperature range. Organic solvents usually used in batteries are based on a mixture of cyclic and
linear carbonates (Table 1.1). They promote respectively the lithium salt dissociation (as cyclic
carbonates such as ethylene carbonate (EC) and propylene carbonate (PC) have a high dielectric
constant) and the lithium ion mobility in the electrolyte (due to the low viscosity of linear
carbonates such as dimethyl carbonate (DMC) and diethyl carbonate (DEC) and ethyl methyl
carbonate (EMC)). Nonetheless, main drawback of EC is its relatively high melting temperature

limiting its use at low temperature. Also, PC was reported to regrettably exfoliate the graphite

(active material for the negative electrode).*°
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Table 1. 1. Physical properties of most common solvents employed in commercial LIB #

) . Dielectric | Viscosity (CP |  Tumettin Thoilin
3 g g
Solvent Structure Density (g cm™) constant & at 25°C) C) C)
EC O© 1.327 89.78 1.9 (40°C) 36.4 248
(®)
/_<CH3
PC 0__0 1.200 64.92 2.53 -48.8 242
hig
(0]
(0]
DMC hee M _chs 1.063 3.107 0.63 4.6 91
O O
0]
DEC 0.969 2.805 0.77 -74.3 126
HSC/\OJ\O/\CH3
(0]
EMC 1.006 2.958 0.65 -53.0 110
HSC\O)I\O/\CH3

On the other hand, lithium salts must present high thermal and chemical stability, passivate
the aluminum current collector from anodic dissolution, exhibit very high ionic conductivity within
the solvent, be able to completely dissolve and dissociate in non-aqueous media and contribute to
the homogeneous formation of the SEI at the negative electrode surface. Besides, solvated lithium
ions must present high mobility (high transference number) in the media. Anion species must
remain inert with the electrolyte solvents and present low toxicity. Nowadays, lithium
hexafluorophosphate LiPFs is the most employed in commercial lithium-ion batteries as it exhibits

high ionic conductivity within different solvents at ambient temperature (Table 1.2).

Table 1. 2. lonic conductivity of most commonly used commercial liquid electrolytes.*!

| M LiPF EC : DMC EC : DEC EC : PC
o (50 : 50 vol.%) (50 : 50 vol.%) (50 : 50 vol.%)
Ionic conductlv_llty at 20 °C 1.05%102 7 5%10° 6.5%10°
(Sem™)
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1.1.2.3.2. Solid electrolyte and gel electrolyte

While concerns about the use of organic solvent-based liquid electrolytes are raised due to
their volatility and flammability, all-solid-state devices represent a safer alternative enabling the
use of lithium metal at the negative electrode. Hence, many studies focused their attention on the

development of high-performance solid electrolytes (ceramic or polymer).*

Typical materials used as inorganic ceramic solid electrolytes comprise Garnet-type oxides
(LisLasM2012 with M = Zr, Ta, Hf or Nb) and sulfides.*> > Amongst the several Garnet-type
reported ceramic electrolytes, Li;La3Zr,O12 (LLZO) has been involved in many studies.**4® The
development of Lis75LasZr175Tao25012 cubic garnet with a conductivity value equals to 8.7x10*
S em™ at 25 °C was for example described by Allen et al.*” Unfortunately, main drawbacks of these
ceramic oxide solid electrolytes are their poor mechanical behavior and important charge transfer
resistance conferred by the poor interface fit with the electrodes. In parallel, sulfide-based solid
electrolytes were developed.*® This includes for example Lisz2s5Geo2sPo75S4 which depicts a
relatively high ionic conductivity (2.2x1073 S cm™ at RT) and good electrochemical stability.*’
Also, much more conductive LijoGeP2Si2 (LGPS) (1.2x102 S cm! at RT) and
Lio 54Si1.74P144S11.7Clo3 (LSPSC) (2.5%1072 S cm™! at RT) are very promising.’® Nevertheless, it is
worth mentioning that both LGPS and LSPSC have poor chemical stability with lithium metal.

Last but not least, LGPS is quite expensive because of the introduction of germanium.

Distinct from the inorganic ceramic solid electrolytes which are inherently rigid, the solid
polymer electrolytes (SPE) represent an exciting alternative thanks to their good flexibility and

safety behavior with lithium metal.*

With a view to reach high conductivity values, several
polymer matrix including the notorious poly(ethylene oxide) (PEO) or poly(vinylidene fluoride)
(PVDF) were studied in details.’!- > In particular, thanks to its faculty to solvate lithium cations

through interaction of its ether oxygens, PEO has been investigated extensively.> >

Pioneering
work was completed by Berthier and Armand who primary attributed the ionic conductivity to the
amorphous phases of the PEO/lithium-salt system using NMR.> This significant understanding
subsequently led further studies to increase these regions by eliminating crystallinity. Still, PEO-
based SPE depicts generally low ionic conductivities (1078~107> S cm™! at RT) compared to liquid

electrolytes (10°=102 S cm™! at RT) and thus have not been accepted broadly in commercial
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batteries. With a view to attain enough ionic conductivity for battery application, the latter needs
to be operating around 80 and 90°C.> In this temperature range, the solid-polymer electrolyte is in
a viscous state, facilitating the lithium-ion displacement. Over the last decades, cutting-edge studies
were reported in order to increase the SPE ionic conductivity by reducing crystallinity while
enhancing the mechanical strength through the introduction of inorganic nanofillers such as SiO:

or Al,O3 within the polymer matrix.>¢-8

These findings paved the way toward promising hybrid solid electrolytes based on the
incorporation of inorganic ceramics solid electrolyte within classical polymer electrolyte matrix,
thus combining the advantages of both types of electrolytes. Liu et al.>® reported for example the
introduction of Liop33Laos57TiO3 (LLTO) nanowires within a polyacrylonitrile (PAN) polymer
matrix with LiClO4. Remarkably, compared with random oriented nanowires, aligned nanowires
induce one order of magnitude enhancement in ionic conductivity (6.05x10° S cm™ at 30°C).
Recently, Yu et al.> reported a polymer/ceramic composite solid electrolyte for the operation of
all-solid-state sodium batteries. The latter was obtained by dispersing NazZr>Si,PO1; into a PEO—
sodium perchlorate (NaClO4) matrix (EO:Na" = 15:1). The resulting hybrid electrolyte depicted a

conductivity of 5.6x10* S cm™! at 60°C and a long-term electrochemical stability.

Last but not least, with a view to take advantage of both liquid and solid electrolytes, gel
polymer electrolytes (GPE) (semi-solid) operating at ambient temperature have appeared as a good
option.%% 6! Tt consists of polymeric membranes acting as physical separator and being gelled when
soaked within a liquid electrolyte due to the polymer/solvent interactions. When employed, a

compromise between conductivity and mechanical properties must be found.
1.1.2.4. Current collectors
Current collectors being the direct connection between the electrode and the external circuit,
they must exhibit electronical conductivity as high as possible. Hence, metal foils are usually

employed in commercial LIB. Nonetheless, the metal selection for each current collector should

be chosen in good agreement with their own electrochemical stability window.
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Copper foil is generally employed as current collector at the negative electrode as it appears
to be electrochemically stable between 0 and up to 3 V vs. Li/Li*. Above this value, it will then
start oxidizing.®> On the other hand, aluminum foil current collector (cheaper and lighter) is used
at the positive electrode as it is stable at higher potential due to the AlF3 passivating layer created
thanks to the presence of LiPFg salt,® thus blocking subsequent aluminum oxidation. Al is not used
at the negative electrode as an Li—Al alloying process starts when potential is close to ~0.3 V vs.
Li/Li*.%? Practically, extended corrosion of current collectors under cycling can lead to an increase
of the cell overall resistance causing capacity fading. In extreme cases, it could even induce short-

circuit, affecting the device safety.5?

Finally, it is important to mention that metallic foil current collectors, serving as support
for the coated electrodes, can generate some adhesion issues due to their smooth surface. Indeed,
metallic foils can unfortunately cause the active material particles detachment reported to be
particularly problematic for flexible electrodes manufacturing. Hence, carbon-based materials or

conducting polymers are potential candidates for flexible current collectors.®

1.1.3. From 2D to 3D architectures

Commercial lithium-ion batteries involve two-dimensional (2D) parallel-plate arrangement
in which the electrodes and separator films are usually stacked (pouch cell) or rolled (Figure
1.6.2).°° In such a 2D battery planar design, the lithium ions diffusion is accomplished in one
direction, thus reported to considerably limit the performances of the cell.®® %7 In order to enhance
performances, 3D lithium-ion battery designs (Figure 1.6.b) have been considered in the past.

1.% introduced different 3D architectures allowing more efficient Li* diffusion path in two

Longeta
and three-dimensions. Moving from 2D electrodes to a 3D electrodes designs, an increased
electrochemical active surface present on the same footprint area is achieved, thus leading
theoretically to improve specific capacity and power performances®® (cf. 3.4.1. 3D architectures

impact on electrochemical performances and cf. Preface — IV).
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Alfoil

Figure 1. 6. (a) Scheme of a conventional cylindrical 2D Li-ion battery allowing Li* diffusion in one direction.
Reproduced with permission from %. Copyright 2012 Scientific Reports; (b) Examples of potential 3D architectures
for batteries: positive electrode (blue); negative electrode (red); electrolyte (grey/empty voids). Reproduced with

permission from ¢7. Copyright 2010 Elsevier.

From these promising theoretical results, the elaboration of independent 3D electrode
pillars (negative or positive) and 3D micro-batteries assembly were investigated (Figure 1.7).673
An electrochemically assisted template growth of Cu nanorods onto a current collector followed
by electrochemical plating of Fe3O4 was performed by Taberna et al.”! Similarly, Min et al.”®
reported the development of carbon posts arrangements interdigitated  with
dodecylbenzenesulfonate doped polypyrrole (PPYDBS) posts (Figure 1.7.a-b). Carbon electrode
arrays and carbon current collectors were obtained by patterning the photoresist using

photolithography and pyrolyzing the patterned photoresist. PPYDBS was then electrochemically

polymerized on one set of the 3D carbon arrays.

While these architectures were reported to be very promising, the assembly of the final 3D
apparatus by interpenetration of both electrodes still suffered from the electrodes surface
irregularities (Figure 1.7.c-e) leading to short-circuit upon cycling. Hence, in this context,
innovative manufacturing technologies allowing the 3D positive and negative electrodes perfect
fitting, making sure to prevent any contact, are necessitated. These interpenetration concerns could

be achieved for example through the cutting-edge Additive Manufacturing technologies.
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Pyrolysis

[
%Mﬂt collectors

Figure 1. 7. (a) Preparation of the carbon/polypyrrole 3D battery; (b) SEM image of C/PPYDBS post arrays. Figures
(a) and (b) were reproduced with permission from ”°. Copyright 2007 Elsevier; (c) SEM micrograph of electrodeposited
aluminum nanorods. Reproduced with permission from 2. Copyright 2011 Elsevier; (d) SEM cross-sectional view of
Cu-nanopillars grown in a Cu substrate; (¢) SEM top view of Ni-nanopillars grown in a Ni substrate. Figures (d) and

(€) were reproduced with permission from 3. Copyright 2011 The Royal Society of Chemistry.

1.2. Additive manufacturing

Additive manufacturing (AM), also called 3D-printing, is a recent manufacturing technique
employed to fabricate an extensive variety of structures and complex geometries from three-
dimensional model data.”*® Based on the printing of consecutive layers of materials deposited on
top of each other, this innovative manufacturing technology, known originally as stereolithography
(SLA), was first developed in 1986 by French (Alain Le Méhauté, Olivier de Witte and Jean Claude
André) and American (Charles Hull) scientists.” 8 Over the years, 3D-printing has been evolving
through the introduction of new methods and materials. Hence, AM technology is now subdivided
and categorized into seven categories according to the American Society for Testing and Materials
(ASTM) in which SLA appears only as an offshoot (Figure 1.8). An explanation of the fast
appearance rate of new AM branches is due to the expiry of former patents motivating

manufacturers to create new 3D-printing machines.
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Figure 1. 8. Standard Terminology for Additive Manufacturing Technologies. This scheme was deeply modified and
adapted with permission from 8!. MJF: Multi-Jet Fusion; CJP: Color Jet Printing; DOD: Drop On Demand; MJP:
Multi-Jet Printing; SLS: Selective Laser Sintering; SLM: Selective Laser Melting; EBM: Electron Beam Melting;
FDM: Fused Deposition Modeling; LDM: Liquid Deposition Modeling; DIW: Direct Ink Writing; SLA:
Stereolithography; DLP: Digital Light Processing; LENS: Laser Engineered Net Shaping; EBF3: Electron Beam
Freeform Fabrication; LOM: Laminated Object Manufacturing; UAM: Ultrasonic Additive Manufacturing; SDL:

Selective Deposition Lamination.

This technology is now widely used in numerous applications including footwear,®?

healthcare,®? construction,® automotive,®

aerospace,® electronics®’” and energy storage®® fields
due to its ability to stand as a prototyping solution to accelerate a product development and also its
capability to produce customized parts with fewer design restrictions. AM is particularly attractive
to produce complex structures such as lattices where the use of manufacturing traditional methods

such as molding, casting, machining and joining remains somewhat limited.

In 2019, according to the yearly report on AM published by the Dutch company 3D Hubs®’

and based on the summarized data provided from ten trustworthy market analysts, the total 3D-
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printing market (including machines, materials, software and services) was estimated to represent
$12.1B on average, exhibiting a yearly 25% growth since 2014. The AM market, actually doubling
every 3 years, is expected to reach $34.9B in average by 2024 (Figure 1.9).

$50
3D-Printing market
$40
Historic data — Wohler's — Report Linker
= © Forecast — EY — Alliend Market
Worst-case
> — SmarTech — Brand Essence
— Best-case
8 930 — IDC — Insight Partners
=
..Z — RNM — Accumen Research
—_
g
=
=
'um: $12.1
$9.3
$10 $6.0 $7.1
$4.0 $4.8 :
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Figure 1. 9. Additive manufacturing market and forecast. This scheme was modified and adapted with permission
from . Copyright 2020 3D-Hubs Manufacturing LLC. The historic market size was calculated by averaging the market
size reported by Wohler's associates, EY, and SmarTech; The forecasted market size was calculated by averaging
values estimated by all market analysts; The worst-case and best-case scenarios were calculated starting at +15% of

the market size in 2018 and by applying 20% and 28% compound annual growth rate respectively.
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1.2.1. Working principle

3D-printing consists in building a three-dimensional solid object from a digital file (Figure
1.10).74 75 77. 78 Hence, first step resides in drawing the desired object architecture by using
computer-aided design (CAD) software. Object design is saved into a digital .stl file format
describing the surface geometry of the three-dimensional object without including any
representation of color, texture or other common CAD model attributes. The second step involves
the importation of the .stl file in a slicer software enabling to define many printing parameters
including printing temperature, speed, layer thickness, perimeters, cooling parameters, infill pattern
and density. The object digital file is cut into horizontal slices (layers) and a .gcode file format is
generated. Last step corresponds to the importation of the .gcode file to the 3D-printer via USB,
SD card or LAN, so it starts building the desired structure by stacking up materials in a layer-upon-

layer approach.

Computer Horizontal slices

Aided Design STL file “GCODE file 3D-printer Printed object

Figure 1. 10. 3D-printing process. This scheme was modified and adapted with permission from °°. Copyright 2018

Association for Computing Machinery.
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1.2.2. Lithium-ion battery 3D-printing

Due to its theoretical ability to maximize energy storage within the final object, but also to
overcome short-circuits usually observed while performing the interpenetration of 3D-electrodes
by using conventional manufacturing techniques (cf. 1.1.3. From 2D to 3D architectures), the
literature on lithium-ion battery 3D-printing has grown exponentially over the last years as depicted

in Figure 1.11.
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Figure 1. 11. Overview of the number of publications containing the following keywords on both title and abstract:
“battery 3D-printing” (blue) and “lithium-ion battery 3D-Printing” (red). Data were extracted from Dimensions App

website: https://app.dimensions.ai/.

Before presenting an overview of the recent advances and progress on that particular topic,
it is worth-mentioning that while material jetting is officially recognized as a direct ramification of
AM (Figure 1.8), this process was considered out of the scope of this PhD thesis. Indeed, so far,
this technique consisting on the deposition of material droplets onto a substrate, has been
6.91-97

extensively used to print only planar two-dimensional (2D) lithium-ion batteries since 200

This process is for now not suitable to print thick electrodes and 3D architectures (non-planar).
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1.2.2.1. Material extrusion

According to the ASTM, material extrusion, appearing as a branch of AM (Figure 1.8),
consists of a material deposition selectively dispensed through a nozzle or orifice. This technology
is usually divided into two main sub-categories called Fused Deposition Modeling (FDM) and

Liquid Deposition Modeling (LDM) which is also commonly known as Direct Ink Writing (DIW).

Material extrusion, originally invented by Scott Crump, co-founder of the American
company Stratasys, has nowadays become the most popular AM technology thanks to the
introduction of the RepRap mission by Adrian Bowyer (Bath University) in 2005. This project,
based on patents expiry, was to create an open-source 3D-printer capable of “replicating rapidly”
(RepRap) itself. Disclosed for the first time in 2008, it contributed actively to the general public
awareness but also to the emergence of many companies around the world such as Makerbot or

Prusa who create and release their own 3D-printer version.

Mechanically relatively simple, both FDM and LDM technologies are easily scalable
thanks to the open-source designs disposal and are thus only limited by their nozzle size and 3D-

printer architecture (cartesian, delta or robot arm configuration).

Moreover, recent years have witnessed the emergence of multi-material printing
configurations paving the way toward new applications such as energy storage. In this context,
LDM and FDM were seriously investigated in order to 3D-print electrochemical storage systems

such as lithium-ion batteries.

1.2.2.1.1. Liquid deposition modeling/Direct ink writing

Liquid Deposition Modeling (LDM), also identified as Direct Ink Writing (DIW), is based
on the extrusion, by applying a pressure, of a semi-liquid material known as paste or ink which is
deposited layer after layer through a syringe needle (Figure 1.12.a). The structural strength of the
object is strongly dependent on the printing ink viscoelasticity. Extruded materials include ceramic
pastes, composites inks, blended food, biocompatible organic cellular gel, cement or even

chocolate. Nowadays, it is the most popular reported technique for lithium-ion battery 3D-printing
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due to its ability to build inexpensive 3D complex structures of any shape at ambient temperature.
After printing, inks solidify to form the final object mostly through solvent evaporation.
Considering the lithium-ion battery DIW, additional post-processes steps such as freeze-drying or
thermal annealing are usually required. Here, a chronological overview of LIB 3D-printing through

LDM is described.

Everything started in 2013, when Sun et al.®® reported for the first time a LDM 3D-printed
Li-ion microbattery (Figure 1.12.b). Authors prepared cellulose-based inks of LisTisO12 (LTO)
and LiFePO4 (LFP) nanoparticles by suspending these active materials in aqueous solutions for the
formulation of negative and positive electrodes respectively. After printing, inks were successively
dried and sintered at 600 °C during 2 h under an inert atmosphere to remove the organic additives
and promote nanoparticle sintering. Electrochemical measurements for the half-cell of LFP upon
discharge led to specific capacity of 160 mAh g! of active material at current density of 170 mA
g ! (1 C), equivalent to areal capacity of 1.6 mAh cm2 at 1.7 mA c¢cm 2. Half-cell of LTO exhibited
a specific capacity of 131 mAh g! of active material at current density of 175 mA g! (1 C),
corresponding to areal capacity of 1.4 mAh cm™2 at 1.87 mA cm 2.

To enhance the electrical conductivity of the electrodes and reach suitable viscosity for
LDM, Fu et al.”® developed aqueous inks based on LTO/graphene oxide (GO) and LFP/GO (Figure
1.12.¢). Printed electrodes were then freeze-dried to remove water solvent and harden the 3D
structures. Sintering under Ar/Hz (600 °C for 2 h) was also employed to create reduced graphene
oxide (rGO). Lastly, LFP/rGO and LTO/rGO half cells were electrochemically tested after
depositing a polyvinylidene fluoride-co-hexafluoropropylene (PVDF-co-HFP) with Al,Os ink.
After drying, the 3D-printed separator was soaked with a classical liquid electrolyte (1 M LiPF¢ in
ethylene carbonate and diethyl carbonate) to reach a gel electrolyte. At current density of 10 mA
g ! (C/17), specific capacities of 164 and 185 mAh g! of active material were respectively
determined. These electrodes were then assembled and full battery depicted a capacity about 100

mAh g ! at current density of 50 mA g .

In 2017, Blake et al.*” confirmed the LDM printability of several PVDF-based separator
membranes. PVDF was dissolved in a N-methyl-2-pyrrolidone (NMP) solution while glycerol was

added to act as a weak nonsolvent with higher boiling point. This dual-solvent method was reported
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to create important porosity within the polymer matrix after drying because of the phase separation
phenomenon. Ceramic filler such as alumina (Al2O3) was introduced within the mixture to govern
the pore arrangement after drying. Finally, the membrane was soaked in a liquid carbonate-based
electrolyte solution to form a gel. An enhanced wettability and thermal stability were reported by

the authors in comparison with a commercial polyolefin separator.

Similarly, Liu et al.'% reported the preparation of a PVDF-co-HFP/boron-nitride (BN) ink
using dimethyl formamide as solvent to print a separator via LDM. Once deposited, the ink was
then dried at room temperature. BN-separator was shown to allow fast heat dispersion and uniform
thermal distribution at the interface during the lithium plating process increasing electrochemical

performance of the lithium-ion battery.

A year later, Cheng et al.!”! related the preparation of an electrolyte ink consisting of PVDF-
co-HFP and TiO; nanofillers dispersed in an ionic-liquid composed of N-Propyl-N-methyl
pyrrolidinium  bis  (trifluoromethane  sulfonyl)imide  (Pyr13TFSI) and  lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt. Thus, an ionic conductivity of 7.8 x 1074 S cm™!
was reported. Printability of a complex 3D Hilbert electrolyte structure on a polydimethylsiloxane

(PDMS) substrate was completed.

LDM studies also included the printability of inorganic ceramic electrolyte such as the
garnet-type Li;LazZr2012 (LLZO). In that regard, McOwen et al.!%? 3D-printed texanol-LLZO and
polyvinyl butyral-benzyl butyl phthalate-LLZO inks. Once the desired 3D pattern was printed on
both sides of a LLZO substrate, the structure was subsequently located in an oven to remove the
binder and achieve sintering. The resulting 3D-printed LLZO framework was then disposed for the

further electrodes infiltration to assemble the complete battery.

Focused on the positive electrode formulation, Li et al.!® described preparation of a
LiMn;0Os4/carbon black/PVDF ink (wt.% LMO/CB/PVDF 85.5/6.5/8) dispersed in N-methyl-2-
pyrrolidone solvent (NMP). Once printed, voltage (10 kV) was applied at a distance of 1.25 cm for
10 minutes. A hot plate (at 120 °C) was then used to remove the solvent. The applied electric field

was reported to control the microstructure of manganese-based electrode, while AM controls
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macro-3D structure. In comparison with a conventional laminated structure (1.8 mAh cm™ at

C/10), the macro-micro controlled structure exhibited enhanced performances (3.5 mAh cm2).

That same year, in 2018, a significant milestone was reported by Wei et al.'* who related
3D-printing of an entirely packaged LIB (Figure 1.12.d). Authors developed positive (LFP) and
negative (LTO) electrode inks, as well as UV curable packaging and separator inks. Electrodes ink
were prepared by adding 30 vol% LFP with 1.25 vol% Ketjen black (KB) conductive particles and
30 vol% LTO with 1.35 vol% KB in 1 M LiTFSUpropylene carbonate with 1 wt.%
polyvinylpyrrolidone (with respect to LFP or LTO) for the cathode and anode, respectively. The
separator ink was a mixture of PC/AlbO3/Triton X-100 surfactant. Inks being contained in various
syringes, LDM printing was completed by means of an Ar-powered fluid dispenser to control the
flow rate. After a post-processing step of UV-curing (cf. 1.2.2.2. Vat photopolymerization), the
fully printed LIB was encased between two glassy carbon current collectors and delivered an aerial
capacity of 4.45 mAh ¢cm? (corresponding to 17.3 mAh ¢m™) at a current density of 0.14 mA

cm 2.

Finally, in 2019, Liu et al.!®> demonstrated the interest of performing LDM printing at low
temperature (LT-LDM). In that respect, positive electrode inks composed of various solid content
of LFP, carbon black and CMC were dispersed in water and 1,4-dioxane. To perform LT-LDM, a
machine was customized to store the inks at =30 °C. After printing, freeze-drying process was
performed at -60 °C during 6 h. In comparison with conventional LDM performed at ambient
temperature, LT-LDM presents the advantage to precisely control the deposited line width. Hence,
in comparison with traditional processes of roller coating and room temperature LDM, LT-LDM
samples were reported to exhibit a different microstructure in terms of porosity, pore size and
distribution. For ink with a solid content of 0.467 g mL"!, LT-LDM printed electrode was reported
to depict the highest specific capacity reaching up to 82 mAh g! at high current density of 1700
mA g! (10C).
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Figure 1. 12. (a) LDM 3D-printing process. Reproduced and adapted with permission from !°!. Copyright 2018 Wiley;
(b) 3D interdigitated microbattery architectures design (left) and SEM image after printing and annealing (right).
Reproduced with permission from 88, Copyright 2013 Wiley; (c) Inks loaded in syringes (top) and digital image of the
interdigitated electrodes (bottom). Reproduced with permission from 8. Copyright 2016 Wiley; (d) Schematic
representation of fully 3D printed Li-ion square cell battery. Reproduced with permission from '%. Copyright 2018
Wiley.
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1.2.2.1.2. Fused deposition modeling

Fused deposition modeling (FDM) process involves the deposition of thin layers of melted
thermoplastic material through a computer-controlled heated nozzle with a view to build the final
3D-object (Figure 1.13.a). Used as material source for the FDM printer, the thermoplastic material
consists most of the time of a 1.75 mm diameter filament. Heated few degrees above its melting
temperature to be deposited, it immediately cools down and solidifies after extrusion. Most
common thermoplastic polymers for FDM application involve polylactic acid (PLA), acrylonitrile-
butadiene-styrene (ABS), polycarbonate (PolyC), polypropylene (PP) or polyethylene
terephthalate glycol (PETG). Typical layer thickness resolution of current commercial FDM 3D-
printers is about 150-200 pm for the first layer and down to 50 um for the successive layers. For
advanced applications, resolution can be enhanced through machine modifications and settings

adjustments.

For conductivity or mechanical purposes, different groups first focused their work on the

106, 107

development of composite thermoplastic FDM filaments. In particular, several studies

reported the introduction, within the polymer matrix, of small amount of carbonaceous materials,
similar to what is traditionally employed at the LIB negative electrode. In 2012, Leigh et al.!%
reported the preparation of a polycaprolactone-based (PCL) filament containing carbon black (15
wt%) conductive additives for the fabrication of electronic sensors (Figure 1.13.b). Wei et al.!*8
reported in 2015 the formulation and characterization of PLA/graphene and ABS/graphene
(loading up to 5.6 wt %) filaments (Figure 1.13.c). In 2016, to enhance the mechanical strength of

the filament, Dul et al.!%” reported the preparation of a conductive ABS-based filament loaded with

4 wt% graphene nanoplatelets (GnP) to feed a FDM printer.

Finally, in March 2017, few months before the beginning of this PhD project, FDM just
started to be considered for LIB 3D-printing. Foster et al.!® employed a commercially available
graphene-based polylactic acid filament (graphene/PLA) to fabricate a 1 mm-thick 3D printed
electrode disc. The latter was then characterized both electrochemically and physico-chemically to
be used as negative electrode in LIB. Due to the low ratio of active material (8 wt % graphene and

92 wt % PLA) into the filament (103 mg of active material per cm® of composite), relatively low
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discharge specific capacities of 15.8, 6.2, 2.6, 1.1, and 0.6 mAh g ! of active material were reached
at current densities of 10, 50, 70, 100, and 200 mA g~! (C/37, C/7, C/5, C/4, and C/2) respectively.
To conclude on this particular AM process, no homemade composite filament specifically

elaborated for its use in a LIB was reported at the time this PhD thesis was started (October 2017).
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Figure 1. 13. (a) FDM 3D-printing process. Reproduced and adapted with permission from III. Copyright 2020 JES;

(b) 3D printed conductive PCL/carbon black chess rook (left) and capacitive interface device (right). Reproduced with
permission from %, Copyright 2012 Plos One; (c) ABS/graphene 3D-printed model. Reproduced with permission
from 1%, Copyright 2012 Scientific Reports.

1.2.2.2. Vat photopolymerization

According to the ASTM, vat photopolymerization appears as a direct ramification of 3D-
printing (Figure 1.8). This technology involves a liquid photosensitive polymer resin located in a
tank (also called “vat”) that is selectively cured by light-activated polymerization. After curing of
the first layer, the build platform is risen, thus leaving the solidified part at the exact surface of the

liquid resin so the process can be repeated to produce the next layer.

This technology is named differently depending on the light type. The most widespread
process is undoubtedly the process involving a Stereolithography Apparatus (SLA) using an
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ultraviolet light (Figure 1.14.a). Typically, the LASER beam coming from the bottom of the tank,
is driven thanks to mirrors so the resin is cured in a “point after point” procedure. Working on a
very similar approach, another process called digital light processing (DLP) involves a digital light
projector screen as light source (Figure 1.14.b). The projector displays the whole image of the
layer that will be printed within the resin. Hence, all points of a same layer are cured at the same
time. The print speed is thus enhanced in comparison with SLA since it takes less time to cure each

single layer.
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Figure 1. 14. Vat photopolymerization 3D-printing processes: (a) Stereolithography; (b) Digital light processing.

Using vat photopolymerization, some groups focused their work on the preparation of
electrolytes. In 2017, by means of SLA, Chen et al.!!? reported the elaboration of a gel electrolyte
(GPE) by printing a mixture of UV-curable resin and 1M LiClO4 in an EC/PC (v/v 1/1) liquid
electrolyte. A zig-zag shape was obtained. Then, the complete battery was assembled by filling
both sides with electrode slurries (GPE-LFP and GPE-LTO) and adding an Al foil as current

collectors.
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A year later, Zekoll et al.!'! prepared an hybrid electrolyte composed of 3D microchannels
of Lii4Alo4Ge16(PO4); (LAGP) ceramic solid electrolyte and non-conducting polymer (epoxy
polymer, polypropylene). The porous polymer framework (Figure 1.15.a) was primary achieved
via SLA whereas the remained empty space was filled with the LAGP ceramic powder. Lastly, the
structure was placed in an oven to eliminate the polymer matrix and sinter the LAGP 3D
arrangement. Cubic, diamond-shaped or also gyroidal microarchitectures were produced. Higher
performances were found with the gyroid LAGP structure depicting an ionic conductivity of 1.6 x

1074 S cm™! at ambient temperature.

That same year, in 2018, as described beforehand, Wei et al.!* prepared classical electrodes
inks for LDM printing (cf. 1.2.2.1.1. Liquid deposition modeling/Direct ink writing). At the
same time, authors also developed LDM printable UV-curable packaging and separator inks. The
packaging ink was prepared by adding SiO; within a UV-curable epoxy resin. The separator ink
was composed of UV-curable ethoxylated trimethylolpropane triacrylate (ETPTA), ALO;
particles, Triton X-100 surfactant in 1 M LiTFSI/propylene carbonate. During the complete LIB
preparation, packaging and separator inks were first deposited through LDM printing before
undergoing UV-curing post-process similar to what is performed during SLA.

1.2 who used SLA to prepare complex

Another methodology was introduced by Cohen et a
3D structures. After thermal annealing, these complex architectures were used as substrate for
performing an electrophoretic-deposition of the battery components. Tri-layered structure
consisting of the LFP (positive electrode), LiAlO>—PEO or Lii sAlosGer1.sP3O12—polyethyleneimine
separator, and LTO-based negative electrode were thus deposited on top of an electronically

conductor substrate without the need of an additional metallic current collector (Figure 1.15.b).

So far, no studies reported the direct preparation of composite electrodes for LIB via vat
photopolymerization techniques. However, it is worth-mentioning that such a work had been
considered lately for the preparation of supercapacitors and capacitors. Indeed, Park et al.!'®
reported recently the preparation of a photocurable composite resin with silver nanowires. Thus,
using DLP, authors were able to print 3D hierarchical octet truss structure (Figure 1.15.c). After

performing pyrolysis of the structure, a silver 3D array was obtained and used as supercapacitor.
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Likewise, Yang et al.!'* reported the elaboration of 3D-printed capacitors via DLP based on the

incorporation of Ag/Pb(Zr,Ti)Os filler particles into the photo-curable polymer resin.
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Figure 1. 15. (a) Templating procedure used for the synthesis of structured hybrid electrolytes and corresponding SEM

images. Reproduced with permission from !'!!. Copyright 2018 The Royal Society of Chemistry; (b) Cross-sectional

EDS mapping of tri-layer battery structures deposited on a 3D-printed substrate. Reproduced with permission from !!2,

Copyright 2018 Elsevier; (¢) 3D model images of interdigitated electrode (left) and the corresponding DLP printed

structure (right). Reproduced with permission from '3, Copyright 2018 ACS.

35



Chapter 1. State of the art on lithium-ion battery 3D-printing

1.2.2.3. Powder bed fusion

According to the ASTM, powder bed fusion appears as a direct branch of AM (Figure 1.8).
This technology was originally created in the 1980s by a group from the University of Texas at
Austin. This technique primary involves the spreading of a thin and homogeneous powder over the
build platform thanks to a leveling blade. Afterwards, either a LASER or an electron beam is
applied selectively in order to partially melt (sintering) or completely melt the powder according
to the pre-designed pattern. The build platform is subsequently lowered and a thin layer of powder
is spread again homogeneously upon the platform. The process is thus repeated layer after layer

until the final 3D object is finished (Figure 1.16.a).

Powder bed fusion is usually divided into various sub-categories which names are given
depending on the heat source, the environment and the degree to which powders are melted. Both
selective laser sintering (SLS) and selective laser melting (SLM) use a LASER as energy source.
Nonetheless, SLS is usually performed under air to partially melt together polymer or ceramic
particles while SLM is rather employed to completely melt metal powders together. Because of the
reactivity of some powder metals with oxygen, SLM is generally performed under inert
atmosphere. Another process called electron beam melting (EBM), achieved under vacuum,
consists of an electron beam which is employed to fully melt metals, ceramics or polymers
particles. Because of the process itself, EBM and SLLM processes result in very dense 3D objects

in opposite with SLS where a porosity can be created.

So far, using this particular technology, very few studies have been reported on the topic.
Among the powder bed fusion technologies, SLS process had been the most employed for LIB
applications thanks to its ability to partially sinter polymer particles in such a way that only their
surfaces are fused together. Hence, in 2019, Lahtinen et al.'’> demonstrated, that highly porous
structures can be obtained by controlling thoroughly the printing parameters (LASER exposition
time and power), thus making it quite appealing to print LIB electrodes (Figure 1.16.b). When
polymer particles are only partially sintered, the charges (active material and conductive additives)
are distributed on the surface of these particles and are therefore reachable by the liquid electrolyte
flowing through the printed electrode. Authors reported the fabrication via SLS of highly porous
carbonaceous polyamide 12/graphite, polystyrene/graphite and polyurethane/graphite negative
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electrodes. Unfortunately, with such a high porosity, relatively low amount of charges (active
material) was introduced to get electrodes with suitable mechanical strength. The active material
(graphite) concentration, polymer matrix, and printing conditions all had an impact on the final

mechanical strength, porosity, conductivity, and thus future electrochemical performances.

In order to reach higher loading of charges within the electrodes, an alternative was

1.1 who added a post-processing step. Authors used SLS to sinter a Ni/sucrose

proposed by Sha et a
powder mixture. During printing, the sucrose was turned into graphene such creating a 3D graphene
foam structure. After printing, Ni particles originally employed as catalyst, were then removed via

etching post-process.

In parallel, so far, SLM process has been mostly used to prepare supercapacitors or
capacitors. In 2018, Lu et al.!'” first printed via this method a porous Ni-Fe alloy 3D complex
structure. The resulting architecture was then corroded using diluted hydrochloric acid for 12 h to
eliminate the impurities in the pores. Polyaniline (PANI) was finally electrodeposited onto the
ordered porous architecture via anodic electrochemical polymerization of aniline monomer. A
Ni-Fe/PANI nanocage supercapacitor was thus obtained. Thanks to 3D-printing, the specific
surface area was increased thus leading to enhanced specific capacitance. Likewise, Zhao et al.!!®
employed SLM to create titanium interdigitated pillar electrodes structures (Figure 1.16.c). These
latter were subsequently subjected to electrodeposition of polypyrrole as the electroactive material.
Both electrodes were then assembled and the resulting supercapacitor was soaked in poly(vinyl

alcohol)-H3POy electrolyte solution.
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Figure 1. 16. (a) Selective laser sintering 3D-printing process'; (b) Highly porous carbonaceous negative electrodes
obtained via SLS. Reproduced with permission from !'*. Copyright 2019 ACS; (c¢) Schematic representation of the
interdigitated Ti electrodes design prepared by means of SLM to fabricate solid state supercapacitors. Reproduced with
permission from '8, Copyright 2014 Elsevier.
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Conclusions and scope of this thesis

To conclude, over the last few years, both LIB and 3D-printing had been revolutionizing
their own respective disciplines. Thanks to their respectable electrochemical performances, LIB
appears nowadays as a technology of choice that undeniably became imperative in our everyday
life to power an extensive variety of devices. On the other hand, in comparison with traditional
manufacturing methods, AM recently emerges as a cutting-edge revolutionary discipline impacting

progressively a wide range of applications including energy storage and more specifically LIB.

In that respect, 3D-printing of LIB appears as a promising route to implement topological
optimization of energy-storage devices and to build electrochemically-promising complex 3D
electrode architectures. So far, many AM technologies had been employed, mostly including the
following sub-categories: material jetting, material extrusion, vat photopolymerization and powder
bed fusion. As explained previously (cf. 1.2.2. Lithium-ion battery 3D-printing), material jetting,
direct branch of material jetting technique, was ruled out of the scope of this PhD thesis as it
consists of the deposition of material droplets onto a substrate leading mostly to 2D patterns. While
this method has been significantly used to print LIB, it is not suitable to print thick electrodes and
non-planar 3D architectures (non-planar). In parallel, while LDM was extensively explored
recently (cf. 1.2.2.1.1. Liquid deposition modeling/Direct ink writing) due to its significant
advantage to achieve high active mass loading within the electrodes, the main drawback of this
technique is the requirement to perform post-processes such as freeze-drying and sintering prior to
its use. Besides, ink viscosity is a key-factor to contemplate as it limits the height of the resulting
3D-printed object. Hence, many parameters must be studied thoroughly such as the introduction of
a surfactant. On the other hand, while vat photopolymerization (cf. 1.2.2.2. Vat
photopolymerization) and powder bed fusion (cf. 1.2.2.3. Powder bed fusion) are suitable
options requiring further investigations, both techniques are strictly limited for now to the printing
of a single-material. So far, printability of multi-material structures is not widely established for

these techniques.

Finally, the ultimate goal of this project being the development of a complete LIB in one-
single step through 3D-printing without the necessity to perform any post-processes, FDM (cf.

1.2.2.1.2. Fused deposition modeling) was therefore chosen among the various AM processes
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considered. In October 2017, at the time this PhD thesis was started, FDM just started to be
considered for LIB 3D-printing. Hence, this project was logically oriented towards a proof of
concept demonstration. The FDM process requiring a filament-shape thermoplastic material to feed
the printer, a thorough formulation and optimization of composite filaments for each component

of the battery (electrodes, separator, electrolyte, current collectors) was thus started.
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Chapter 2. Composite filaments elaboration for LIB 3D printing via fused deposition
modeling

2.1. Introduction

Fused Deposition Modeling (FDM) involves the use of a thermoplastic polymer-based
filament as material source for the 3D-printer. With the aim to print a liquid electrolyte-based LIB
battery, the preparation and optimization of customized composite filaments for each component
was addressed. Beforehand, the implementation of a suitable elaboration protocol and choice of

materials was required.

2.1.1. Elaboration process

Figure 2.1 displays the main steps of the elaboration procedure that was established. In
order to further ensure a good dispersion of the charges within the polymer matrix, this latter was
first of all dissolved within a solvent at room temperature under magnetic stirring. Once the
polymer particles complete dissolution was reached, the desired amount of plasticizer and charges
(active material, conductive additives, or ceramic particles) was introduced. After applying a
magnetic stirring for at least 30 minutes, the slurry was then tape-casted onto a glass substrate and
solvent was evaporated. Resulting from this step, films with two different thicknesses were
achieved. Obtained films about 60 pum thick were strictly reserved to endure further
electrochemical characterization, while 1 mm thicker samples were rather used to undergo thermal,

mechanical, microstructural, morphological and electrical characterization.

Films specimen were then cut into small pieces to feed homogeneously a laboratory-scale
screw extruder (Filabot Original supplied by Filabot Triex LLC, USA) and produce standard
~1.75mm diameter filaments. Typically used in the polymer industry, this machine consists of an
electrically heated metal barrel, a hopper for feeding, a motor for rotating a screw, and a die where
the polymer is melted and released. The combination of thermal energy generated by a heater and
frictional heat due to friction between the polymer material and the screw and barrel provides heat
allowing samples melting. Temperature of the extruder was fixed typically between 10°C and 35°C
above the melting temperature of the polymer composite film deduced from differential scanning
calorimetry (DSC) results. The filament coming out from the hot extruder nozzle was rolled

manually around a beaker, and solidified immediately by contact with the cold surface.
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Subsequently, the cooled composite filament was rolled around a standard spool using a Filabot
spooler (Filabot Triex LLC, USA). Prior to extrusion of each sample with a different composition,
the extruder was cleaned thoroughly with neat polymer. Finally, the afore-prepared composite
filaments were then used to feed a FDM 3D-printer. The resulting printed samples were then

characterized.

Slurry formulation Tape casting

@ Solvent p ﬂ Plusticizer ®
@ Polymer - & (g @ 7

) s/

Under stirring
Slurry
EIObOI‘ﬂ"Oﬂ Film homgeneous pieces
process
Filament

1

/.?._.. * Heated extrusion head

Heated bed

3D-prinﬁ ng Filament e

Extrusion

Figure 2.1. Principal stages of the elaboration process — cf. Preface — 1.
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2.1.2. Polymer choice

Directly linked to the filament mechanical properties and FDM printability, the polymer
selection appears as a crucial step. Due to their ability to melt and be processed again,
thermoplastics are compulsory for FDM printing application. When temperature increases, the
intermolecular forces of the polymer chains decrease and lead to a viscous liquid. Upon cooling, it
solidifies again. Thermoplastics are differentiated from thermosetting polymers, which rather
create irreversible chemical bonds during the curing process and cannot be melted for reshaping.

As described beforehand (cf. 1.2.2.1.2. Fused deposition modeling), most common
thermoplastic polymers employed for FDM printing involve polylactic acid (PLA), acrylonitrile
butadiene styrene (ABS), polycarbonate (PolyC) or polypropylene (PP). Among them, PLA, linear
aliphatic polyester that can be prepared by both direct condensation of lactic acid and by ring-
opening polymerization of the cyclic lactide dimer,! appears as an interesting option as it is a
biodegradable polymer derived from renewable agricultural resources such as corn starch.? 3
Unlike the hydrocarbon-based polymers, PLA absorbs greenhouse gases such as CO,, main
contributor of global warming, during its production.* Due to its unique properties such as high
mechanical strength, low toxicity and low melting/printing temperature in comparison with the
other offered options (Table 2.1), PLA was chosen as polymer matrix for the subsequent composite
filament formulation. PLA 4032D pellets, supplied by Natureworks, USA, were employed for this

project and used as received.
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Table 2.1. Compared characteristics of common polymers employed for FDM.

Polymer PLA ABS PolyC PP
Production Corn-based Oil-based Oil-based Oil-based
Printing
~190 °C ~230°C ~260°C ~240 °C
temperature
Toxicity None Harmful vapors emission
Tensile
strength ~59 25-50 55-175 20 -40
(MPa)
Young’s
~3.5 1.1-2.9 2.0-2.4 1.1-1.6
modulus (GPa)
CH
o o 3
- SORYW!
Representation o) 0 o~ -
N n n
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2.1.3. Selection of a suitable solvent

Allowing the charges to be incorporated homogeneously within the PLA polymer matrix,
the solvent choice is essential. Sato et al.’> determined the impact of several liquid organic solvents
on PLA, noticing that it is soluble in polar aprotic solvent but insoluble in polar protic and nonpolar
solvents. Therefore, solubility experiments were accomplished at room temperature by testing
various polar aprotic solvents from different chemical classes with a weight ratio PLA/solvent 1:10
under magnetic stirring. Total amount of PLA equals to 3 g was thus incorporated within
dichloromethane (>99.5%, VWR Chemicals, USA), tetrahydrofuran (>99%, VWR Chemicals,
USA), acetone (>99.5%, Sigma-Aldrich, USA) and chloroform (>99%, Sigma-Aldrich, USA).
Toxicity, time of dissolution and boiling point criteria were taken into consideration to determine
the best solvent to dissolve pure PLA pellets (Table 2.2). Finally, dichloromethane (DCM) was
considered as the best option as it allows a quick dissolution of PLA, toxicity is less important than
chloroform, and its relatively low boiling point results in a fast evaporation of the solvent after

slurry tape-casting.
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Table 2.2. Determination of the best solvent for pure PLA. Weight ratio PLA/solvent 1:10 under constant magnetic

stirring and at room temperature.

Melting | Boiling
Density Hazards Dissolution
Group Solvent Formula point point
(g em™) | (NFPA 704) time
O O
Insoluble
Q 0.7845 (after 4
Ketone Acetone C -94.7 56.05
HsC™ “CHj (25°C) months of
tests)
Tetrahydrofuran 0O 0.8892 Long
Ether -108.4 66
(THF) (20 °C) (6 hours)
H 1.489 Fast
Chloroalkane Chloroform gy -63.5 61.15
Cl \CI (25 °C) (1h30)
cl Very fast
Dichloromethane I 1.3266
Chloroalkane w:C -96.7 39.6 (45
(DCM) A o (20 °C) ‘
minutes)

59




Chapter 2. Composite filaments elaboration for LIB 3D printing via fused deposition
modeling

2.2. Highly-loaded electrodes filaments formulation

At the time this PhD thesis was started, as depicted earlier in the FDM literature overview
(cf. 1.2.2.1.2. Fused deposition modeling), only composite filaments containing a very limited
amount of charges (ranging from 4 wt.% to 15wt.% of the total composite) were reported,’ thus
prioritizing the good mechanical handling at the expense of the electrochemical performances. On
the contrary, this PhD thesis was dedicated to increase as high as possible the introduction of
charges with a view to favor the electrochemical performances while still maintaining just enough
mechanical strength for handling and printing. Note that results presented in the following sections

are already part of published articles (cf. Preface — I and II).

2.2.1. Negative electrode

2.2.1.1. Preliminary tests

Preliminary tests were focused on the introduction of a high amount of carbonaceous active
material (graphite) usually employed at the negative electrode. Hence, after complete dissolution
of the PLA polymer matrix into DCM (wt% PLA/DCM 1:10) at room temperature and under
magnetic stirring for 1 hour, a significant amount of artificial graphite (1.5 m? g, dso=14pum,
doo=26um) was introduced (wt% ratio PLA/Graphite 30:70). After slurry tape casting and complete

evaporation of the solvent, a free-standing composite film was thus obtained.

Serving here as reference, as depicted in Figure 2.2, it was observed by performing
Differential Scanning Calorimetry (DSC204F1 supplied by Netzsch-Gerdtebau GmbH, heating
rate of 10°C min™!, between -60°C to 300°C in argon atmosphere 50 mL min!, using about 10 mg
of sample, data from first heating operation) that neat PLA film displays an endothermal peak
related to the melting temperature (Tm) at 146 °C and a sharp peak corresponding to the glass
transition (Tg) appearing at 63 °C. Instead, through the introduction of such a high amount of
graphite within the polymer matrix, the endothermal peak corresponding to the melting temperature
was slightly shifted to lower temperature (141 °C) while Tg was no longer distinctly visible. A

minor endothermal peak corresponding to the water desorption was observed around 100 °C.
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Exo

Pure PLA

Heat flow (W/q)

Wt.% PLA/Graphite
30:70

50 0 50 100 150 200 250 300
Temperature (°C)

Figure 2.2. DSC curves of pure PLA and PLA/Graphite (wt% PLA/Graphite 30:70) films.

Besides, due to the very high amount of charges added to the polymer matrix, here, without
necessity of performing any mechanical test, it was clearly perceived that the resulting composite
film depicted a too important brittle behavior. From this composition (wt% ratio PLA/Graphite
30:70), the resulting highly loaded filament was impossible to handle and obviously not printable.
Consequently, with the aim to improve the mechanical behavior while keeping such a high amount

of charges, the introduction of a plasticizer to the composite was thoroughly investigated.
2.2.1.2. Influence of various plasticizers

The impact of a significant amount (wt.% PLA/plasticizer 100:60) of several plasticizers
(Table 2.3) such as propylene carbonate (PC), acetyl tributyl citrate (ATBC), poly(ethylene glycol)
dimethyl ether average Mn ~ 2000 (PEGDME2000) and poly(ethylene glycol) dimethyl ether
average Mn ~ 500 (PEGDMES500) was studied to underline their influence on the thermal behavior
(Figure 2.3) and compatibility with the aforementioned composite film (wt.% PLA/graphite
30:70). Slurry formulation and DSC thermal characterization was thus achieved by following the
experimental protocols described previously (cf. 2.1.1. Elaboration process and cf. 2.2.1.1.

Preliminary tests).
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Table 2.3. Comparison of plasticizers used during formulation.

Melting Boiling Density
Group Plasticizer Formula point point @25°C
O O (g em™)
O
Carbonate Propylene H3C\£/v/o 488 ™ 1,205
ester carbonate (PC) @) . .
PEGDME2000 | H C’O\/\OCH
Ether 3 3 53 >250 1.08
Mn ~ 2000 In
PEGDMES00 | H.C ’O\/\OCH
Ether 3 3 13 >250 1.05
Mn ~ 500 In
o O 0O
X
Acetyl tributyl O
Ester Y Y 0 0" CHs -80 331 1.046
citrate (ATBC)
0]
H3C

In comparison with the sample (wt.% PLA/graphite 30:70) without any plasticizer (cf.
2.2.1.1. Preliminary tests) which only depicts a sharp Tm peak, the addition of a plasticizer
occasions an exothermal crystallization peak (Tc) (except for PC) around 70 °C. This phenomenon
is characteristic of plasticized thermoplastics, where plasticizer’s introduction may affect

crystallinity due to enhanced chain mobility.!® Plasticized PLA/graphite films exhibit Tm lower

than 0%plasticizer sample, decreasing from 146 °C to 130 °C.
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Regarding the 60%PC film sample, a wide endothermal peak from 120 to 250 °C
corresponding to the evaporation of PC was observed. Because of this feature, sample turns very
brittle after being stored for few days under atmospheric conditions. Consequently, PC was ruled
out of the available plasticizer possibilities, as the resulting filament is expected to exhibit very
poor mechanical properties (not suitable for further FDM 3D-printing). Considered as other
alternatives, 60%PEGDME2000 and 60%PEGDME500 film samples, both depicted a very similar
thermal behavior. This can easily be explained by their lone difference of molecular chain length.
Resulting film samples exhibit an analogous melting peak around 130 °C. Main distinction between
these two samples remains on the first endothermal peak attributed to the plasticizer fusion at 45
and 4 °C for the PEGDME2000 and PEGDMES00, respectively. Minor shift of about 10 °C
between both crystallization peaks was observed. Films containing PEGDME2000 and ATBC,
stored under atmospheric conditions and room temperature (20—25 °C), were found to exude the
plasticizer and become fragile after few days. This phenomenon may be explained by an
impossibility of these latter to fit into the PLA matrix. Consequently, samples containing

PEGDME2000 and ATBC were excluded as well.

Eio pure PLA

Wt.% PLA/Graphite
30:70

60% ATBC

g
E 60% PC
2
S
D
==

60% PEGDME500

50 0 50 100 150 200 250 300
Temperature (C)

Figure 2.3. DSC curves (first heating process) exhibiting the impact of different plasticizers such as PC, ATBC,
PEGDME2000 and PEGDMES00. Pure PLA and 0%plasticizer sample (PLA/graphite wt % 30/70) are displayed for

reference purposes — cf. Preface — I.
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Hence, among the different plasticizers studied, PEGDMES500 was chosen as it appears to
be the only one that can be regarded as appropriate plasticizer for PLA. Nonetheless, the produced
filament corresponding to the 60%PEGDMES500 sample was too flexible and soft, thus resulting
in a deformation of the filament due to the forces applied by the extruder gears during printing.
Therefore, filament was then not able to enter properly the 1.75 mm diameter inlet nozzle. To
overcome this undesired phenomenon, optimization of the plasticizer content within the composite
to obtain a 3D-printable filament with adequate mechanical properties was required. It is worth
mentioning that no phase separation of the PLA:PEGDMES00 mix was highlighted visually. This
should be confirmed in the future by performing in-depth by Infrared/Raman characterization

experiments.

2.2.1.3. Optimization of plasticizer content

Slurry formulation at increasing plasticizer concentration was achieved by following the
experimental protocol described previously (cf. 2.1.1. Elaboration process). Film samples
containing x% of PEGDMES500 (with x ranging from 10 to 60 wt.% plasticizer/PLA) were prepared
(Table 2.4).

Table 2.4. Summary of the film compositions produced at increasing plasticizer content (PC, ATBC, PEGDME200,
and PEGDMES00) — cf. Preface — L.

Sample name Weight ratio Weight ratio Wt.% total composite
PLA:graphite PLA:plasticizer PLA/graphite/plasticizer
0%plasticizer 30:70 100:0 30/70/0
10%plasticizer 30:70 100:10 29/68/3
20%plasticizer 30:70 100:20 28/66/6
30%plasticizer 30:70 100:30 27/64/9
40%plasticizer 30:70 100:40 26/63/11
50%plasticizer 30:70 100:50 26/61/13
60%plasticizer 30:70 100:60 25/60/15
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2.2.1.3.1. Mechanical characterization and printability

Regarding the handling and printing capabilities, samples with less than 20% of plasticizer
(wt % PEGDMESO00/PLA) appeared to be too brittle to be tested. In the opposite, as depicted
previously (cf. 2.2.1.2. Influence of various plasticizers), sample containing a significant amount
of plasticizer (60%PEGDMES500) was too soft to be used as filament in an FDM printer. Hence,
samples with only three weight ratios of plasticizer (x = 30, 40, and 50) were mechanically tested
to estimate the plasticizer effect on a highly loaded composite film. After tape casting, films were
compression molded into 2 mm-thick plates using a Doloutes hydraulic press at 160 °C during 2
min before cooling to room temperature. Samples were subsequently cut into ISO 527 specimens
with a punch to perform further mechanical characterization. Tensile mechanical experiments were
achieved on a Llyod LR 50 K tensile machine set with a 1 KN load unit. Experiments were
controlled by displacement with a speed of 10 mm min™!. For each composition (dumbbell shaped),
five samples were tested, and the average values of mechanical properties such as the Young’s
modulus, tensile strength, and elongation at break (Table 2.5) were finally determined from the

stress—strain curves (Figure 2.4.a).

Table 2.5. Summary of the film compositions produced at increasing plasticizer content (PC, ATBC, PEGDME200,
and PEGDMES00) — cf. Preface — L.

Young’s modulus Tensile strength Elongation at break
Sample name
(MPa) (MPa) (%)
30%PEGDMES500 844 + 17 8.80 = 0.50 433 £0.25
40%PEGDMES500 780 £ 45 6.25 +£0.43 3.70 £0.15
50%PEGDMES500 655+ 14 5.40 +0.40 3.00+£0.15

Unlike pure PLA mechanical properties (Young’s modulus: 3.5 GPa, tensile strength: 59
MPa, elongation at break: 7%),!! the obtained properties are very low due to the high loading of
charges (up to 62.5 wt % of graphite), leading to a brittle behavior. Young’s modulus was seen to
decrease with higher content, thus meaning the material loses its stiffness and becomes more
flexible with the addition of the plasticizer. Besides, the tensile strength decreases with the

plasticizer content. Both behaviors are consistent with the general expectation for a plasticized
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polymer depicted in literature.!” Nonetheless, a decrease of the elongation at break was witnessed,
while the elongation is rather expected to be higher with the addition of plasticizer. Here, due to
the significant graphite loading, the elongation property of the matrix (here PLA and plasticizer)
has a small influence on the macroscopic behavior, the latter being driven by the properties of the
interface between the charges and the matrix. By means of a FEI Quanta200F (Thermo Fisher
Scientific, USA) operating at 2kV under high vacuum, the 40%PEGDME500 filament SEM image
(Figure 2.4.b) showed that graphite grains are easily detached from the polymer matrix,
demonstrating a very weak interaction between these materials that leads to low elongation
property. As the idealized material for a filament is to be soft enough to follow the pipe linked with
the printer-extruder and resistant enough to support the stress due to the mechanical components,
overall tensile results suggest an optimum PEGDMES00 plasticizer content of 40% (weight ratio
PLA:PEGDMES00 100:40). From these results, further experiments and characterization were thus

concentrated exclusively on this particular composition.

o

8_
) 30%PEGDMES00 Graphite
=
= 40%PEGDMES00
g, 50%PEGDMES00 PLA
S

2.~

0 T T T T T T T T T

0 2 4 6 8 10

Elongation (%) Filament 40%PEGDME500

Figure 2.4. (a) Stress-strain curves of samples containing x% of PEGDMES00 (x = 30, 40, 50); (b) SEM image of the
40%PEGDMES00 homogeneous filament sample inner part — cf. Preface — I.
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2.2.1.3.2. Optimized filament homogeneity

After extrusion, the proper homogeneity of the most printable filament 40%PEGDME500
was corroborated by performing Raman microscopy analysis (Raman DXR Microscope, with
excitation LASER beam wavelength of 532 nm at 5 mW, fluorescence correction was applied, data
processing using Omnic software, ThermoFisher Scientific) of the cross section, after impregnation
in an epoxy resin. It is worth noting that a nonhomogeneous filament with pure cleaning PLA
confined in its center can be obtained (Figure 2.5.a), indicating the PLA residual material used to
purge the extruder is not completely removed. A significant quantity of ~100 g of material must be
introduced within the extruder to further get a non-contaminated filament (Figure 2.5.b). Through
purely qualitative Raman spectroscopy experiments, the good homogeneity of the composite
filament was confirmed. Both characteristic peaks corresponding to graphite and PLA were
obtained (Figure 2.5.¢). Important features of the composite filament appear at 1582, 1350, 1620,
and at about 2700 cm™!' and correspond respectively to the G, D, D’, and G'-bands perceived
conventionally for graphite in good agreement with the literature.!? '3 Moreover, very intense peaks
related to the PLA at 2949 and 875 c¢cm!, corresponding respectively to the CH3 symmetric
stretching and the C—COO stretching, were witnessed.!* !> From this optimized plasticizer
composition (40%PEGDMES500), printability behavior of the extruded composite filament was
tested using a commercially available 3D printer. Planar electrode discs and high resolution
complex three-dimensional structures such as a semi-cube lattice and a “3Dbenchy” boat were

successfully 3D printed at a temperature of 150 °C (Figure 2.5.d).
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Figure 2.5. (a) Nonhomogeneous filament image obtained by optical microscopy (A: graphite, B: PLA, C: epoxy
resin); (b) 40%PEGDMES00 homogeneous filament image obtained by optical microscopy; (¢) Raman curves
obtained for pure graphite, pure PLA, and 40%PEGDMES500; (d) High resolution 3D objects printed by using the 40%
PEGDMES00 filament as material source for the 3D printer — cf. Preface — 1.
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2.2.1.3.3. Thermal characterization

As expected for a plasticized polymer,'° by increasing the plasticizer content (Figure 2.6),
melting temperature values slightly decreased, and crystallization temperature Tc was seen to
decrease from 84 to 70 °C (DSC thermal characterization was here achieved by following the
experimental protocol described previously — cf. 2.2.1.1. Preliminary tests). Based on the work
reported by Ragones et al.!é, the percentage of crystallinity of the polymer matrix was calculated

using the Equation 2.1:

X, = i —BH 100 (Equation 2.1)

w - AH;

where AH,, is the value of melting enthalpy, AH, is the crystallization enthalpy, AH;go is the

enthalpy of the completely crystalline PLA serving here as reference (93.6 J/g for PLA!'®!7), and
w is the weight fraction of polymer in the sample. While from the DSC experiments, it was
demonstrated that neat PLA pellet depicts a crystallinity of 42.0%, it seems that this latter is
considerably decreased through the introduction of a significant amount of active material (Xc only
equals to 32.1% for sample 0%PEGDMES500). As depicted in Table 2.6, at increasing
PEGDMES500 concentration within the composite film, it appears that Xc is increased (41.3% for
the 60%PEGDME500 sample taking into account the plasticizer), in good agreement with
litterature.'® It is important to note that, as the weight fraction of PLA, w, is directly linked to the
plasticizer evaporation (complicated to evaluate precisely), an estimation range of X. was

calculated rather than precise values.
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Figure 2.6. DSC curves of composites films at increasing PEGDMES00 content (PEGDMES00:PLA ratio from 0 to

60 wt%) — cf. Preface — L.

Table 2.6. Crystallinity percentage for composite films at increasing PEGDMES00 plasticizer content. Pure PLA pellet

was tested for reference.

Sample Xc (considering complete Xc (considering null plasticizer
plasticizer evaporation) evaporation)

Pure PLA pellet 42.0% (no plasticizer in the composition)
0%PEGDMES00 32.1% (no plasticizer in the composition)
10%PEGDMES00 29.9% 34.6%
20%PEGDMES00 35.3% 37.5%
30%PEGDMES00 29.7% 33.5%
40%PEGDMES00 36.1% 41.7%
50%PEGDMES00 37.7% 43.3%
60%PEGDMES00 35.1% 41.3%
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Finally, the DSC curves obtained for the corresponding 40%PEGDMES500 film, filament,
and 3D printed disc (Figure 2.7) exhibit the same melting temperature value equals to 135 °C.
However, endothermal broad peak corresponding to the fusion of the plasticizer around 6 °C tends
to decrease after extrusion and 3D printing at 150 °C, meaning partial evaporation of the plasticizer
takes place during both steps. Fortunately, the lower plasticizer content still provides enough
flexibility to the filament to feed the 3D printer. On the other hand, after both extrusion and 3D
printing, the exothermal peak of crystallization appearing at 80 °C becomes more intense. This
behavior may be explained by a thermally induced rearrangement (chains elongation) of the
polymer chains during both steps. X. values for film, filament and 3D-printed disc
(40%PEGDMES500 composition) are reported in Table 2.7. From the DSC experiments, it was
shown that 40%PEGDMES00 film depicts a crystallinity percentage between 36.1% and 41.7%.
Surprisingly, after extrusion, lower crystallinity value of 21.8% was determined (considering
complete plasticizer evaporation). In good agreement with literature,'® 3D-printing was shown to
even more lower the composite crystallinity (down to 14.7% considering the complete plasticizer
evaporation). According to Ragones et al.'®, such behavior may be explained by the formation, at
high temperature under constraint, of a PLA mesophase, between amorphous and crystalline, that
is prone to melt quickly upon printing, thus resulting in chain randomization and release of the

constraints on the thermodynamic relaxation of the oriented amorphous chains.
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Figure 2.7. DSC curves comparison between film, filament, and 3D-printed disc for a same content of plasticizer
40%PEGDMES00 — cf. Preface — L.

Table 2.7. Crystallinity percentage for 40%PEGDMES00 film, filament and 3D-printed disc.

Xc (considering complete Xc (considering null plasticizer
Sample plasticizer evaporation) evaporation)
Film 36.1% 41.7%
Filament 21.8% 25.1%
3D-printed disc 14.7% 17.0%
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2.2.1.4. Optimization of conductive additives content

The influence of commonly used conductive additives, such as carbon black Super P (CSP)
and carbon nanofibers (CNF), on the most relevant film sample 40%PEGDMES500 was
investigated. Slurry formulation (Table 2.8) was achieved by following the experimental protocol
described previously (cf. 2.1.1. Elaboration process). Here, carbon additives were premixed with

graphite active material in a mortar prior to introduction into the slurry to ensure thorough mixing.

Table 2.8. Summary of the film compositions produced at increasing conductive additives content (CSP and/or CNF)

while maintaining constant PLA/PEGDMES00 (wt.% 100/40) — cf. Preface — I.

Weight ratio ]
Weight ratio Wt.% total composite
Sample name | Graphite/Conductive o
PLA:Graphite PLA/Graphite/Plasticizer/Conductive additive
additive
40%PEGDMES00 30:70 100:0 26.8/62.5/10.7/0
1%CSP 30:70 100:1 26.6/62.1/10.7/0.6
2%CSP 30:70 100:2 26.5/61.7/10.6/1.2
1%CNF 30:70 100:1 26.6/62.1/10.7/0.6
2%CNF 30:70 100:2 26.5/61.7/10.6/1.2
1%CSP+1%CNF 30:70 100:1 + 100:1 26.5/61.7/10.6/1.2
10%CSP 40:60 100:10 32.8/49.2/13.1/4.9
2.2.1.4.1. Electrical conductivity

For film samples described in Table 2.8 obtained after slurry casting, with 1, 2, and 10%
of conductive additives, characteristic complex impedance spectra were recorded at various
temperatures from 20 to 50 °C (upon heating in steps of 10 °C). It is important to note that due to
the high volume of charges (graphite and black carbon), it was necessary to slightly adjust the
PLA/graphite ratio (wt % 40/60) for sample 10%CSP (weight ratio graphite/conductive additive
100:10). A MTZ-35 frequency response analyzer and an intermediate temperature system (ITS)
developed by BioLogic, France, were used to perform the analysis. Inductive phenomenon from

the cables were prevented by performing preliminarily the device calibration of the empty ITS with
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cables. Hence, only sample signal was considered thereafter. Composite 200 um-thick films were
cut into 5.50 mm diameter discs by means of a punch. They were introduced into a controlled
environment sample holder (CESH) to perform AC impedance measurements under air. A
frequency range of 0.2 MHz to 1 Hz (20 points per decade and 10 measures per points) and an
excitation voltage of 0.01 V were applied during the measurements. From the Nyquist and Phase-
Bode plots of the complex impedance, the film electronic conductivities were obtained as well as

the activation energy.

For each sample, the obtained Nyquist and Bode plots are consistent with an electronic
conductor typical behavior as reported for the 40%PEGDMES500 sample in Figure 2.8.a,b. Indeed,
Nyquist plot depicts only Z' real part, while |Z| magnitude is constant for all frequencies. For each
sample, the electrical conductivity is increasing with temperature as shown in Figure 2.8.c, and
homogeneous activation energy values ranging between 0.046 and 0.106 eV are calculated.
Panabiere et al.!” showed that electrons transport mechanism in carbon/polymer mixtures used in
battery field was tunneling with no temperature dependence (metal-like behavior). Nonetheless,
such temperature dependence would be perceived when strong dipoles are adsorbed at the carbon
particles surface. In this respect, it is not surprising to observe activation energy values increasing
with higher conductive additives content. This behavior can be perceived through the Z' real part
resistance drop (thickness and area remaining constants) in the Nyquist plot. Indeed, conductivities

were calculated from Equation 2.2:

X
>l

(Equation 2.2)

where d is the pellet thickness, A is the pellet surface area, and R is the respective resistance
deduced from the Nyquist and Bode plots. From the results obtained, it is certain that conductive
additives such as CNF and CSP contribute to higher conductive values compared to the
40%PEGDMES500 without additives. Among them, film sample /0%CSP depicts the highest
values of electrical conductivities. The small conductivity value gap observed between both
2%CSP and 10%CSP samples is justified by the aforementioned higher polymer amount contained

in this latter.
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Figure 2.8. (a) Nyquist and (b) bode plot for the 40%PEGDMES00 film sample; (c) Arrhenius plots of the electrical
conductivity for samples containing CNF and/or CSP as conductive additives. Sample 10% CSP contains slightly

higher amount of polymer to ensure the mechanical strength — cf. Preface — 1.
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2.2.1.4.2. Electrochemical characterization

For each film sample described in Table 2.8 of the same dimension (60 um-thick and 11
mm diameter, surface equal to 0.950 cm?) obtained after slurry casting, Swagelok-type cells
(Figure 2.9) were assembled in an argon filled glovebox (H20 < 0.1 ppm, Oz <0.1 ppm). Samples
were used as working electrode and metallic lithium as counter/reference electrode. Glass fiber
separator was supplied by Whatman, GE Healthcare, United States. Used as liquid electrolyte
(LP40, Merck KGaA, Germany), 150 pL of 1 M LiPFg in ethylene carbonate and diethyl carbonate
(EC:DEC 1:1 weight ratio) was here introduced in excess. This particular electrolyte was chosen
instead of the more conventional EC:DMC 1:1 weight ratio (LP30, Merck KGaA, Germany) as it
was demonstrated experimentally that PLA tends to dissolve within DMC solvent. Nonetheless, an
in-depth and extensive study must be accomplished in the future to identify the best liquid
electrolyte mixture for PLA-based LIB components. In this regard, recently, Reyes et al.?° precisely

0

initiated such an optimization. According to the authors,® a 1:1 (volume ratio) solution of

propylene carbonate (PC) and ethyl methyl carbonate (EMC) with 1 M LiClO4 must be used in
future research as PLA film infused within the mixture depicted an ionic conductivity of 8.5 x 1073

S cm (20 °C) and retained its mechanical integrity.

i{ 0 ° o

Cell assembly

° o
© Stainless steel cell body B &
@ O-rings
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Figure 2.9. Swagelok-type cell assembly.

76



Chapter 2. Composite filaments elaboration for LIB 3D printing via fused deposition
modeling

Cells were galvanostatically discharged (graphite lithiation) and charged (graphite
delithiation) at different current densities calculated per gram of active material between 1.5 and
0.005 V (vs Li/Li") using a BCS-805 (BioLogic, France). For each sample, the potential profiles
versus specific capacity based on the active material, specific capacity versus cycle number, and
differential capacity during the first lithiation were studied in detail at different current densities
(18.6, 37.3, 74.5, and 186 mA g ! of active material corresponding to C/20, C/10, C/5, and C/2),
as depicted in Figure 2.10.

Film samples 40%PEGDME500, 2%CSP, 2%CNF, and 1%CNF+1%CSP respectively
display an irreversible capacity during the first cycle of 21, 23, 26, and 20 mAh g ! of active
material, thus corresponding to quite similar percentage loss of 10, 11, 12, and 9% at a current
density of 18.6 mA g!. While <2% conductive additives incorporation improves the films’
electronic conductivity, it does not seem to have a deleterious impact on the reversible capacity
loss percentages despite the overall higher carbon surface area (+83% for the 2%6CSP sample and
+32% for the 2%CNF) theoretically available for the electrochemically induced passivation layer
formation (also called solid electrolyte interphase, SEI).2! This phenomenon may be explained by

the carbon additives partial isolation within the polymer matrix.

The differential capacity plots (Figures 2.10.e,f) feature a reduction peak around 0.8 V,
assuming that the main component reduced to form the SEI during the first lithiation is the ethylene
carbonate electrolyte solvent.?? Depending on the plasticizer nature, reduction may also occur.
Indeed, according to the electrochemical stability sequence, carbonate, ester, and ether families are
prone to reduce successively toward lower potential vs Li/Li* and even co-intercalate into graphite
as reported, especially for PC and ethers.?* Concerning the PEGDMES500, which is an ether used
as plasticizer in this study, neither reduction nor co-intercalation are observed. It is also assumed
that its low volume fraction (2% of the electrolyte) does not affect all electrolyte properties

(solvation, conductivity).
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Figure 2.10. Capacity retention plots at different C-rate for (a) 40%PEGDMES500 and 2%CSP films (60 um thick) and
(b) 10%CSP film (60 pm thick) and 10%CSP 3D printed disc (250 um thick). Charge/discharge capacity profiles for
(c) 40%PEGDMES00 film and (d) 10%CSP 3D printed disc. First lithiation and differential capacity plots for (e)
40%PEGDMES00 film and (f) 10%CSP 3D printed disc — cf. Preface — 1.
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It is worth mentioning that reversible capacity loss percentage values are slightly higher
compared to those of commercial graphite electrodes (<10%) due to the absence of SEI reinforcing
additives such as vinylene carbonate (VC) and binder (carboxymethyl cellulose, CMC) known to

act as a relatively efficient passive layer in commercial cells.?*

Among the tested samples with <2% conductive additive incorporated, 2%CSP depicted
the highest value of specific capacity retention, while the film without any conductive additive
displayed, as expected, the lowest (Figure 2.10.a). Intermediate values between those samples
were observed for 2%CNF and 1%CNF+1%CSP. Indeed, at a current density of 18.6 mA g,
reversible capacity values of 184, 215, 214, and 209 mAh g ! were respectively obtained for
40%PEGDMES500, 2%CSP, 2%CNF, and 1%CNF +1%CSP samples during 5 cycles. The capacity
values obtained at higher current densities of 37.3 and 74.5 mA g ! are slightly decreasing but are
steadily maintained upon their respective 5 cycles. At the highest applied current density (186 mA
g 1), capacity retention is not well-preserved, suggesting the electrode has poor electronic and/or
ionic conductivities. It is noteworthy that good capacity retention is still observed during 5 cycles
while coming back at a lower current density of 37.3 mA g!. Therefore, by adding <2% conductive
additives, it was demonstrated that higher specific capacity is reached, indicating their
incorporation enables some isolated active material particles to be electronically connected to the
percolating network. However, those values are still far from the theoretical capacity (372 mAh
g 1) and, thus, can still be improved. An explanation could be that a small percentage of active
material is still electronically and/or ionically inaccessible because of its complete confinement
into the polymer matrix of PLA. The addition of a small amount of conductive additive (1 or 2 wt

%) is still not enough to approach the theoretical value.

To address this issue, by adjusting the PLA/graphite ratio (wt.% 40/60), the film sample
containing a higher amount of conductive additive, /0% CSP (weight ratio graphite:conductive
additive 100:10), was investigated (Figure 2.10.b). It displays an irreversible capacity during the
first cycle of 93 mAh g! of active material, thus corresponding to a percentage loss of 27% at a
current density of 18.6 mA g!' (C/ 20). The reversible capacity loss percentage is caused by the
overall higher carbon surface area (+513% for the 10%CSP sample) theoretically available for the
electrochemically induced passivation layer formation. At a current density of 18.6 mA g! (C/20),
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reversible capacity value of 342 mAh g! of active material was obtained for /10%CSP during 5
cycles (Figure 2.10.b), thus almost reaching the theoretical capacity of the active material. The
capacity values obtained at higher current densities of 37.3 and 74.5 mA g! (C/10 and C/5) are
slightly decreasing (respectively 333 and 322 mAh g ! of active material) but are steadily
maintained upon their respective 5 cycles. Here again, at the highest applied current density 186
mA g ! (C/2), capacity retention is not well-preserved but still maintained to reversible capacity
values up to 285 mAh g ! of active material. Good capacity retention is still observed during 5
cycles while coming back at a lower current density of 37.3 mA g ! (C/10). While there is only a
small electrical conductivity gain observed between both 2%CSP and 10%CSP samples as
mentioned previously, a significant specific capacity rise is observed. This behavior reflects a good
electronic and ionic percolation within the matrix. An explanation could be that CSP, due to its
high surface area, promotes the electrolyte impregnation, thus improving the ionic percolation, and

allows the expanded percolating electronic network to reach the whole active material particles.

Finally, as theoretical capacity was approached with the /0%CSP (773 mg of active
material per cm® of composite) film sample (20% porosity), the corresponding optimized filament
was prepared and a 250 um-thick 3D printed negative electrode disc was obtained and subsequently

characterized electrochemically (Figure 2.10.b,d,f).

The general homogeneity and the CSP dispersion within the PLA matrix of the produced
10%CSP filament was examined via transmission electron microscopy (TEM) by means of a FEI
Tecnai F20 ST electron microscope operating at 200 kV. Beforehand, filament was cut and inserted
in a capsule in which a LR white resin (Sigma-Aldrich) was added drop by drop. The resulting
capsules were then placed in an oven at 70°C during 24h. A microtome (RMC Products, Boeckeler)
was then used to cut the capsules in thin slices (sections) of material of 100 nm at a cutting speed
of 21.5 mm sec™!. Slices were finally deposited onto a holey carbon copper grid. As depicted in
Figure 2.11.a, it appeared that the CSP particles were homogeneously distributed within the PLA
matrix thus ensuring an efficient electronic percolation between the graphite particles that
corroborates the EIS results. Finally, as depicted in Figure 2.11.b and ¢, classical graphene foils
and their corresponding atomic arrangement were revealed at higher magnification on graphite

particles.
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Figure 2.11. Cross-sectional TEM images of the 10%CSP negative electrode filament: (a) carbon black CSP spherical
particles are well dispersed between the graphite particles; (b) At higher magnification, graphene foils are clearly

visible (c) graphene foils atomic arrangement.

Finally, coming back to the electrochemical performances, the corresponding 3D-printed
negative electrode disc depicted a reversible capacity of 200 mAh g! of active material (154.6
mAh cm?) at current density of 18.6 mA g! (C/20) was achieved after 6 cycles. At higher current
densities of 37.3, 74.5, and 186 mA g ! (C/10, C/5, and C/2), capacity values reached respectively
140, 49, and 15 mAh g ! of active material (108.2, 37.9, and 11.6 mAh ¢cm™3). Good capacity
retention of about 140 mA g ! (108.2 mAh cm™) is still observed during 6 cycles while coming
back at a lower current density of 37.3 mA g! (C/10). Due to the resolution of the nonmodified
3D printer, at this stage, it was not possible to obtain thinner 3D printed disc, thus explaining the
gap between specific capacity values obtained for the film (60 um- hick) and the 3D printed disc

(250 pm thick), but also the increasing capacity at C/20 due to an impregnation issue.

To conclude, significant progress has been achieved regarding the capacity retention as
compared to the pioneering study reported by Foster et al.” in 2017 who used FDM technology to
3D print a I mm-thick negative electrode disc from a commercially available filament. They were
aware that the low specific capacity values reported at that time (15.8 mAh g™! of active material)
at current density of 10 mA g ! (C/37) were unfortunately caused by the use of a commercial
filament containing only 8 wt % of graphene as active material and 92 wt % of PLA. In this work,
the unprecedented obtained reversible capacity values (200 mAh g! after 6 cycles at current

density of 18.6 mA g!, C/20; and 140 mAh g! of active material at current density of 37.3 mA
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g1, C/10) for an FDM 3D printed disc (10%CSP) is logically due to the high graphite loading
reaching 49.2 wt % and the high black carbon loading reaching 4.9 wt % of the total composite.

2.2.2. Positive electrode

2.2.2.1. Optimization of plasticizer content

Similar to what was achieved for the negative electrode (cf. 2.2.1. Negative electrode), the
elaboration of a highly loaded filament for the positive electrode was initiated to enhance the
electrochemical performances while maintaining enough mechanical strength to allow printability.
Nonetheless, for material saving purposes, it was here decided to start directly the elaboration from
the optimized plasticizer composition wt.% PLA/PEGDMES500 100:40, which was established
beforehand as the most promising (cf. 2.2.1.3. Optimization of plasticizer content). Lithium-iron
phosphate (particle size: 1 um), LiFePOs, (LFP) was here employed as active material for the
positive electrode and introduced in large quantity within the composite sample (wt.% ratio

PLA/LEP 40:60).

2.2.2.2. Optimization of conductive additives content

In order to enhance the positive electrode electrical conductivity and electrochemical
performances, samples containing different amount of CSP (weight ratio LFP:CSP equals to 100:x
with x from 5 to 20) were prepared from the optimized plasticizer composition. Slurry formulation
for the positive electrode (Table 2.9) was achieved by following the experimental protocol
described previously (cf. 2.1.1. Elaboration process). Here again, carbon additives were premixed
with LFP active material in a mortar prior to introduction into the slurry to guarantee meticulous

mixing.
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Table 2.9. Summary of the film compositions produced for the positive electrode at increasing conductive additives
content (CSP). For weight-volume conversion, material densities were determined by helium pycnometer — cf.

Preface —I1.

Sample Weight Weight ratio Weight ratio Wt.% total composite vol.% total composite
name ratio PLA/LFP/Plasticizer/Conductive | PLA/LFP/Plasticizer/Conductive
PLA:PEGDMES00 | LFP:Conductive .. ..
additive additive
PLA:LFP additive
Pure X X X 100/0/0/0 100/0/0/0
PLA
PLA/LFP 40:60 X X 40/60/0/0 54/46/0/0
0%CSP 40:60 100:40 X 35/52/13/0 43/37/20/0
5%CSP 40:60 100:40 100:5 34/50/13/3 42/36/20/2
10%CSP 40:60 100:40 100:10 33/49/13/5 41/35/20/4
20%CSP 40:60 100:40 100:20 31/47/13/9 40/34/18/8

2.2.2.2.1. Electrical conductivity

The effect on electronic conductivity of carbon black, CSP, was studied. For samples
obtained labeled in Table 2.9, specific impedance spectra were investigated at temperatures
ranging between 20 °C to 50 °C. The exact same procedure than the one described in the previous
section (cf. 2.2.1.4.1. Electrical conductivity) was followed. Similarly, the achieved Nyquist and
Bode curves are in accordance with an electronic conductor classical behavior as Nyquist plot
portrays only Z’ real part while |Z| magnitude is remained steady for all frequencies. The electrical
conductivity, for all samples of equal thickness and area, is rising with temperature as exhibited in
Figure 2.12 and activation energy values varying between 0.0001 eV and 0.052 eV were estimated.
Conductive additive contributes to greater conductivity values compared to the 0%CSP sample
without additives, which is in good agreement with what was reported by Guy et al.2> However,
here, a higher loading of CSP is needed to reach similar values,?® which is undoubtedly due to the

high quantity (32.8 wt%) of the polymer matrix (PLA) having a detrimental effect on the

83




Chapter 2. Composite filaments elaboration for LIB 3D printing via fused deposition
modeling

homogenization and CSP distribution which may be isolated. Amongst the various film samples
tested, 20%CSP exhibits the greatest values of electrical conductivities. Nevertheless, it is worth
noticing that conductivity values are still relatively low due to the LFP insulator behavior
(enhanced up to 0.16 S cm™! for the 20%CSP sample at 20 °C) as compared to values obtained
previously (cf. 2.2.1.4.1. Electrical conductivity) for the graphite-based negative electrode (0.40
S cm!at 20 °C). Carbon coating is therefore important when LFP is considered as active material.?
Here, the incorporation of carbon additives such as CSP is essential when considering exotic
composite compositions with such an important amount of PLA polymer matrix. While 20%CSP
sample appears as the most electronically conductive, printability tests (described in the next
section — cf. 2.2.2.2.2. Printability and mechanical characterization) were rather executed on

the 10%CSP as it will be demonstrated later that it is the most electrochemically-promising (cf.

2.2.2.2.4. Electrochemical characterization).
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Figure 2.12. Arrhenius plots of the electrical conductivity for samples containing CSP as conductive additives — cf.

Preface —I1.
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2.2.2.2.2. Printability and mechanical characterization

From our practical experiences, with a view to obtain enough mechanical performances to
be printed, the total amount of charges (sum of active material and conductive additives) within
the filament must not exceed a total of about 50 vol% when a plasticizer such as PEGDMES500 is
introduced. On the contrary, without the plasticizer introduction, the total amount of charges must
not exceed about 30% otherwise the PLA-based filament will not be printable. As displayed in
Table 2.9, in this study, the most electrochemically-promising /0%CSP positive electrode filament
contains 35 vol% of LFP and 4 vol% of CSP, which represents a total volume of charges equals to
39 vol% of the total composite. A compromise must nonetheless be found with a view to enhance
the electrochemical performances (through a high amount of charges) while still maintaining
suitable mechanical properties (thanks to polymer matrix and plasticizer). Following the same
characterization procedure described previously (cf. 2.2.1.3.1. Mechanical characterization and
printability), mechanical performances for the /0%CSP film sample such as the Young’s modulus
(223 £20 MPa), tensile strength (7.36 + 0.45 MPa) and elongation at break (14.04 = 1.35%), were
determined from the stress-strain curves. As expected, those values are very low (except elongation
at break) compared to pristine PLA (Young’s modulus: 3500 MPa, tensile strength: 59 MPa,
elongation at break: 7%)!! due to the high loading of composite material here. Due to the lower
LiFePOq4 particle size (~1 pm), the elongation at break for the positive electrode (/0% CSP sample)
was here multiplied by 5 in comparison with the optimized negative electrode composition
containing graphite (~20 um). Indeed, the LFP particles being more efficiently embedded, it results
in a greater percolating polymer network than with graphite. In this case, the elongation at break is

more dependent on the polymer properties than on the particles-polymer interface.

Similar to what was achieved previously for the negative electrode, the general
homogeneity and the inner material (LFP and CSP) dispersion within the PLA matrix of the
produced filament was examined by scanning electron microscope (5 kV) and transmission
electron microscopy (200 kV). Prior TEM experiment, /0%CSP filament sample was cut and
inserted in a resin following the exact same protocol described previously (cf. 2.2.1.4.2.
Electrochemical characterization). SEM image (Figure 2.13.a) confirmed the homogeneous

LFP particles distribution within the PLA polymer matrix. On the other hand, at higher
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magnification, TEM images (Figure 2.13.b) revealed clearly the partially efficient percolation
network generated by the CSP located in between the LFP particles.

Figure 2.13. Cross-sectional (a) SEM and (b) TEM images of the 10%CSP positive electrode filament.

Finally, porosities for the /0% CSP positive electrode after each step of the formulation
(film, filament and 3D-printed disc) were calculated considering the complete plasticizer
evaporation. While the film obtained after tape-casting originally depicts 17% porosity, it can be
seen that after extrusion the filament displays only 14% of porosity. This may be easily explained
by the extrusion process itself where charges are more efficiently embedded within the polymer
matrix. Finally, the 3D-printed disc displays a porosity about 29% which is explicated by the
successive pathways taken by the nozzle leading to a surface inhomogeneity creating high macro-

porosity (Figure 2.14).
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Figure 2.14. SEM image depicting the macro-porosity created by the nozzle during printing on top of the 10%CSP

positive electrode 3D-printed disc.

2.2.2.2.3. Thermal characterization

DSC thermal characterization was here achieved by following the experimental protocol
described previously (cf. 2.2.1.1. Preliminary tests). Figure 2.15.a exhibits DSC plots of the
composite films with various compositions of polymer, LFP, plasticizer and conductive additives
(Table 2.9). Serving here as a reference, pure PLA displays an endothermal peak related to its
melting (Tm) at 146 °C and a well-defined glass transition temperature (Tg) at 63 °C. By adding
LFP as active material to the PLA matrix, the endothermal peak related to the melting temperature
of the film called PLA/LFP (wt% 40:60) was a little altered to lower temperature emerging at 142
°C and the Tg is not perceptible anymore. Water desorption was detected around 100 °C by the
presence of a minor endothermal peak. Compared to PLA/LFP sample which only shows a clear
Tm peak, a little exothermal crystallization peak (Tc) around 80 °C is induced through the
incorporation of a plasticizer, as observed for graphite-based matrix and in good agreement with

literature.!® This is emblematic of plasticized thermoplastics, as plasticizers may facilitate
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crystallization by enhancing chain mobility. As the temperatures difference Tc-Tg is reported to be
constant (~80 °C) in the whole range of plasticizer concentration,'° the glass transition temperature
(Tg) of the PLA polymer matrix should also appear in the range of the first endothermal peak at 4
°C imputed to the plasticizer PEGDMES500 fusion. Plasticized PLA/LFP films display Tm inferior
than without plasticizer, diminishing from 142 °C to about 132 °C. By increasing the CSP content,
endothermal peaks at 4 °C and 132 °C, respectively corresponding to the PEGDMES00 fusion and
the composite film melting, remain unchanged. This behavior is however different for the
exothermal crystallization peak (Tc) previously observed at 80 °C (0%CSP sample). Indeed,
through the addition of CSP, crystallization peak is slightly altered to lower temperature, reaching
74 °C for the 20%CSP sample. This behavior may be explicated by the CSP presence within the
PLA matrix impacting crystallinity behavior at the microscopic scale. In this context, the
crystallinity percentage X. (Table 2.10) for each film composition was calculated from the
crystallization and melting enthalpies. From these results, it is clearly visible that the introduction
of CSP particles impacts the crystallinity behavior. Indeed, while sample without CSP additives
(0%CSP) depicts crystallinity percentage value of 32.5% (considering complete plasticizer
evaporation), samples containing CSP within the polymer matrix, display higher Xc values of about
37.6 —39.1%. These observations are in good agreement with what was observed by Nofar et al.!®
who reported that nanosized carbon black introduction promoted PLA crystallization by inducing
more crystal nucleation sites. According to literature,?’ crystallinity percentage X. is expected to
have an impact on the further mechanical properties. Indeed, Young’s modulus tends to increase
with higher Xc values. On the other hand, the crystallinity may impact the sample aging in presence
of water, the liquid electrolyte impregnation as well as the viscosity behavior of the filament

coming out from the nozzle during printing.

Plots achieved from DSC for the analogous /0%CSP film, filament and 3D-printed disc
(Figure 2.15.b), display similar Tm value equals to 132 °C. Nevertheless, endothermal wide peak
intensity related to the PEGMDES00 fusion at 4 °C tends to drop following extrusion and 3D-
printing (performed respectively at 170 and 195 °C), indicating partial plasticizer evaporation
occurs during both stages. Conveniently, the lower plasticizer content still confers sufficient
filament flexibility in order to feed the 3D-printer as depicted hereabove (cf. 2.2.2.2.2. Printability

and mechanical characterization). Furthermore, after 3D-printing, the exothermal peak of
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crystallization area emerging at 75 °C is more intense. This behavior may be explained by the fast
cooling allowed by the fans, thus leading to a less crystallized state of the polymer chains. This
behavior was confirmed by calculating the crystallinity percentages for the /0% CSP film, filament
and 3D-printed disc (Table 2.10). Indeed, while extrusion was shown to slightly increase the
crystallinity (39.1% for the film and 40.7% for the filament considering complete plasticizer
evaporation), the 3D-printed disc depicts a much lower Xc value of about 25.8%. This last

observation is similar to what was observed previously for the negative electrode (cf. 2.2.1.3.3.

Thermal characterization).

m Exo

l Pure PLA
=
= ,
= PLA/LFP/PEGDMES00
| - 5%CSP
e
k=]
(%]
~ —
Film
50 0 50 100 150 200 250 300
Temperature (°C)

Heat flow (W/g)

Exo

3D-Printed Disc

10%CSP samples

50 0

50

100 150 200 250 300

Temperature (°C)

Figure 2.15. DSC curves: (a) pure PLA, PLA/LFP (wt% 40/60) and PLA/LFP/PEGDMES00 films with different

amount of conductive additive (CSP); (c) comparison between film, filament, and 3D-printed disc for the optimized

10%CSP sample — cf. Preface —II.
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Table 2.10. Crystallinity percentage for the various film compositions, optimized 10%CSP filament and corresponding

10%CSP 3D-printed disc.

Sample Xc (considering complete Xc (considering null plasticizer
plasticizer evaporation) evaporation)
Film 0%CSP 32.5% 37.4%
Film 5%CSP 37.6% 44.7%
Film 10%CSP 39.1% 44.9%
Filament 10%CSP 40.7% 46.8%
3D-printed disc
L0%CSP 25.8% 29.7%
Film 20%CSP 38.0% 43.7%
2.2.2.2.4. Electrochemical characterization

A thorough characterization study was performed to establish the electrochemical behavior
of the two most electrically conductive film samples /0%CSP and 20%CSP (Figure 2.16). For
each sample of the same size (60 pum-thick and 11 mm diameter, surface equal to 0.950 cm?)
acquired after tape casting, Swagelok-type cells were assembled following the afore described
exact same conditions (cf. 2.2.1.4.2. Electrochemical characterization). Here also, 150 pL of 1
M LiPFs in ethylene carbonate and diethyl carbonate (EC:DEC 1:1 weight ratio) was used as liquid
electrolyte (LP40) and purchased from Merck KGaA, Germany. Subsequently, cells were
galvanostatically discharged (lithiation) and charged (delithiation) at different current densities

calculated per gram of active material, between 3.8 and 2.6 V (vs Li/Li").

The potential profiles versus specific capacity based on the active material and specific
capacity versus cycle number were examined at diverse current densities (8.5, 17, 34, and 85 mA
g ! of active material equivalent to C/20, C/10, C/5, and C/2). Among those samples, it was shown
that 10%CSP film displayed the best electrochemical performances reaching specific capacity
value up to 165 and 162 mAh g ! of active material at C/20 and C/10 respectively. It appears that
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20%CSP film displays slightly inferior capacity values. Besides, this latter composition was

discarded as CSP tends to agglomerate thus affecting the sample homogeneity.
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Figure 2.16. (a) Capacity retention plots at different C-rate for the 0%CSP, 10%CSP and 20%CSP positive electrode
films; Potential profiles versus specific capacity based on the active material for (b) the 10%CSP and (c) the 20%CSP

film samples — cf. Preface — I1.
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As theoretical capacity of LiFePO4 (170 mAh g'!) was almost reached with the 10%CSP
sample, it was consequently decided to focus our studies on this optimized sample for the positive
electrode. Extrusion and 3D-printing were thus concentrated on the most electrochemically-
encouraging /0%CSP film sample as depicted hereabove (cf. 2.2.2.2.2. Printability and
mechanical characterization). Consequently, the corresponding homogeneous /0%CSP filament
(756 mg of active material per cm? of composite) was produced and 200um-thick 3D-printed discs
were characterized electrochemically (Figure 2.17).

Compared to specific capacity values obtained for the latter /0% CSP 60um-thick film,
values displayed for the corresponding 200um-thick 3D-printed disc were observed to be much
lower: 87 mAh g! of active material at C/20 (equals to 43 mAh g ! of the total composite or also
66 mAh cm™ considering the total volume of the electrode) and 45 mAh g! of active material at
C/10 (representing 22 mAh g ! of the total composite or also 34 mAh cm3). This important gap is
due to the difference of thickness between the film (60 pm) and the 3D-printed disc (200 um)
induced by the 3D-printer low thickness resolution on the first layer. 3D-printed disc shows an
irreversible capacity during the first cycle of 38 mAh g™! of active material, equivalent to a
percentage loss of 42% at a current density of 8.5 mA g! (C/20). It is worth emphasizing that
printing parameters such as the nozzle temperature may affect the percolation networks and thus
final electrochemical performances. A too high nozzle temperature is expected to decrease the
porosity as well as favoring particles sedimentation by gravity thus resulting in a non-homogeneous

electrode sample.
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Figure 2.17. (a) Capacity retention plots at different C-rate for the film and 3D-printed disc 10%CSP sample; (b)
Charge/ discharge capacity profiles for the 3D-printed disc 10%CSP sample. Note that for those experiments, a

commercial fiber glass separator was used — cf. Preface — II.
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2.2.3. Comparison with contemporary studies

In the meantime, while this PhD work was ongoing, other scientific groups also started
concentrating their work on the FDM technique to print batteries. Similarly, studies were first
mainly focused on the elaboration of homemade electrodes composite filaments comprising a
higher amount of electrochemically active charges than what was previously reported by Foster et
al.? in 2017 (only 8 wt.% graphene compared to 92 wt.% PLA). Table 2.11 depicts a chronological
summary of the prepared filaments characteristics that were recently reported in literature. On the
other hand, Table 2.12 exhibits a summary of the reversible capacities reported for FDM 3D-
printed disc in literature and their corresponding current densities. Regrettably, depending on the
studies, it is important to note that units chosen by authors are not always analogous, making the
comparison process particularly complicated. Hence, here, for both positive and negative electrode
3D-printed discs reported in this PhD thesis, gravimetric and areal current densities as well as

gravimetric and volumetric reversible capacities are expressed.

Table 2.11. Summary of the filaments prepared for LIB and sodium-ion battery FDM 3D-printing that were reported
in literature. For weight-volume conversion, material densities were determined by helium pycnometer — cf. Preface
—1II and VI. * Weight-volume conversion was deduced by considering the densities obtained for analogous materials

via helium pycnometer.

Filaments Total composite wt% | Total composite vol% References
Graphene/PLA 8/92 5/95%* Foster et al.’
LTO/Carbon additives/PLA
- - Ragones et al.?®
LFP/Carbon additives/PLA
LTO/Graphene/PLA 13/33/54* 6/24/70
Reyes et al.?°
LMO/MWCNT/PLA 11/22/67* 4/16/80
NaMnQz/Carbon additives/PVA/ABS
- - Down et al.?”’
TiOz/Carbon additives/PVA/ABS
Graphene/PLA 20/80 12/88* Foster et al.>
Nanographite/PLA 25/75 17/83* Foster et al.*!
Graphite/CSP/PLA/PEGDMES00 49/5/33/13 37/4/40/19 This PhD thesis (cf.
LFP/CSP/PLA/PEGDMES500 49/5/33/13 35/4/41/20 Preface — I and II)
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Table 2.12. Summary of the electrochemical performances (applied current density and corresponding reversible

capacity) for FDM 3D-printed electrode discs. (blue: gravimetric; red: areal; green: volumic units) — cf. Preface VI

Applied current Reversible capacity
3D-printed disc References
density
10 mA g 15.8 mAh g! of
Graphene/PLA Foster et al.’
graphene
9 pA cm 60 mAh g of LFP
2
LFP/Carbon additives/PLA 44 pAcm 50 mAh g of LFP Ragones et al.?
88 HA cm? 20 mAh g of LFP
10 mA g 0.34 mAh cm? (total
LTO/Graphene/PLA
volume electrode)
i Reyes et al.?*
10 mA g 0.71 mAh cm™ (total
LMO/MWCNT/PLA
volume electrode)
40 mA g 2.5mAh g'! of
Graphene/PLA Foster et al.**
graphene
C/20 200 mAh g! of
18.6 mA g! graphite
322 pA cm? 155 mAh cm? (total
volume electrode)
Graphite/CSP/PLA/PEGDMES00
C/10 140 mAh g'! of
37.3mA g'! graphite
646 pA cm™ 108 mAh cm? (total
volume electrode)
This PhD thesis (cf.
C/20 87 mAh g! of LFP
) Preface — I and II)
8.5mA g'! 77 mAh cm™ (total
151 pA cm™ volume electrode)
C/10 45 mAh g! of LFP
LFP/CSP/PLA/PEGDMES500 17 mA g'! 40 mAh cm? (total
303 pA cm? volume electrode)
C/5 22 mAh g of LFP
34 mA g 20 mAh cm? (total
607 pA cm™ volume electrode)
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In April 2018, Ragones et al.?® reported the development of bespoke PLA/LTO negative
electrode and PLA/ LFP positive electrode composite filaments. While this study is very promising,
the filament compositions are not precise enough. According to the authors, the filaments prepared
by extrusion contain ~50-70% of active material, 10% carbon additives and ~20—40% PLA either
in weight or volume percentages. Independent 3D-printed electrodes discs were subsequently
tested in half-cells setup, soaked in 1 M LiPF¢ in 1 : 1 vol% EC: DEC + 2% vinylene carbonate
(VC) electrolyte. The cycling of the cathode PLA/LFP finally resulted in 60, 50 and 20 mAh g!
of LFP capacities at current density of 9, 44 and 88 uA cm2, respectively. In comparison (Table
2.12), using similar units, the optimized 3D-printed positive electrode developed in this PhD thesis
(cf. 2.2.2.2.4. Electrochemical characterization) presents reversible capacity values of about 87,

45 and 22 mAh g'! of LFP at current density of 151, 303 and 607 nA cm, respectively.

Few months later, in September 2018, Reyes et al.?? reported the formulation of negative
electrode PLA/LTO/graphene (vol.% 70/24/6) and positive electrode PLA/LMO/MWCNT (vol.%
80/4/16) filaments to feed a classical FDM 3D-printer. These filaments compositions were
developed by first enhancing as high as possible the quantity of conductive additives to reach
higher electronical conductivity without degrading printability. Then, active materials were
respectively added in both filament and optimization of the electrochemical performances was
accomplished. Finally, negative and positive half-cells displayed respectively 0.34 and 0.71 mAh
cm? at a current density of 10 mA g L.

In February 2019, Down et al.?’ reported the preparation of composite electrodes filaments
consisting of water soluble polymer polyvinyl alcohol (PVA) mixed with ABS, active materials
for a sodium-ion battery (NaMnO: for the positive electrode and a TiO; for the negative electrode),
along with the inclusion of conductive carbon. Interestingly, a porosity was created simply by
soaking the filament in water. Regrettably, in this study again, the filaments compositions were not
explicitly disclosed. Authors precise that electrodes filaments comprise about ~80% of polymer
matrix. Unfortunately, no indications are unfortunately given to understand if these ratios are in
weight or volume percentages. Focused on the LIB, the same group reported in April 2019 and
February 2020, the elaboration of bespoke PLA/graphene (wt.% 80/20)*° and PLA/nanographite

(wt.% 75/25)3! filaments for their use as negative electrode.
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To summarize, researchers working on this particular thematic were confronted to the same
dilemma: establishing a compromise between electrochemical properties (through a high amount
of active material) and mechanical properties/printability (through a significant amount of
polymer). As depicted hereabove, so far, most of the reported studies described filaments
containing a relatively low amount of active material thus having a detrimental effect on the final
electrochemical performances of the battery. In comparison, as clearly demonstrated in this PhD
thesis (Table 2.12 — cf. Preface — I and II), this limitation can be overcome by introducing an

appropriate plasticizer.

2.3. Separator filament formulation

2.3.1. Preparation

As depicted previously (cf. 1.1.2.2. Separator), the separator acts as a physical barrier
placed between both electrodes. While it must be electronically insulator, the ionic conductivity
within the membrane must be enhanced as high as possible. In this context, similar to what was
achieved for both electrodes (cf. 2.2. Highly-loaded electrodes filaments formulation), the
elaboration of a composite filament specially designed to be used as a separator within a LIB was
initiated. For material saving purposes, it was here decided to start directly the elaboration from
the optimized plasticizer composition wt.% PLA/PEGDMES00 100:40, which was established
beforehand as the most promising from the mechanical point of view (cf. 2.2.1.3. Optimization of
plasticizer content). Nonetheless, as depicted hereafter, the separator filament containing a lower
amount of charges compared to the electrodes, an optimization must be performed in the future as

the plasticizer ratio might be considerably reduced to improve printability.

Slurry formulation for the separator (Table 2.13) was achieved by following the
experimental protocol described previously (cf. 2.1.1. Elaboration process). After dissolution of
the PLA, plasticizer was added (40 wt.% ratio PEGDMES00/PLA). Then, amorphous SiO;
nanoparticles (average size 7 nm), displayed in Figure 2.18, were added in the slurry and mixed
until a homogeneous mixture was achieved. Subsequently, a free-standing separator film was

obtained through tape-casting.
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Table 2.13. Summary of the film compositions produced for the separator at increasing SiO2 nanoparticles content —
cf. Preface — II.

Sample name Weight ratio Weight ratio Wt.% total composite
PLA/SiO;/Plasticizer
PLA:SiO, PLA:PEGDMES500
0%Si0; X 100:40 71/0/29
7%8i0; 100:10 100:40 66/7/27
13%Si0; 100:20 100:40 62/13/25
18%Si0; 100:30 100:40 59/18/23
22%Si0; 100:40 100:40 56/22/22

Figure 2.18. TEM image of the amorphous SiO> powder particles. Selected area electron diffraction (SAED) pattern

is displayed in inset — cf. Preface — II.
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2.3.2. Optimization of the ceramic content

Recently, Reyes et al.2° reported the use of a pure PLA filament as separator soaked in a
liquid electrolyte (1 M LiClO4 EMC:PC vol% 1:1). After being immersed during 24h, the
membrane subsequently exhibited an ionic conductivity of 7.5 x 107 S ecm™! (20°C) and an
arguable significant volume change of 29%. In this PhD thesis, it was decided to go further through
the introduction of ceramic fillers within the polymer matrix. Indeed, it has lately attracted
substantial attention in literature,*? due to the ability of these particles to improve thermal stability,
mechanical strength as well as ionic conductivity of the separators. In order to enhance those last
parameters, the nanosilica content was optimized from 0 to 22 wt.%. For each separator sample
described in Table 2.13, specific impedance spectra were investigated at 25 °C under argon after
immersion within the electrolyte (1 M LiPFs in ethylene carbonate and diethyl carbonate EC:DEC
1:1 weight ratio) during 1 h and 10 h (Figure 2.19).
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Figure 2.19. Ionic conductivity after 1 h and 10 h within the electrolyte 1 M LiPFs in EC:DEC 1:1 vol% for samples

containing different SiO2 content — cf. Preface — II.
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First of all, by introducing SiO2 nanoparticles within the PLA polymer matrix, it was shown
that swelling percentage tends to decrease. Indeed, after being immersed 10 h within the electrolyte,
22%S8i0,, 18%Si0:, 13%Si0:, 7%Si0:2 and 0%Si0: samples depicted a swelling percentage equals
to +2%, +4%, +5%, +8% and +14% respectively, in good agreement with what was observed by
Reyes et al.?’ with a similar electrolyte. Moreover, after 1 h immersed within the electrolyte,
conductivity was improved up to 3.96 x 107 S cm™! for the 713%Si0, sample compared to value
reaching only 2.41 x 107> S.cm™! for sample 0%Si0;. After 10 h immersion, the most conductive
sample was 7%Si0; displaying 1.20 x 10* S c¢cm!, thus corresponding to seven times the
conductivity value obtained for the reference 02SiO> (only 1.67 x 107> S cm™!) and approaching
the conductivity reference value of 1.30 x 102 S cm™! (25°C) corresponding to porous polyolefin-
based commercial (Celgard 2500) separator soaked with similar electrolyte during 4 days. An
explanation of this behavior is that composite separators have higher electrolyte uptake due to the
SiOs particles introduction improving wettability compared to the pristine separator.’® Considering
the complete plasticizer evaporation, the optimized sample 7%SiO: presents 11.3 mol% of SiO;
(9.6 wt%), close to the optimized silica amount of 15.7 mol% (4 wt%) reported by Caillon-
Caravanier et al.* Through the SiO» addition, a more porous structure is formed, thus contributing
to faster electrolyte uptake. As also described by Caillon-Caravanier et al.>4, it is worth mentioning
that a too high content of SiO> can have a detrimental effect on ionic conductivity as it is clearly
visible for the 22%5i0, sample (8.71 x 10°% S cm™! after 10 h). When maximum porosity is
reached, further addition reduces absorption ability and conductivity by limiting the porous volume
and by interaction of some fraction of the lithium cation with silica.’® Thus, the optimized 7%SiO:

composition was chosen and the resulting separator filament was prepared.

In parallel, a thermal study on the separator samples was completed through differential
scanning calorimetry (Figure 2.20). DSC thermal characterization was achieved following the
experimental protocol described previously (cf. 2.2.1.1. Preliminary tests). Serving here as a
reference, sample 0%S5i0:2, composed of only PLA and PEGDMES500, displays an endothermal
peak related to its melting (Tm) at 139 °C and a well-defined crystallization peak (Tc) at 83 °C. By
introducing SiO; nanoparticles within the PLA polymer matrix, the Tm of the film called 7%SiO:
was slightly altered to lower temperature emerging at 134 °C while the Tc was unchanged. This

behavior was also confirmed when a greater quantity of ceramic nanoparticles was added. Indeed,
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22%S8i0:; film sample exhibits a Tm of 122°C (onset value) and an unchanged Tc. Nonetheless,
through the addition of nano-silica, crystallinity percentage (Xc) of PLA within the composite films
was shown to decrease slightly as depicted in Table 2.14. Indeed, X. decreased from 71.3% for the
0%Si0; sample down to 60.2% for 22%Si0, (when plasticizer evaporation is not considered).
Clearly, it appears that the SiO2 presence within the PLA matrix impacts the crystallinity at the
microscopic scale. However, this tendency is dissimilar with what was observed previously for the
positive electrode at increasing carbon black concentration (cf. 2.2.2.2.3. Thermal
characterization). While previously the introduction of carbon black was shown to increase the
crystallinity, here, the addition of SiO2 seems to diminish it. An explanation to these contradictory
results might be related to the high charges loading within the positive electrode impacting the
crystallinity. Indeed, here for the separator, no active material (such as LiFePO4 for the positive
electrode) was introduced. On the other hand, plots achieved from DSC for the analogous 7%S5i0:
film, filament and 3D-printed disc (Figure 2.20), display similar values of Tm (equals to 134 °C)
and Tc (between 83 and 79°C). By calculating the crystallinity percentages for these samples
(Table 2.14), it appears that while extrusion was shown to slightly increase the crystallinity (51.4%
for the film and 55.7% for the filament considering complete plasticizer evaporation), the 3D-
printed disc depicted a lower Xc value of 50.0%. This last observation corroborates what was
observed previously for both the negative and positive electrode (cf. 2.2.1.3.3. Thermal

characterization and 2.2.2.2.3. Thermal characterization).
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Figure 2.20. DSC curves for tested film, filament and 3D-printed disc separator samples.

Table 2.14. Crystallinity percentage for the various film compositions, optimized 7%SiO2 filament and corresponding

7%Si02 3D-printed disc.

Sample Xc (considering complete Xc (considering null plasticizer
plasticizer evaporation) evaporation)
Film 0%8Si0, 50.6% 71.3%
Film 7%Si0, 51.4% 70.4%
Filament 7%Si10, 55.7% 76.4%
3D-printed disc 7%Si0, 50.0% 68.5%
Film 22%8Si0, 47.0% 60.2%
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Finally, similar to what was achieved previously for both electrode filaments, the general
homogeneity and the inner material (SiO2) dispersion within the PLA matrix of the produced
filament was examined by transmission electron microscopy (200 kV). Prior TEM experiment,
7%Si0; filament sample was cut and inserted in a resin following the exact same protocol described
previously (cf. 2.2.1.4.2. Electrochemical characterization). TEM image (Figure 2.21)
confirmed the homogeneous SiO; particles distribution within the PLA polymer matrix. On the
other hand, almost no porosity was found. This latter, directly linked to the liquid electrolyte
impregnation, must be enhanced in the future by fine-tuning the extrusion and printing parameters.
Indeed, so far, for these experiments focused on the separator, both extrusion and printing
temperatures were set at the relatively high temperature of 195°C (about 60°C above the deduced

temperature from DSC).

Figure 2.21. Cross-sectional TEM image of the 7%SiO: separator filament.
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2.4. Current collector filament formulation

The elaboration of a PLA-based filament for its use as a current collector in a LIB after
printing was initiated. This work being ongoing at the moment this PhD is written, only preliminary

results (cf. Preface — V) will be presented in the following sections.

As depicted previously (cf. 1.1.2.4. Current collectors), current collectors, being the direct
contact between the electrode and the external circuit, must exhibit electronical conductivity as
high as possible. In this context, metals, such as copper or aluminum (presenting adequate
electrochemical stability window at the negative and positive electrode respectively), are materials
of choice that are nowadays commonly employed in commercial LIB. In the sections hereafter, the
formulation of a bespoke PLA/copper composite filament for its use as a current collector at the

negative electrode side is described.

2.4.1. Silver coated copper powder

Neat copper powder (dso=20pm) was first characterized by SEM and EDS. Noticeably, as
depicted in Figure 2.22, it appeared that an insulative oxide CuO layer was present at the surface

of the Cu particles thus representing a significant issue for its use as current collector. Additional

TEM experiment must be performed in the future to precisely determine the thickness of this latter.
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Figure 2.22. Neat Cu SEM image and element distribution map (Cu and O) obtained by Energy Dispersive X-ray
Spectroscopy (EDS).

Since such CuO layer is known to be highly insulator, a protocol was established to dissolve
it and subsequently depose a homogeneous Ag layer on top of the Cu particles. This was done with
a view to prevent surface copper from oxidation and enhance the electronic conductivity. First of
all, 50g copper powder was introduced in a diluted sulfuric acid (97%, Sigma Aldrich) solution
(volume ratio H2SO4 : DI water of 1:20) for 2 minutes in order to remove the oxide layer, following

the chemical reaction (Equation 2.3) below:

CuO (s) + H2SO4 (aq) — CuSO4 (aq) TH20 ( (Equation 2.3)

According to Lee et al.*%, for such a H>SO4 concentration and reaction time, 2.7nm of oxide
layer are estimated to be etched. This must be corroborated in the future by performing TEM
experiment. Subsequently, the resulting clean copper powder was filtered using a Biichner funnel
and washed with DI water until the pH of the filtrate solution matched the one of DI water. The
washed copper powder was finally kept in 100ml DI water. On the other hand, 7.85¢g of silver
nitrate (99.9%, Sigma Aldrich), 100g of ammonium carbonate (99%, Sigma Aldrich), and 114mL

of ammonia water (28%, Sigma Aldrich) were mixed together with 100ml of DI water. According
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to Koto et al.,?” there is no particular restriction with respect to the ratio of copper to silver nitrate.
Nonetheless, a compromise must be reached as the final product becomes expensive as the amount
of the silver coating increases while a minimum weight of silver nitrate must be provided in order
to cover the entire surface of copper powder. The silver complex solution was then added dropwise
into the afore-mentioned copper mixture over a period of 5 minutes at room temperature. The
resulting solution was stirred for an additional hour to allow the silver deposition on the copper
powder. Finally, the resulting Ag-Cu powder was filtered using a Biichner funnel and washed
several times using DI water to remove the residual chemicals and impurities, until the pH of the
filtrate solution matched the one of DI water. Lastly, the powder was dried at 50 °C under vacuum

during 5 days prior performing characterization experiments.

As reported in literature,®®

when the silver complex solution is poured into copper
suspension, the redox reaction between the activated surfaces of copper particles and silver
complex ions occurs as depicted in the Equation 2.4 below. Silver is thus deposited on the

activated surface of copper particles.

EO
e Ag’ --/Ag 0.80V

Cu + 2[Ag(NH3);NOs] — [Cu(NH3)4J(NO3), + 2Ag  (Equation 2.4) >
Ee (v (u 034
2Ag"+ (u — (v 2Ag

The pH reported to significantly impact the deposition rate, surface morphology and further
impedance behavior,* a mixture of ammonia water and ammonium carbonate solution was here
employed as buffer (pKa = 9.25). According to literature,?’ the ideal molar ratio of the ammonium
carbonate compound to ammonia water is from 0.1 to 3. Hence, in this experiment, a molar ratio

of 1.08 was employed.

Last but not least, the resulting Ag-Cu powder was characterized via SEM/EDS.
Noticeably, as depicted in Figure 2.23, it appears that the aforementioned protocol worked
properly as Ag was clearly identified on top of the Cu particles. Nonetheless, it is worth mentioning
that further thorough TEM experiments must be performed in the future to precisely determine the

thickness of the deposited Ag layer.
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Figure 2.23. Ag-Cu powder SEM image and element distribution map (Ag and Cu) obtained by Energy Dispersive
X-ray Spectroscopy (EDS).

2.4.2. Composite film and filament

Similar to what was achieved for both electrodes and separator previously, the elaboration
of a composite filament specially designed to be used as a current collector within a LIB was
initiated. For material saving purposes, it was here again decided to start directly the elaboration
from the optimized plasticizer composition wt.% PLA/PEGDMES00 100:40, which was
established beforehand as the most promising from the mechanical point of view (cf. 2.2.1.3.

Optimization of plasticizer content).

Slurry formulation for the current collector (Table 2.15) was achieved by following the
experimental protocol described previously (cf. 2.1.1. Elaboration process). After dissolution of
the PLA, plasticizer was added (40 wt.% ratio PEGDMES00/PLA). Then, the Cu or Ag-Cu powder
was introduced within the slurry (weight ratio PLA : Cu-based powder equals to 10:90) and mixed
until a homogeneous mixture was achieved. Subsequently, after tape-casting, two free-standing

current collector films were obtained.
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Table 2.15. Summary of the film compositions produced for the current collector.

Weight ratio Weight ratio Wt.% total composite

Samplename | oy A PEGDMES00 | PLA : Cu-based powder | PLA/Cu-based powder/PEGDMES00

Neat Cu 100 : 40 10:90 9.7/86.5/3.8
Ag-Cu
(cf. 2.4.1. Silver 100 : 40 10:90 9.7/86.5/3.8
coated copper
powder)

The electronic conductivity of both films was studied via specific impedance spectroscopy
at temperatures ranging between 20 °C to 60 °C. The exact same procedure than the one described
in the previous section (cf. 2.2.1.4.1. Electrical conductivity) was followed. Similarly, the
achieved Nyquist and Bode curves are in accordance with an electronic conductor classical
behavior as Nyquist plot portrays only Z’ real part while |Z| magnitude is remained steady for all
frequencies. Here, due to their composite nature, the electrical conductivity for both samples of
equal thickness and area, exhibits a semiconductor-type behavior as it is rising with temperature as
exhibited in Figure 2.24 and activation energy values of 0.678 meV for sample with neat Cu and
0.071 meV for sample containing Ag-Cu powder were estimated. The opposite behavior (increase
of temperature causing conductivity values to decrease) is usually exhibited by pure metals.
Interestingly, it appears that composite film containing neat Cu is very poorly conductive (4.2 x
10-1°S cm! at 20°C). Hence, its use as current collector in a LIB is highly compromised. This trend
clearly corroborates the aforementioned SEM/EDS observations that highlighted the CuO
insulative layer presence. On the other hand, sample containing the afore-prepared Ag-Cu powder
exhibits a drastically higher conductivity reaching 11.3 S cm! at 20°C and pave the way towards

the preparation of a highly conductive current collector filament.
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Figure 2.24. Arrhenius plots of the electrical conductivity for both composite film samples of the same composition

ratio containing neat Cu or Ag-Cu.

Finally, from the DSC experiment, the PEGDMES500 melting temperature appeared at about
5°C, the crystallization temperature at 75°C and the Tm of the Ag-Cu composite film emerged at
142°C (Figure 2.25). A crystallinity of about 47% (not considering the plasticizer evaporation)
was calculated. From these values, it was decided to produce the corresponding filament by fixing

the extruder temperature at a slightly higher temperature of 160°C.
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Figure 2.25. DSC curve for the prepared PLA/Ag-Cu powder/PEGDMES00 film sample.

Last part of this study was concentrated on the comparison with commercially available
conductive filaments. Hence, a filament length of 10 cm was cut and resistance was measured with
a multimeter from both ends. Following the protocol established by the company Multi3D LLC in

their website (https://www.multi3dllc.com), silver paste was applied to the ends of the filament

before performing the measurement in order to reduce contact resistance between the probes and
the filament. Subsequently, the resistivity values were calculated according to the following

Equation 2.5:

RXmr? .
p = . (Equation 2.5)

where p is the resistivity of the filament in Q cm, R is the resistance in €, L corresponds to the

filament length in cm and r is the radius of the filament in cm.
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After calculations, it appears that the Ag-Cu filament produced in this PhD thesis depicts a
resistivity of 0.112 Q cm. This latter is thus much more conductive than commercial filaments
produced from Proto-Pasta (4.340 @ cm — PLA/graphite) and Black Magic 3D (~ 0.6 Q cm —
PLA/graphene) but less conductive than the commercial Electrifi filament (Multi3D LLC)
(resistivity value of about 0.006 Q2 cm). Hence, the electrical performances could still be optimized
through the addition of conductive additives (CSP, CNF or CNT) prior to further printing. Future
study on the current collector must also be concentrated on the use of another polymer matrix (such
as PP), as PLA swells when soaked in the liquid electrolyte thus suspected to have a detrimental

effect on the electronic conductivity.

Conclusions

To conclude, the first stage of this PhD thesis was focused on the development and
optimization of PLA-based composite filaments, corresponding to each part of a LIB based on a
liquid electrolyte configuration, to feed a FDM 3D-printer. Electrochemical performances were

here maximized while still maintaining just enough mechanical strength for handling and printing.

In order to mix all the components (polymer, additives and charges), the solvent method
was here employed as it is really adapted to obtain homogeneous composite at the laboratory scale.
However, because of the toxicity of dichloromethane, alternatives to this method must be envisaged
in the future. Double screw extruder must be a good substitute to obtain homogeneous mixture in
a mechanical way. After solvent evaporation, composite films were cut into small pieces and
extruded to produce a filament. Printability behavior of the composite filaments was tested.
Through mechanical characterization and printability tests, it was demonstrated that plasticizer was
needed to be incorporated during the formulation step to provide a certain flexibility to the filament
and avoid brittleness. Finally, PEGDMES500 was chosen as plasticizer and a weight ratio
PLA:PEGDMES00 equals to 100:40 was defined as the most printable filament. Indeed, it was
deduced by performing DSC experiments that samples containing PC as plasticizer had tendency
to become brittle due to the plasticizer evaporation while filament samples containing ATBC or
PEGDME?2000 have tendency to weep and become brittle too after few days, reflecting a certain
incompatibility with PLA.
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Considering the optimized plasticizer composition, an exhaustive study was carried out to
identify and optimize the electrical and/or electrochemical impact of conductive additives such as
CSP and/or CNF within the electrodes, ceramic nanoparticles of SiO2 within the separator, and
Ag-Cu powder in the current collector. Active material loading was increased as high as possible
within the electrodes to enhance the electrochemical performances. Optimized 3D-printed
electrode discs still showed high irreversible capacity loss (first cycle) in comparison with
commercial electrodes. Moreover, so far, reversible capacity values of the 3D printed electrode
discs are limited because of the FDM 3D printer resolution limitation (about 200 um thick for the
first layer). Incorporation of SEI reinforcing additives should be studied in more details in the future
to further improve the electrochemical performances. Post-mortem studies should be performed to
evaluate the printed components stability and degradation (PLA in particular) during long cycling
as function of the liquid electrolyte composition, and accordingly, polymers should be adapted to
ensure long-term cyclability. On the other hand, SiO; ceramic particles content was optimized to
enhance the ionic conductivity of the separators when soaked within a liquid electrolyte. Regarding
the current collector, optimization still needs to be carried out (addition of conductive additives)

with a view to maximize the electronic conductivity.

Finally, the good homogeneity of the composite filaments was confirmed through textural
analysis (SEM, TEM, Raman, optical microscopy). Unfortunately, during the extrusion process, it
was shown that samples may unfortunately be combined with neat PLA used to purge the machine.
To overcome this particular issue, at least 100 g of material corresponding to the same sample

composition must be introduced within the extruder hopper.
As the optimized composite filaments compositions are now established for each part of the

LIB, next chapter appears as a logical follow-up devoted to the complete LIB assembly through
FDM, both separately but also in one-single step.
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3.1. Introduction

Starting from the afore-optimized filaments compositions (cf. Chapter 2) recalled in Table
3.1, this chapter is now dedicated to the 3D-printing of a complete lithium-ion battery cell based
on a liquid electrolyte technology. First, an overview of the printability issues faced during this
PhD thesis is portrayed. On the other hand, LIB assembly (stacking) from 3D-printed independent
components (electrodes and separator) as well as the complete LIB printability in one single step
(one-shot) is described. Taking advantage of the new design capabilities conferred by Fused
Deposition Modeling, separator infill patterns and density are examined to improve the liquid
electrolyte impregnation and avoid short-circuits. Electrochemical performances of the complete

cells are evaluated by performing galvanostatic tests.

Table 3.1. Summary of the optimized filaments compositions. For weight-volume conversion, material densities were

determined by helium pycnometer.

Optimized sample Wt.% total composite Vol.% total composite
) PLA/graphite/CSP/PEGDMES500 PLA/graphite/CSP/PEGDMES500
Negative electrode
33/49/5/13 40/37/4/19
PLA/LiFePO4/ CSP/PEGDMES00 | PLA/LiFePO4/ CSP/PEGDMES00
Positive electrode
33/49/5/13 41/35/4/20
PLA/Si0./PEGDMES500 PLA/SiO2/PEGDMES00
Separator
56/22/22 59/13/28

Finally, the electrochemical aptitude of various LIB complex 3D architectures, in
comparison with classical 2D planar design, is thoroughly studied by means of a modeling study.
The direct printing capability in one-shot, by means of multi-materials printing options, of such
complex 3D designs is then considered. Note that results presented in the sections hereafter are

already part of published or in preparation articles (cf. Preface — II and IV).
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3.2. Overview of the faced printability issues

As reported in the previous Chapter 2, a thorough study on the formulation of composite
filaments corresponding to each component of the battery (Table 3.1) was conducted with the
difficult objective of achieving maximum electrochemical performances while still maintaining
just enough mechanical strength to allow proper handling and printing. Although the printability
of each filament was demonstrated, it is important to emphasize that it remains a complicated task
because of their exotic nature, particularly when high loading of charges is introduced. In the sub-
sections below, an extensive list of the most common FDM 3D-printing issues faced along this

project is depicted.

3.2.1. Composite filament-related issues

Due to the atypical composition of the produced composite filaments, most common issue
faced along this project was related to the filament extrusion. While the composite filament was
introduced thoroughly within the extruder part of the FDM 3D-printer, material was sometimes not
coming out of the heated nozzle properly. This phenomenon was perceived randomly, at start
(Figure 3.1.a) or in middle of a print (Figure 3.1.b). Consequently, print was stopped and machine

maintenance was needed in order to fix the issue.

Figure 3.1. Extrusion issues: (a) at start; (b) in a middle of a print.
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This major problem was caused by different identified phenomena (Figure 3.2). First of
all, due to their brittle mechanical behavior, optimized highly loaded electrodes and current
collector filament had tendency to break within the extruder gears (Figure 3.2.b), when the idler
tensioner was too tight. Besides, due to its more flexible behavior, a buckling phenomenon! was
occasionally witnessed while printing the optimized separator filament (Figure 3.2.c). This
phenomenon is particularly amplified when the distance between the extruder and the nozzle is
important. Hence, this gap must be reduced as small as possible or a guide system must be
introduced. To prevent this issue, PEGDMESO00 ratio within the separator filament must be
optimized in the future. In both cases (filament break or buckling), the nozzle was not fed correctly,

thus leading to extrusion problems.

Regular working Filament break Filament buckling

Figure 3.2. (a) Regular working process; Extrusion issues due to (b) filament break within the gears; (b) filament

buckling phenomenon.

On the other hand, such concern may also be caused by the laboratory-made filaments
usually depicting irregular diameter. If this latter is superior to 1.75 mm, the filament is not able to
enter properly the nozzle inlet. The irregularity of the filament due to the notches on the surface
can lead to a premature collapse (failure or buckling) of the filament. To resolve that particular
issue in the future, a semi-industrial scale extrusion line including a diameter control sensor must

be used.
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Last but not least, this concern could also be related to a clogged nozzle.> 3 Through
printing, an accumulation of charges particles occasionally occurs within the nozzle head, thus
blocking the 0.4 mm nozzle outlet. To avoid this annoying issue, charges particle size must
definitely be considered when designing each composite filament. In order to fix this problem, the
easiest method consisted in introducing an acupuncture needle while the nozzle temperature was
fixed at high temperature of 260°C. Subsequently, a classical commercial filament was pushed
manually through the extruder gears. In many cases, this trouble was resolved after both steps,

without the necessity of replacing the nozzle.

3.2.2. Classical FDM issues

This section is now dedicated on the description of more classical FDM-related printing

issues, that were also faced during this PhD thesis project.

3.2.2.1. Temperature issues

Printing temperature is a key-parameter to consider as it can lead to many undesired
phenomena. Under-extrusion (Figure 3.3) was sometimes observed, due to a too low nozzle
temperature, resulting in thin layers with unwanted gaps or in missing layers.* It is however
important to note that this phenomenon was sometimes caused by the too thin filament diameter
which does not match the diameter set in the slicing software. As a consequence, the extruded
amount of material is too low because of faulty slicer software settings. The opposite phenomenon
called over-extrusion® (Figure 3.3) was witnessed when a too high temperature was set in

combination with an unproperly set extrusion multiplier parameter.

On the other hand, overheating phenomenon was observed when cooling of the printed
object was not done fast enough. By decreasing slightly the nozzle temperature and immediately
cooling efficiently the deposited layers (fans power: 100%), overheating as well as other issues

such as undesired stringing and poor bridging (Figure 3.4) can be avoided.
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Over-extrus

on

Figure 3.3. Temperature related issues: (left) under-extrusion; (right) over-extrusion.

Figure 3.4. Temperature related issues: stringing and poor bridging phenomena.
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Finally, it is worth mentioning that warping® 7 (Figure 3.5) was witnessed during this
project. It consists usually in a corner of a print that slightly lifts during printing due to material
shrinkage upon cooling. While this phenomenon is usually common for amorphous polymer-based
filament such as ABS, it was nonetheless occurring occasionally while printing semi-crystalline
PLA-based filaments. It is worth-noting that this phenomenon tends to disappear by adjusting the
build platform temperature to 60 °C for PLA-based filaments. Moreover, it was deduced that this
phenomenon was less prone to occur with a higher loading of charges (active material, conductive
additives, ceramic additives) exhibiting a relatively low expansion coefficient. An explanation is
that they may counteract the shrinkage effect as these latter do not expand or contract with

temperature changes.

Figure 3.5. Warping phenomenon.

123



Chapter 3. 3D-Printing of a complete LIB cell via fused deposition modeling

3.2.2.2. Build platform level calibration related issues

To ensure a good adhesion to the build plate, the released material must be slightly squished
against the build plate. Depending on the employed printer, this Z-axis first layer calibration
(Figure 3.6) must be achieved manually or by adjusting hardware settings. A too high Z-axis first
layer parameter will result in the first layer which does not stick to the bed resulting immediately
in print failure. On the other hand, a too low Z-axis first layer parameter could either damage the

extruder or the bed and here also lead in print failure.

Z-axis first layer calibration

Filament

Build
platform

Too low " Too high

Figure 3.6. Z-axis first layer calibration.
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3.2.3. 3D-printers related issues and optimization

Along this PhD thesis project, many different 3D printers were used (Figure 3.7).
Unfortunately, some observed printing issues were directly linked to the type of printer that was

employed.

p, b g l 7
WL

Figure 3.7. FDM 3D-printers employed during this project: (a) MicroDelta Rework; (b) Homemade Delta Printer; (c)
Raise 3D Pro2 Plus; (d) Prusa MK3S.

At the very beginning of this project, a self-assembled Micro Delta Rework 3D printer
(Emotion-tech, Toulouse, France) was employed (Figure 3.7.a). Unfortunately, due to its extruder
motor which is not directly connected to the nozzle, filament must pass through a
polytetrafluoroethylene pipe. Commercial pure polymer filaments can be printed easily but
composite filament produced had tendency to broke inside the pipe due to the forces and vibrations
applied while printing. This phenomenon being totally undesired, a second printer (homemade)
specially conceived to print fragile composite filaments and based on the MicroDelta Rework
architecture with some modifications, was used (Figure 3.7.b). In this configuration, nozzle
position was kept fixed in a way that only bed is moving during printing. The extrusion motor was
directly connected to the head of the nozzle, thus facilitating the insertion of the composite filament
and its printing. Main drawback of this printer is its mechanical skeleton which was not perfectly
symmetric leading to a non-horizontal bed during the printing. Calibration step which had to be
done manually resulted, as a consequence, in a not perfectly precise machine. A third test was

performed with an already built and commercially available Raise 3D Pro2 Plus (Figure 3.7.c).
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Unfortunately, it immediately appeared that this machine was not adapted to print the highly loaded
composite filaments. Indeed, dismantling the various parts of the printer to fix the several extrusion
issues (cf. 3.2.1. Composite filament-related issues) was a time-consuming and tedious process.

Moreover, mechanical modifications of this printer were strictly limited.

Finally, it was decided to look for the cheapest (<$1000) commercially available FDM 3D-
printer presenting the advantages of being suitable for highly loaded composite filaments,
presenting an automatic Z-axis first layer calibration, and easily dismantlable and modifiable.
Produced by Prusa Research (Czech Republic), the Prusa MK3S (Figure 3.7.d) was thus
definitively chosen for this project and self-assembled. Moreover, it is worth mentioning that this
machine presents the advantage of using Bondtech Extruder Drive thus meaning that filament is
driven from both sides. This feature is particularly imperative when printing of composite filaments
is requested. This printer also comprises an aluminum magnetic and flexible bed as well as sensors
to detect and recover the print in case of shifted layers or power loss. Last but not least, a multi-
material option (cf. 3.4.2. Multi-materials FDM printing), allowing the printability up to 5
filaments at the same time, is offered in option ($360), thus making this printer very appealing

while considering the further LIB FDM printing in one single step.
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3.3. Complete LiFePOqs/graphite LIB 3D-printing

3.3.1. Cell assembly from independent 3D-printed components

3.3.1.1. Preliminary tests

Considering the electrodes and separator optimized filament compositions (Table 3.1),
independent 200um-thick discs (11mm diameter) were 3D-printed independently. In order to
investigate the resulting electrochemical performances of the assembled complete system, the
different components were then gathered and stacked within a Swagelok-type cell. The latter was
assembled in an argon filled glovebox (H2O < 0.1 ppm, Oz < 0.1 ppm). 150 pL of 1 M LiPFs in
ethylene carbonate and diethyl carbonate (EC:DEC 1:1 weight ratio), purchased from Merck
KGaA, Germany, was added in excess as liquid electrolyte (LP40). Subsequently, cells were
galvanostatically discharged (lithiation) and charged (delithiation) at current density of 4.24 mA g’
' (C/40) calculated per gram of active material, between 3.8 and 2.6 V (vs Li/Li").

Capacity retention for the system is displayed in Figure 3.8. A very low reversible capacity
value of about 12 mAh g! of active material was obtained after 10 cycles at 4.25 mA g ! (C/40).
Those poor performances are induced by the 3D-printer first layer thickness limitation as it is not
possible to obtain <200 um electrodes and separator. Thus, balancing of the cell was not possible.
Last but not least, after being impregnated within the electrolyte during 1h, the system still displays
an increasing capacity during the first cycles. This behavior is typical of non-sufficient electrolyte

uptake and should be addressed.
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LIB assembly from independent 1h impregnation © Ddorge aody
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Figure 3.8. Capacity retention plot at 4.25 mA g! (C/40) for the complete assembled battery after 1h impregnation
within the liquid electrolyte. Independent discs (200um thick) were 3D-printed from their respective optimized

filaments compositions — cf. Preface — II.

3.3.1.2. Separator infill pattern

With a view to favor the liquid electrolyte uptake within the system, it was decided to take
advantage of the new design capabilities conferred by 3D-printing. Indeed, various infill patterns®*
(Figure 3.9) can be easily obtained (automatically generated) by using classic 3D-printing slicer
software. One can easily understand that by 3D-printing the separator with an open-design pattern
such as the Hilbert curves, Archimedean chords or Octogram spiral, the spread of liquid electrolyte
compared to closed-designs (rectilinear, grid, triangle, stars, cubic, line, concentric, honeycomb
and gyroid) will be favored. Here, in order to be able to further assemble the complete LIB
(independent 3D-printed components), Archimedean chords pattern was chosen among the open-
designs to print the separator as it is the only pattern that can be printed in one fragment and thus

be manipulated.
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Infill patterns

Rectilinear ~ Grid Trlungle Stars
Cubic Line Concentric Honeycomb

Archimedean 0 |
Gyroid Hilbert curves chords ctogram spira

Open-designs

Figure 3.9. Various infill patterns (brown color) that can be obtained with classical 3D-printing slicer software. Here,

a perimeter value of 0 and an arbitrary infill density value of 40% were set — cf. Preface — II.
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On the other hand, the infill density must be set properly (measured in percent). Printing a
separator with low infill density (Figure 3.10) will favor the electrolyte uptake while it will also

favor short-circuits. Thus, a compromise must be reached.

Infill density (Hilbert curves pattern)

Figure 3.10. Various infill densities of the same infill pattern (Hilbert curves). Here, a perimeter value of 3 was

arbitrary set — cf. Preface — II.

For the following experiments, infill density was set to 70% as it seemed enough, at first
glance, to avoid short-circuits. An in-depth optimization of this parameter must nonetheless be
investigated in the future. The perimeter setting, corresponding to the contour profile of the print,
was fixed to 0 to enhance the electrolyte impregnation. Distinct from what was observed previously
(cf. 3.3.1.1. Preliminary tests) for the system using a full (100% infill density) separator disc,
here, at the same current density of 4.25 mA g ! (C/40), good capacity retention of 15 mAh g'! was
observed after 1h impregnation with the 70% Archimedean chords pattern for the separator as it
enables faster liquid electrolyte uptake (Figure 3.11). Indeed, reversible capacity values are not
increasing anymore during the first cycles. Electrochemical performances depicted for the
assembled LIB are nonetheless still very low and could be enhanced in the future by overcoming

the 3D-printer first layer thickness limitation.
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Figure 3.11. Capacity retention plot at 4.25 mA g (C/40) for the complete assembled battery after 1h impregnation
within the liquid electrolyte. Independent components (200pm thick) were 3D-printed from their respective optimized

filaments compositions — cf. Preface — II.
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3.3.2. Cell 3D-printing in one-shot

3.3.2.1. Experimental procedure

The printability of a complete LFP/graphite LIB in a single print, referred to as “one-shot”,
was successfully completed after a succession of numerous crucial technical steps. One after
another, filaments (Table 3.1) were loaded, 3D-printed on top of the precedent layer, and unloaded
by pausing the printer manually. Cleaning steps of the nozzle were unavoidable to ensure good
homogeneity. These tedious steps might be simplified and automated in the future by using an
adapted FDM 3D-printer equipped with a multi-materials option (cf. 3.4.2. Multi-materials FDM
printing). Complete lithium-ion batteries of any shape were thus easily printed as depicted in
Figure 3.12. Each layer was printed and fused on top of the precedent to favor adhesion (Figure

1‘10

3.12.¢). Similarly, this particular methodology was also related by Reyes et al.'® who reported the

printability of a complete LMO/LTO LIB in a single print, in September 2018.

Positive electrode

Negative electrode

One-shot battery

Figure 3.12. Complete LIB (a) Design; (b) 3D-printed in one-shot; and (c) cross-sectional SEM image. Note that

sample was beforehand soaked and cut into liquid nitrogen — cf. Preface — II.
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3.3.2.2. Preliminary cycling tests

Preliminary electrochemical tests were performed on the 3D-printed LIB disc (11mm
diameter). The latter was inserted within a Swagelok-type cell assembled in an argon filled
glovebox (H20 < 0.1 ppm, O2 < 0.1 ppm). 150 puL of 1 M LiPFs in ethylene carbonate and diethyl
carbonate (EC:DEC 1:1 weight ratio) was her also used as liquid electrolyte (LP40). Subsequently,
cells were galvanostatically discharged (lithiation) and charged (delithiation) at the same current
density of 4.24 mA g (C/40) calculated per gram of active material, between 3.8 and 2.6 V (vs
Li/Li*). Capacity retention for the system is displayed in Figure 3.13. A very low reversible
capacity value of about 15 mAh g™ ! of active material is displayed at 4.25 mA g ! (C/40). At higher
current densities of 8.5 (C/20) and 17 mAh g~ ! (C/10), reversible capacities of 8 and 2 mAh g! are
obtained. As it was previously observed for the assembled configuration (cf. 3.3.1. Cell assembly
from independent 3D-printed components), after being impregnated within the electrolyte
during 1h, the one-shot system here investigated still displays an increasing capacity during the
first cycles. Once again, this behavior is typical of non-sufficient electrolyte uptake and could be

addressed by introducing a separator infill pattern.
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Figure 3.13. Capacity retention plot at various current density for the 3D-printed one-shot lithium-ion battery after 1h
impregnation within the liquid electrolyte. Independent components (200pm thick) were 3D-printed on top of each

other from their respective optimized filaments compositions.
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3.3.2.3. Separator infill pattern

Here again, in order to favor the liquid electrolyte uptake within the “printed in one-shot”
system, we also decided to set an infill pattern for the separator. Among the open-designs (Figure
3.9), Hilbert curves seems to be the most promising as this is the only pattern enabling liquid
electrolyte to enter using different paths. Indeed, Archimedean chords and Octogram spiral display
only one entry for the electrolyte (considering a perimeter factor set to 0). Short-circuits are more
complicated to avoid in the “one-shot” configuration as printing is performed at relatively high
temperature of 195°C with this specific 3D-printer to prevent under-extrusion resulting in gaps or
missing layers strongly prejudicing the print quality. Indeed, even with a 70% infill density
separator (150 pm thick), the above layer corresponding to the positive electrode has tendency to
collapse naturally by gravity to fill the gaps created by the separator pattern, thus leading to short-

circuits. This phenomenon is easily observable by scanning electron microscopy (Figure 3.14).

Bl  Oneshot battery

Positive electrode

Figure 3.14. (a) Scheme of the 3D-printed in “one-shot” lithium-ion battery using Hilbert curves pattern 70% infill
density as separator layer (150 um thick). (b and c) Colored backscattered electron SEM images of the short-circuits
observed within this system (positive electrode in blue, separator in grey, and negative electrode in red) — cf. Preface
-1IL
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To prevent this behavior, it was decided to add a 100% infill density separator layer (100
um) above the 70% infill density Hilbert curves pattern (50 um) as displayed in Figure 3.15.

One-shot hattery

Figure 3.15. (a) Scheme of the 3D-printed in “one-shot” lithium-ion battery using Hilbert curves pattern 70% infill
density as first separator layer (50 um thick) and 100% infill density (100 um thick) as second separator layer; (b)
Backscattered electron SEM colored-image of the system (blue: positive electrode; red: negative electrode). Note that

sample was beforehand soaked and cut into liquid nitrogen — cf. Preface — I1.
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Narrow caves created by the separator pattern can be observed by SEM/EDS (Figures 3.15
and 3.16). Ceiling of those cavities is homogeneously covered by a separator PLA-SiO; thin layer
thus preventing any contact between both electrodes. Noteworthy that this uppermost separator

layer might also prevent lithium dendrite propagation while subjected to improper cycling

conditions as low temperature and high rate.

[

100 pm

Figure 3.16. Element distribution map (Fe, P, Si, C) was obtained by Energy Dispersive X-ray Spectroscopy (EDS)
— cf. Preface — II.
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Figure 3.17 depicts the capacity retention plots at different C-rates for the one-shot fully
3D-printed disc system. In this configuration, as separator thickness diminution as well as
balancing of the cell are now possible, slightly higher reversible capacity values were reached (30
mAh g'! of active material at C/40, corresponding to 15 mAh g! of the total composite or also 6.5
mAh cm? considering both electrodes and separator total volume) compared to the assembled cell
(15 mAh g! of active material at C/40). Nonetheless, these values still remain very low because of
the 200 pum first layer (here corresponding to the negative electrode) resolution limitation which

was discussed previously (cf. 3.3.1.1. Preliminary tests).
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Figure 3.17. Capacity retention plot at various current density for the 3D-printed one-shot lithium-ion battery using
Hilbert curves pattern 70% infill density as first separator layer (50 um thick) and 100% infill density (100 um thick)
as second separator layer. Experiment was performed after 1h impregnation within the liquid electrolyte. Independent
components (150pm thick positive electrode, 200pm thick negative electrode, and separator) were 3D-printed from

their respective optimized filaments compositions — cf. Preface — II.
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After cycling, it is worth mentioning that cracks were observed within the negative
electrode layer (Figure 3.18). It is well known that the volume expansion AV/V is equal to the
trace of the strain tensor AV/V=Trace (€)=3.exx With &xx the extensional strain along the coordinate
axe x equal the two others under the assumption of isotropic swelling.!! Knowing that graphite
exhibits a volume expansion up to 10% when lithiated leading to a strain &x=3.3%, higher than
the elongation at break closed to 3% obtained from the stress-strain curve of the negative electrode
(cf. 2.2.1.3.1. Mechanical characterization and printability). On the contrary, as expected, this
phenomenon is not observed for the positive electrode as it starts to shrink because of the lithium
departure upon first charge. Moreover, owing to the lower LFP particle size (~2 um), the elongation
at break for the positive electrode (about 14%) was almost multiplied by 5 in comparison with the
negative electrode containing graphite (~20 pm). Hence, graphite granulometry could eventually
be decreased to favor the particles dispersion within the polymer matrix, better accommodate the

volume constraints and thus prevent cracks upon cycling.

TEIRE L

Pt d s

Figure 3.18. Backscattered electron SEM image of the cracks observed within the negative electrode after cycling —

cf. Preface —1II.
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With the objective of improving the overall system, next step would be to use the future
optimized current collector filament in order to print the first layer subjected to the 200 pm
thickness limitation (Figure 3.19). Hence, it would be possible to print thinner (down to 50 pm)

and balanced electrodes on top of it and thus further improve the electrochemical performances.

50pm Positive electrode

50pm
1 layer map» 200pm

Figure 3.19. LIB system to consider in the future in order to overcome the first layer resolution limitation from the

FDM 3D-printer.

139



Chapter 3. 3D-Printing of a complete LIB cell via fused deposition modeling

3.4. Towards the printability of complex 3D LIB architectures

3.4.1. 3D architectures impact on electrochemical performances

The aim of this section is to evaluate the gain of performance of a LIB battery based on a
3D architecture. Hereafter, the influence of the various designs is evaluated by modeling the

electrochemical behavior of a representative cell with the finite element method.

3.4.1.1. Introduction to the tested 3D architectures

Battery performances are usually defined by different characteristics such as the capacity
Q (Ah), the energy W (Wh) and the power P (W). These values can be scaled as volumetric, areal,
or gravimetric densities. To improve the performances of a battery for a given composition of the
electrodes (amount of the active particles, porosity) and to find a tradeoff between power and
energy, it is necessary to propose new designs by varying the shapes and the sizes of the electrodes
and the volume fraction between the electrodes and electrolyte. It is well known that the key
advantage associated with the 3D battery structures is the ability to achieve large areal energy
capacities without making sacrifices in power density. This can be achieved with a high electrode
area-to-volume ratio and short transport distances. It is worth noting that the improvement of the
performances depends not only on these geometrical parameters but also on electronic conductivity
of the electrode materials and the ionic conductivity of the electrodes and electrolyte. Long et al.!?
have given a classification of the different potential designs based on the diffusion path (1D, 2D
and 3D). From a mathematical point of view, the diffusion path is generally 1D (normal to the

surface) depending on the conductivity properties of the materials'> !* (Figure 3.20).
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Figure 3.20. Diffusion path depending on the electrode geometry and conductivity properties of the active materials.
Reproduced with permission from 2. o is the electronic conductivity of the electrode materials, p is the ionic mobility
of cations (Li"), and C is the volumetric energy capacity (C/cm®) and L and r are the length and radius of the electrodes,

respectively. Copyright 2004 ACS.

In order to demonstrate the advantages of LIB 3D architectures, four types (Figure 3.21)

of cubic periodic unit cells (PUC) were considered:

a) Planar: Interdigitated plate array of cathode and anode. Although this architecture is a 3D
one, it will be classified as 1D because Li* ion diffusion occurs only in one direction

perpendicular to the surfaces of the electrodes.

b) Interdigitated: Array of alternating cylindrical cathodes and anodes which is classified as
2D diffusion.

¢) Cube: Two interlaced arrays of electrodes.'* In this case, ion diffusion is homogeneous and

occurs in the 3 directions.

d) Gyroid: A double-gyroid cubic unit cell which is triply periodic.!> The interfaces are
defined by the following double surface (Equation 3.1):

sin (Z—H x) cos (Z—H y) + sin (Z—H y) cos (Z—H z) + sin (Z—H z) cos (Z—H x) =+t (Equation 3.1)
L¢ L¢ L¢ Le Le Le

With L, the cubic unit cell length and 0 < t < 1.413.
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The double-gyroid unit cells were generated with the help of Matlab software and specific
available tools (isosurface, isocaps and stlwrite). For a given parameter t, the program provides the

geometry (stl file), the volume and the surface of the electrodes and the electrolyte.

For each considered PUC, the type of diffusion path, the surface area (S.), the volume (Va)
and the volume fraction (Vy) of the electrode but also the area-to-volume ratio S./V, are given

(Table 3.2).
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Figure 3.21. Summary of the investigated periodic unit cells and their respective Li* diffusion path. While commercial
LIB consists in parallel plates (planar design), complex LIB architectures (interdigitated, cube, gyroid) could be

obtained through additive manufacturing processes — cf. Preface — IV.
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Table 3.2. Characteristics of the unit cells — cf. Preface — IV.

Type Planar Interdigitated Cube Gyroid
Surface Area S, Sq =212 S, = 2malL; S, =12a(L; — a) Depends on t
Electrode Volume V, V, = al? V, = ma’l¢ V, =3a%L; — 2a3 Depends on t
So/Va ratio Sa/Vy = 2 Sa/Va = 2 Sa/Vy = % Depends on t
Elec;trr;(tiieo?lf(\);ume V=@ /Lc V= ma? . v, = 3a2Lc3_—2a3 _ Depends (int
f c L3 (t=0.64 for V=0.325)

To respect balancing between anode and cathode, the volume of the electrodes is assumed
to be equal (it is not a sine qua none condition), leading to the following cubic unit cell length (Lc)
defined as L. = 2a + 2e where a and e are, respectively, the thickness of an electrode and the
electrolyte (in the case of interdigitated cylindrical electrodes a is the radius of the electrode and
2e the smallest distance between two adjacent anodes or cathodes). As the performance of a battery
depends on different parameters, several of them can be fixed by considering the same materials
volume fractions across the unit cell (cathode/anode/electrolyte volume fractions equal to
0.325/0.325/0.35) and the same size of the unit cell (Lc=300 pm). With these parameters, the
following area-to-volume ratios are obtained: 0.02 um™ for planar and interdigitated geometries
and 0.029 um™! for cube and gyroid ones. For the two last geometries, the area-to-volume ratio is
increased of 50%. The obtained gains on the area-to-volume ratio are different from the previous
studies.'? !¢ However, it is important to emphasize that, in comparison with literature where the
considered unit cells are rectangular with different heights!?, rectangular for interdigitated

geometry and cubic for the others'®, here, only cubic ones were considered in this PhD thesis.
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3.4.1.2. Theoretical models and assumptions

To evaluate the electrochemical performances (capacity, energy and power) of the different
configurations, calculations are required. Due to the complexity of the geometry and the non-linear
phenomena, these latter are usually achieved by means of numerical methods. The development of
efficient model of simulating battery models is an active area of research and many researchers
have published various mathematical techniques and methods physics-based to simulate the
behavior of batteries.!” Mathematical models for lithium-ion batteries vary widely in terms of
complexity, computational requirements, and reliability of their predictions (Figure 3.22).
Including more detailed physicochemical phenomena in a battery model would improve its
predictions while increasing considerably the computational requirements. Models for the
prediction of battery performance can be roughly grouped into four categories: empirical models,

electrochemical engineering models, multiphysics models, and molecular/atomistic models.!’
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Figure 3.22. CPU time versus accuracy of the models. Reproduced with permission from !”. P2D = pseudo 2D model;

P3D = pseudo 3D model ; MD = Molecular dynamics; KMC = Kinetic Monte Carlo. Copyright 2012 JES.

144



Chapter 3. 3D-Printing of a complete LIB cell via fused deposition modeling

As the aim of this section was only focused on assessing the performance gain obtained
with 3D architectures, an electrochemical engineering model, efficient enough but without leading
to excessive CPU time, was thus selected. The retained model is based on a homogenized approach

for describing porous electrodes,'®

which solves simultaneously for the electrode phase and
electrolyte phase potentials (Equations 3.3 and 3.4) in the same domain, and for defining the
electrode reactions by the use of source terms (Equation 3.6). The macroscopic conductivity
properties of the electrodes, called effective conductivities, are defined from the porosity and the
conductivity properties of the active materials with the help of Bruggeman relation for spherical
particles which is efficient enough for our study.!® The diffusivity is treated similarly. The lithium
diffusion into the solid electrode particles is modeled with the Fick’s law and by the use of an extra
dimension, representing an average particle for a certain position in the electrode (Equation 3.4).2°
Other models consider electrodes as non-porous and Li* insertion is described by the boundary

conditions, not as source term, resulting in a slightly modified mathematical description.!*: ¢ The

equations governing the physical phenomena and the assumptions are summarized in Table 3.3.

To solve these equations, Comsol Multiphysics 5.5 finite element software was used. To
study the unit cell discharge behavior, a generalized a-integrator in conjunction with PARDISO
solver was employed to solve time-dependent matrix equation. The relative and absolute tolerances
were equal to 0.001. Following the applied C-rate, a different maximum time step was applied
(automatic one for C-rates less than 1 and 1s for C-rates higher than 1). The geometries were
discretized automatically using a physics-controlled mesh with normal size leading to
approximately 80,000 quadratic second order tetrahedral elements and 10,500 triangular elements
for the interfaces. Calculations were performed on a Dell Workstation equipped with 32 cores on

Intel Xeon 5680 processors and a memory of 64 Gb.
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Table 3.3. Electrochemical model equations — cf. Preface — IV.

Governing Equations

Hypotheses

Conservation of Li" species for a binary salt concentrated electrolyte
ac . .
Sma_tl =DorrmVic + (1=t )jim (Equation 3.2)

m =pornors (p=positive, n=negative, s=separator)

o Solvent velocity equals to zero

o Constant transport properties

¢ Constant porosity

e Structural properties-porosity and tortuosity integrated in Dff , = D, eks
(Bruggeman relation)

Charge conservation in solution (electrolyte phase)

V. (=Ko mV®, + kpmVinc) = Fj,,  (Equation 3.3)

. o . 2k fRT
With «p ,,, diffusional conductivity kp ,, = Ke% (1-t)

e Structural properties-porosity and tortuosity integrated in korrn, = Kehs
(Bruggeman relation)
o No reaction in the separator

Potential distribution in solid phase

OerrmV>®s = Fjiy (Equation 3.4)

e Structural properties-porosity integrated in ¢ ¢ = Os€am

Conservation of Li" species in solid phase
dcg 10 ( acg

212 () %)
ror moar

o (Equation 3.5)

o Spherical particles with a radius of 1 pm
e Uniform size and distribution of particles

Reaction rate at the surface of particles (Butler-Volmer equation)

. . n F
Jm = Jom (exp (% (CDS - P - U)) — exp (O;LT (CDS -9, - U)))

(Equation 3.6)

3.4.1.3. Finite element model

The LiFePOs-graphite system studied in this PhD thesis was here considered. The materials

properties and geometrical parameters required for the modeling are reported in Table 3.4. Some

data are extracted from the literature?!- 22

and others are adjusted. The porosities and the active

material volume fractions were here collected from the aforementioned parts focused on the FDM

3D-printing of electrodes (Table 3.1). The initial state of charges (SOCs) were defined considering

a charge balance between the cathode and the anode thanks to the following Equation 3.7:

Qm = SamFVmCs,m,maxlyIOO% - yO%I

(Equation 3.7)

Where m is p or n for, respectively, the positive and negative electrode. Qm is the capacity,

Vi the electrode volume, ¢smmax the maximum concentration of lithium in the solid phase and

y100% the stoichiometry at 100% SOC. This leads to a nominal capacity Q of 1.9 pAh.
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Table 3.4. Design parameters (for Vi=0.325) and materials properties — cf. Preface — IV.

. Positive Negative
Parameter Symbol Unit clectrode Separator clectrode
Electrode feature um 97.5/96/114" 97.5/96/114"
Electrolyte feature e pm 52.5/54/36"
Design specifications Porosity E€m 0.2 0.3 0.2
Active materllal volume Cun 04 04
fraction
Maximum solid phase Csmx  mol/m’® 22806 31450
Solid and electrolyte phase Li" concentration
. Initial SOC SOCm 0.012 0.477
concentration A lectrolvte
verage electrolyt cl mol/m? 1000
concentration
Exchange current density jom A/m? 5e? 0.5
Charge transfer coefficient aAm 0.5 0.5
Li transport number t+ 0.363
Solid phase Li diffusion Ds m%/s 3.2e8 1.6e
Kinetic and transport properties Electrol‘yte Phase Li De m¥s 5010
diffusion
Tonic conductivity of « S/m 13
electrolyte

" corresponds to the values for planar/interdigitated/cube geometries. The dimensions are not uniform for gyroid geometry

To investigate the rate capability, the cell was discharged from its fully charged state. This
was done for different current loads, defined in terms of C-rate with 1C being the current load to
discharge a fully charged battery completely in 1 hour. For a 1.9 pAh cell, 1C is thus equal to
1.9 pA. The current is applied on a surface of the positive electrode current collector and mass on
the negative electrode current collector while periodic boundaries conditions are applied on the

other surfaces. To impose these boundary conditions, it requires a periodic mesh, where

the
opposite faces are meshed identically (Figure 3.23).
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Figure 3.23. Triply periodic mesh of the gyroid geometry with 104,600 tetrahedral elements.
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3.4.1.4. Results and discussion

The solving of equations described in Table 3.3 gives access to the potentials ¢s and ¢
respectively in the electrodes and the electrolyte and also the respective concentrations in lithium
cations ¢, and c. Figure 3.24 displays the evolution of Li* in the solid phases (electrodes) for the
gyroid geometry. A high gradient of lithium ions concentration occurs in the negative electrode
during the discharge process. Knowing these quantities, other data can be evaluated such as the
density and the power of the cell by post-treatment. The energy is calculated according to the

following Equation 3.8:
W = [ (1. Ec)dt (Equation 3.8)

where I is the applied current and Ecen the cell voltage. The power is computed by dividing the

energy with the discharge time which is here the time to reach a cut-off voltage of 2.6V.

t=0s t=10,000s t=20,000s = 32,000 S

Figure 3.24. Negative and positive electrodes lithium concentration (mol/m?) during discharge with a C-rate of C/20.

To compare the performances of the different architectures, 13 calculations at different
applied discharge current loads corresponding to C-rates from 0.05C to 20C were performed,
leading to a total of 52 simulations. Subsequently, a Ragone plot, exhibiting the energy versus the

power, was generated (Figure 3.25).
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Figure 3.25. Ragone plot for all the geometries at different C-rate — cf. Preface — IV.

With increased energy output, less power is obtained and vice versa. Clearly, it appears that
the shape of the Ragone plot is altered by the battery design. For low C-rate current loads (< 4C),
all the geometries display very closed behavior. At higher C-rates, best performances are achieved
with the 3D gyroid architecture while the 1D planar depicts the worst. The effect on a multiaxial
diffusion path can be underlined by comparing energy density for planar and interdigitated
geometries for which the S./V. ratio is equal (Table 3.2) The same remark can be done be
comparing the results for interlaced cube and gyroid for which we have the same area-to-volume

ratio. It can be observed that the performances between the geometries are not proportional to the
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applied C-rates. Compared to planar geometry, gyroid and cube respectively exhibit significantly
improved energies of +158% and +115% at a current density of 6C, and +134% and +86% at 20C
(Table 3.5).

Table 3.5. Energy density improvement (%) for the different geometries compared to planar one — cf. Preface — IV.

C-rate Interdigitated Cube Gyroid
C/20 0.0% 0.0% -4.2%
C/10 0.0% 0.0% -3.8%

C/5 0.0% 0.1% -3.0%
C/2 -0.1% 0.1% -0.7%

C -0.3% 0.2% 0.5%
2C -0.5% 0.3% 1.4%
4C -1.9% 4.4% 9.0%
6C 62.4% 115.1% 158.2%
8C 38.0% 73.8% 139.7%
10C 22.6% 42.7% 61.4%
12C 18.6% 35.4% 43.8%
15C 19.7% 37.3% 47.4%
20C 48.1% 86.5% 134.2%

The drop of the energy for a C-rate of 6C can be explained by the shape of the discharge
profiles (Figure 3.26). At this particular current density, the shapes of the curves for the considered
geometries are different (this is due to a higher gradient of concentration for planar geometry than
for the other ones) although at 10C, the shapes of the curves are identical. Despite its better
performance, gyroid geometry is more complex to print for small unit cell size. Interlaced cube
geometry seems to be a good compromise between both electrochemical performances and

printability parameters.
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Figure 3.26. Discharge profiles for all the LIB geometries, at 6C and 10C current densities — cf. Preface — IV.

The ultimate goal of this project being the printability of the complete lithium-ion battery

in one single step, the multi-material printing abilities for the FDM process must be examined.
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3.4.2. Multi-materials FDM printing

3.4.2.1. Commercially available options comparison

FDM printing already offers many different multi-material commercial options with a view

to print these complete LIB complex architectures in one single step (Figure 3.27 and Table 3.6).

Figure 3.27. Scheme depicting the commercially available FDM multi-materials options: (a) Monofilament multi-
materials; (b) Multi dependent extruder-heads; (¢) Multi independent extruder-heads; (d) Mono extruder multifilament.
— cf. Preface —IV.

The Canadian company Mosaic Manufacturing, founded in 2014, created Palette2S,
additional box, in which up to four filaments can be combined together in order to create a single
monofilament that will be used to feed the printer (Figure 3.27.a). While this process works well

to even combine different types of materials together, such as PLA or PETG, the ability to combine

152



Chapter 3. 3D-Printing of a complete LIB cell via fused deposition modeling

very brittle composite filaments such as the one developed to print the Li-ion battery electrodes
makes it very challenging to overcome.

Another offered option (Figure 3.27.b) includes many extruder-heads placed on the same
X-axis carriage. Nozzles are thus not free to move independently. First issue regarding this option
is based on the nozzles temperature control. Indeed, when considering the LIB complete printing,
it is important to emphasize that printing temperature for each filament will be different and thus
nozzles temperature needs to be thoroughly controlled independently. Imagining that this problem
could be easily resolved by tuning the printer firmware, another concern pops up: the retraction
parameter. Indeed, filament leftovers generally come out from the nozzle when the latter is not
printing. This is really problematic when the LIB printing is considered as it may result
immediately in short-circuits if leftovers from the negative electrode filament are in contact with

the positive one.

Third option involves the use of independent nozzles (Figure 3.27.c). While dual
independent extruders already exist and can be found widely in the market, the ability to have more
than 2 nozzles is not widely established for now due to the complexity to control their movement
and temperature independently. Moreover, very often, this option involves independent extruders
that are placed on the same X-axis thus reducing considerably the printing area. A solution would
be to have all-axis-independent extruders that could be placed in mechanically controlled arms;

Unfortunately, this option still remains too expensive.

Finally, last option to print the complete LIB via FDM was developed by the Czech
company Prusa Research. Their option called MMU?2S is based on an additional device (Figure
3.27.d), placed on the top of the printer, that will act as filament selector. A motor operates an idler
and selects the bearing that will engage the drive gear to push the filament. A second motor rotates
all of the drive gears. At any given time, only one of them pushes the filament further, depending
on the idler rotation. The third motor moves the filament selector so only one of the five filaments
is sent to the extruder. A mechanical P.I.LN.D.A probe used as filament sensor is used during each
filament change to detect proper filament load and unload. The filament gets pushed by the
Bondtech gears and reaches the nozzle. This option seems to be the most promising to entirely print
the future all solid-state lithium-ion battery in one single step as its main advantage is that only one

nozzle is used. Moreover, unlike the others options involving many nozzles, the calibration on the
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Z axis is here relatively easy to perform. To deal with the material transition after filament change,
an almost hollow purge tower is built in a corner of the bed. This unfortunately still creates material
waste that developers are trying to reduce. Last but not least, this option remains relatively cheap

as the printer equipped with the MMU2S option costs about 1,000$.

Table 3.6. Summary of the commercially available FDM multi-materials options.

Technology Product designation Company Price (€)
Monofilament multi-materials Palette 2s Mosaic Manufacturing | <1000
Multi dependent extruder-heads (at least 3 heads) Hydra 16 A Hyrel 3D 27 000
S 600D Lynxter 36 000
Multi independent extruder-heads Multirap M500 Multec 46 000
3Dn-Quad-Head Nscrypt 280 000
Mono extruder multifilament MMU2S Prusa <1000

3.4.2.2. First tests

After installing the multi-material option (MMU?2S, Prusa Research) on top of the 3D-
printer and performing the challenging but required calibration, printability of the
electrochemically promising complex LIB 3D-structures such as the interpenetrated cube lattices
(cf. 3.4.1. 3D architectures impact on electrochemical performances) was explored
(Figure 3.28). So far, first tests were only performed using commercially available pure PLA
filaments. In the future, blue, red and white PLA filaments (Figure 3.28) are envisioned to be
replaced by the optimized filaments for the positive, negative electrode and separator respectively.
Moreover, parts corresponding to the current collector must be integrated to the system design. It
is important to note that each component must be added separately as a .stl file within the slicer
software. Hence, the final structure presenting 3 different filaments in its core, was beforehand
composed of 3 independent .stl files. As mentioned earlier (cf. 3.4.2.1. Commercially available
options comparison), a purge tower is built in a corner of the bed to allow the material transition
after filament change. This procedure should considerably limit the short-circuits when considering

the LIB printing.
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Multi-materials FDM printing of 3D-complex structure
Preliminary tests were performed using commercial pure PLA filaments

Figure 3.28. Multi-materials FDM 3D-printing of an interpenetrated cube lattices structure that it is envisaged for

further LIB printing. Note that here, the infill density was set to only 10% in order to allow a better visibility.

While this option seems very promising to envision the future printability of a complete
LIB complex design in one-shot, some technical concerns still need to be addressed. So far, even
printability of commercial pure polymer filaments still remains highly demanding as portrayed by
various experimented users in various 3D-printing forum on the internet. This system (Figure 3.29)
being very recent (first MMU version launched in 2017), it obviously still requires some
adjustments from the manufacturer. Hence, when considering the multi-material printability of
highly loaded composite filaments for LIB (cf. Chapter 2), one can easily understand that in-depth
machine and firmware modifications are first required with a view to facilitate their printability.
As an example, the presence of polytetrafluoroethylene tubes, used to guide the filaments to the

nozzle, must be avoided. These latter are inducing vibrations and composite filaments have
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tendency to break during printing as depicted beforehand (cf. 3.2.3. 3D-printers related issues
and optimization). On the other hand, the rotation speed of the gears, both within the multi-
material system and within the nozzle, must be decreased considerably and perfectly synchronized

to reduce forces induced onto the filament resulting in cracks and breaks.

Figure 3.29. Multi-materials FDM 3D-printing option used during this project. Up to 5 different filaments can be

printed inserted in the device.
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Conclusions

This chapter was dedicated to the 3D-printing of a complete lithium-ion battery cell based
on a liquid electrolyte technology, starting from the afore-optimized filaments compositions (cf.

Chapter 2).

First of all, printability issues were identified and fixed mostly through the use of an adapted
3D-printer being suitable for highly loaded composite filaments, presenting an automatic Z-axis
first layer calibration, and easily dismantlable and modifiable. By means of this later, LIB assembly
(stacking) from independent 3D-printed components (electrodes and separator) as well as the direct
printing of the complete LIB in a single step (one-shot) was performed. Separator infill patterns
and density were tuned to improve the liquid electrolyte impregnation and avoid short-circuits.
While electrochemical performances of the complete cells are still relatively limited, the complete

LIB FDM 3D-printing proof of concept was demonstrated.

To go further, future research may be devoted on decreasing the graphite granulometry to
favor the particles dispersion within the polymer matrix, better accommodate the volume
constraints through an improved elongation at break and thus prevent cracks upon cycling within
the negative electrode. The impact of the particle size on electrochemical and mechanical
performances must be investigated thoroughly. Nozzle clogging concern must be overcome thanks
to this adjustment. On the other hand, with the aim of improving the overall LIB electrochemical
performances, next step would be to use the optimized current collector filament to print the first
layer subjected to the 200 pm thickness limitation. Hence, this will allow printability of thinner
(down to 50 um) and balanced electrodes on top of it. Finally, an optimization of the liquid

electrolyte (solvents) must be performed in order to favor its impregnation within the separator.

Last but not least, by performing an in-depth modeling study, the electrochemical ability of
various complex 3D LIB architectures, in comparison with classical 2D planar design, was
investigated. Clearly, it appears that the electrochemical performances of the complete battery in
terms of power can be improved with 3D architectures. Here, it is important to emphasize that the
simulations were restricted to cubic unit cell with theoretical geometric parameters. Further

investigations are now required to compare and validate the model with experimental results
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obtained from these 3D designs. Subsequently, their optimization from the geometrical and
material point of view must be considered. The printing capability in one-shot of such complex 3D
architectures was then considered by means of multi-materials printing options. Preliminary
printing tests were thus performed using commercial filaments. Important machine and firmware
modifications are now required to allow multi-material printing of highly loaded composite

filaments.
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4.1. Introduction

Previous chapters (cf. Chapters 2 and 3) were dedicated to the liquid electrolyte LIB
technology. Nonetheless, the long-term objective of such scientific project would be to demonstrate
the FDM printability of a complete all-solid-state LIB as solid electrolyte represents a safer
alternative to the classical volatile and flammable organic solvent-based liquid electrolyte. Hence,
many studies were recently focused on the development of high-performance solid electrolytes

(ceramic or polymer).!

Fused Deposition Modeling (FDM) involving the use of a thermoplastic filament as
material source for the 3D-printer, it was decided to fully dedicate this chapter on the elaboration
of a solid polymer electrolyte filament. This latter will pave the way toward the future direct
printability of a fully 3D-printed functional object containing the electronics and LIB in its core,
without the necessity to introduce any liquid electrolyte after printing. Note that the results

presented in the following sections are already part of published articles (cf. Preface — III).

4.1.1. Materials choice

Last decades have witnessed the introduction of solid polymer electrolytes (SPE)
representing an exciting alternative thanks to their good flexibility and safety behavior with lithium
metal.!® In particular, thanks to its faculty to solvate lithium cations through interaction of its ether
oxygens, leading to relatively high ionic conductivity values, PEO has been investigated
extensively (cf. 1.1.2.3.2. Solid electrolyte and gel electrolyte). Therefore, the development of a
PEO-based SPE filament appeared here as a clear evidence. On the other hand, the lithium salt
choice is decisive as it highly contributes to the ionic conductivity, electrochemical stability and
transference number. In this work, LiTFSI was chosen due to its good thermal stability, enabling
extrusion at high temperature, and efficient ion pair dissociation known to have an encouraging
impact on the final membrane conductivity.” Nonetheless, it is worth mentioning that this latter is
still relatively expensive (100 US$ kg ! in 2018) in comparison with LiPFe (25 US$ kg 'in 2018).°
Its price is fortunately expected to decrease in the next few years, to reach 45US$ kg !in 2023.°

Lastly, looking at the environmental aspects, PEO is biodegradable and non-toxic while TFSI,
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although moderately irritant, is permanent in the environment. This latter is however reported to

be easily recyclable.’

4.1.2. Elaboration process

Similar to what was achieved for both electrodes, separator and current collector (cf.
Chapter 2), the elaboration of a composite filament specially designed to be used as a solid
polymer electrolyte (SPE) within a LIB was initiated. Slurry formulation was achieved by
following the experimental protocol described previously (cf. 2.1.1. Elaboration process). LiTFSI
salt being hygroscopic, it is important to note that all experiments described hereafter were
performed in a dry room (dew point < —50 °C). DCM was used as solvent to ensure proper
dissolution of PEO and homogeneous dispersion with the desired amount of LiTFSI, at room
temperature, under magnetic stirring for 3 h in a closed flask. Slurries were subsequently tape-
casted onto an EIS sample holder to endure electrical characterization, or onto a PTFE foil to obtain
freestanding films. In both cases, after complete evaporation of the solvent at room temperature in
a dry room, further drying was achieved under vacuum during 24 h to remove any trace of solvent.
The most promising SPE composition, corresponding to the best compromise between ionic

conductivity and mechanical properties, was finally chosen to undergo extrusion and 3D-printing.

4.2. Determination of the optimized composition

In order to better identify the impact of the salt LiTFSI, the PEO composition was kept
unchanged for all experiments. It consisted of a ratio 90 wt% PEO Mn~100,000 and 10 wt% PEO
Mn~5,000,000. Samples with various O/Li" molar ratio equals to 30, 25, 20, 15 and 10 were
prepared. Structural (IR), electrical (EIS) and thermal (DSC) characterization of the SPE was
implemented on the tape casted films. Among these tested compositions, the optimum content of
lithium salt was thus determined to further prepare a 3D-printable filament with high ionic

conductivity and maintaining enough mechanical properties.
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4.2.1. Infrared

For each sample, the Fourier transform IR spectra were recorded to make sure that these
latter were free of water and solvent. Experiments were completed at room temperature with a
Nicolet iS20 apparatus placed in a dry room, between 4000 and 400 cm™ in attenuated total
reflectance mode (diamond crystal). Spectra were averaged from 32 scans with a resolution of 4
cm’!. As depicted in Figure 4.1, IR spectra exhibit the characteristic bands assigned to the PEO-
LiTFSI complexes in good agreement with literature.!® No extra peak corresponding to water in
the 3500 cm™ region (Figure 4.2) neither DCM solvent distinguishable band at 706 cm™ was
detected. Finally, it is worth-mentioning that every sample (except PEO/LiTFSI 10:1) was self-

standing.

LiTFSI

Intensity (a.u)

opr

3000 2800 1400 1200 1000 800 600 400
Wavenumber (cm’)

Figure 4.1. Infrared spectra of PEO/LiTFSI complexes in the 31002700 cm ™! and 1550-400 cm™! regions (cf. Preface
— 110).
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Figure 4.2. Infrared spectra of PEQ/LiTFSI complexes in the 4000—-400 cm™! regions (cf. Preface — III).

4.2.2. Correlation between electrical and thermal characterization

A MTZ-35 frequency response analyzer and an intermediate temperature system (ITS)
developed by BioLogic, France, were used to perform the electrochemical impedance spectroscopy
(EIS) analysis. For each sample, the respective interdigitated-comb sample holder on which the
SPE slurry was deposited beforehand (cf. 4.1.2. Elaboration process) was then introduced into a
controlled environment sample holder (CESH). This procedure was achieved in an argon filled
glovebox (02 <0.1 ppm, H2O < 0.1 ppm). Subsequently, the system was kept at 100 °C during 2 h
before performing AC impedance measurements under argon at various stabilized temperatures
ranging from 20 °C to 90 °C (upon heating and cooling in steps of 10 °C, ramp rate of 1.0 °C min™!,
soak time before measure of 15 min). A frequency range of 30 MHz to 0.1 Hz (20 points per decade
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and 10 measures per points) and an excitation voltage of 0.05 V were used for the measurements.
From the Nyquist and Phase-Bode plots of the complex impedance, the ionic conductivities were

obtained.

In parallel, in order to have a better understanding of the correlation between thermal
behavior and conductivity, the exact same procedure was reiterated with measurements performed
every 2 °C between 20 and 60 °C (interdigitated-comb EIS holder). Thermal analysis of the
PEO/LIiTFSI films was performed on a DSC204F1 (NETZSCHGeritebau GmbH, Germany)
machine from —60 to 100 °C in argon atmosphere (upon heating and cooling), using approximately

6 mg of sample and a heating rate of 10 °C min'.

At 20 °C, SPE film with the highest amount of LiTFSI salt (PEO/LiTFSI 10:1) is the most
conductive (3.79 x 107% S cm™!) as displayed in Figure 4.3. The Nyquist plot corresponding to this
particular measurement is depicted in Figure 4.4. By decreasing the amount of lithium salt within
the membrane, the conductivity values at 20 °C tend to decrease: 1.07 x 106 S cm™!, 7.83 x 1077
Sem™, 5,15 x 107 Sem™!, 2.31 x 1077 S ecm™!, respectively for samples with O/Li* molar ratio

equals to 15, 20, 25 and 30.
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Figure 4.3. Arrhenius plots of the ionic conductivity for PEO/LiTFSI polymer electrolyte complexes (cf. Preface —
).
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Figure 4.4. Nyquist plot for the SPE film sample PEO/LiTFSI 10:1 using the interdigitated-comb EIS holder (cf.
Preface — I1I).

Among all the samples tested, PEO/LiTFSI 10:1 is the only one exhibiting a VTF behavior
along the whole range of tested temperatures (between 20 °C and 90 °C) in good agreement with
literature.!!> 12 Induced by the LiTFSI incorporation, this behavior is typical of a completely
amorphous high-molecular weight SPE as reported by Mindemark et al.°>. On the other hand, for
other samples with O/Li" molar ratio equals to 30, 25, 20 and 15, the Arrhenius law is first respected
between 20 °C and the melting temperature around 50 °C, while then the VTF law is applied up to
90 °C. The latter behavior is exhibited in Figure 4.5 showing the differential scanning calorimetry
and ionic conductivity behavior respectively upon heating and cooling, for the sample PEO/LiTFSI

20:1.
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Figure 4.5. Correlation between DSC and EIS measurements for SPE film sample PEO/LiTFSI 20:1 upon (a) heating
and (b) cooling (cf. Preface — III).
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Upon heating, melting temperature onset appears at 41.4 °C and clearly corresponds to the
ionic conductivity slope knee moving from an Arrhenius behavior to a Vogel-Tamman-Fulcher
(VTF) behavior. Upon cooling, solidification temperature onset emerges at 35.4 °C and perfectly
matches here again with the slope knee changing here from a VTF behavior to an Arrhenius
behavior. As reported in literature,’ this conduct is typical of semi-crystalline polymers such as

PEO-based systems.

Ionic conductivity values being relatively low at ambient temperature for its commercial
use, SPE are usually considered for applications at higher temperature up to 90 °C.!3 In this
temperature range, the solid-polymer electrolyte is in a viscous state, facilitating the lithium-ion
displacement. Thus, it is interesting to compare conductivity values for each sample at this
particular temperature. As depicted in Figure 4.6, at 90 °C, the highest conductivity value (3.92 x
10% S cm™!) was exhibited by the PEO/LIiTFSI sample with a molar ratio 20:1. It is worth-
mentioning that the reported classical parabola shape® for the salt-in-polymer domain was here
obtained. For higher salt concentration, the conductivity is decreasing due to the ionic mobility
drop resulting from the Tg rise with salt concentration increasing the viscosity but also because of
the rising ion-ion pairing forming doublets or triplets.!*!7 As a consequence, it was decided to
focus further experiments such as extrusion and 3D-printing on the most promising film sample

PEO/LiTFSI 20:1 only.
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Figure 4.6. Variation of the ionic conductivity at 90 °C in function of the salt concentration (cf. Preface — III).

Finally, it must be emphasized that conductivity values reported here are relatively low
compared to other studies in literature for similar samples.> '® This tendency can be explained by
the sample holder itself. Indeed, values were here obtained using an interdigitated-comb holder
while sandwich holder (cf. 4.3.1.2. Sandwich sample holder) are usually employed in literature.
Advantage of interdigitated-comb sample holder is that sample dimensions (thickness) are not
required to calculate the conductivity value, thus preventing from any eventual measurement errors.
Besides, slurries corresponding to a non-self-standing sample can directly be cast on the holder. In

the next section, the impact of the sample holder design on ionic conductivity is addressed.
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4.3. Influence of the sample holder on conductivity values
4.3.1. Introduction to the various sample holders

For each SPE composition, Electrochemical Impedance Spectroscopy (EIS) analyses were
completed, using the three different electrochemical impedance spectroscopy sample holders
depicted in Figure 4.7 (lateral, sandwich and interdigitated-comb). The exact same protocol
established previously (cf. 4.2.2. Correlation between electrical and thermal characterization)

was followed.

Lateral Sandwich Interdigitated-comb
; Bottom e

Figure 4.7. Three types of sample holder used in this study and their respective equivalent circuits (cf. Preface — III).
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4.3.1.1. Lateral sample holder

Conductivities with the lateral-type holder were calculated from the Equation 4.1:

l
X

1 .
o= FROPY, (Equation 4.1)

where e is the sample thickness, 1 is the spacing between fingers, I’ is the finger length and R is the

respective resistance deduced from the Nyquist and Bode plots.
4.3.1.2. Sandwich sample holder

Conductivities with the sandwich-type holder were calculated from the Equation 4.2:

a
X " (Equation 4.2)

x| -

G:

where d is the sample thickness, A is the sample surface area, and R is the respective resistances
deduced from the Nyquist and Bode plots. As depicted in Figure 4.7, a PTFE ring was inserted
between both parts of the sandwich holder-type so the sample diameter and thickness were kept

unchanged during the whole experiment.

4.3.1.3. Interdigitated-comb sample holder

Conductivities with the interdigitated-type holder were calculated from the Equation 4.3:

Kcell
R

(Equation 4.3)

where R is the resistance deduced from the Nyquist and Bode plots and Kcell the constant cell

parameter obtained from the Equation 4.4 deduced from literature.!* 2°

S
2% ()3

Kcell = m

(Equation 4.4)

where N is the number of fingers, S the finger spacing, W the finger width and L the finger length.
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4.3.2. Distinct ionic conductivity values for a same sample

Figure 4.8 depicts the conductivity measurements for the sample PEO/LiTFSI 20:1
performed using the three different sample holders (lateral, sandwich and interdigitated-comb).
Interestingly, it appears that for the exactly same sample, values obtained are quite different from
one holder to another. Lateral holder attains the highest values while the interdigitated-comb holder
corresponds to the lowest conductivity. Finally, the values depicted by the sandwich holder match
perfectly the ones obtained using the lateral at high temperature (90 °C) and the interdigitated-
comb at low temperature (20 °C). It is worth noting that this behavior was observed for each

composition and measurements were repeatable.
()
90 80 70 60 50 40 30 20
SPE film sample PEO/LITFSI 20:1 ]

—— lateral e I

—— Sandwich

i — Interdigitated-comb '

A R R R ARV TR VY
1000/T (K')

Figure 4.8. Arrhenius plots of the ionic conductivity for PEO/LiTFSI 20:1 sample using various EIS sample holders
(cf. Preface — III).
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Through IR analysis, several prospective explanations were discarded: No interactions were
observed at the interface between the polystyrene holder (appearing at 702 cm ™! — Figure 4.9)
and electrolyte. No significant concentration gradients were identified through the very weak

different intensity values between sample top and bottom analysis.

SPE film sample PEQ/LITFSI 15:1

—— Film only

—— Film on the EIS sample holder

Characteristic band of
the EIS holder

702 ¢m?

)

Intensity (0.v.)

|\

3000 2800 1400 1200 1000 800 600 400

Wavenumber (cm’)

Figure 4.9. Infrared spectra of SPE film sample PEO/LiTFSI 15:1 in the 3100-2700 cm™! and 1550-400 cm! regions

with a view to identify any interaction between the membrane and the EIS sample holder (cf. Preface — III).

The conductivity difference (at temperatures < 90 °C) between the lateral and sandwich
configurations could be explained by the polymer chains orientation along the substrate (XY plane)
as assertively claimed by Golodnitsky et al.?! with other salts (Lil and LiCF3SO3). According to
the accepted model for Li* motion within the polymer matrix, it is conceivable that such chain
orientation leads to higher conductivity along the substrate. Indeed, it is well known that pristine

PEO has a helical structure consisting of seven —CH>—CH,~O— groups in two turns of the helix?!
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which adjust to wrap Li cations coordinated with three ether oxygens. Armand?? suggested that the
intra-helix location of Li" and its possible motion by hopping from one coordination site to another
along the helix, may explain that the alignment of the PEO chains should result in an enhancement
of the ionic conductivity. In this case, this orientation could not be much pronounced due to chains
entangling as being part of the “De Gennes zone!% 23 and the large TFSI™ anion size. At 90 °C, the
orientation effects vanish due to the polymer melting and des-entangling, thus resulting in the exact
same conductivity values. It is worth noting that the shape of conductivity behavior of the
interdigitated-comb and lateral configurations is similar, though values differ by a factor 4. The
presence of an exclusion zone between the gold electrode pattern and the polymer may be an
explanation, as the chains kept in-between might not be considered in the conductivity calculation.
To confirm this assumption, future research involving the variation of the number of teeth in the

combs must be accomplished. Besides, it may also be extended to other polymers and salts.

These original results raise a number of questions regarding all of the ionic conductivity
values reported in literature up to now. In future studies, authors may preferably report a thorough

delimited zone to a very precise value of conductivity.

4.4. PEO/LIiTFSI solid polymer electrolyte extrusion and 3D-printing

As mentioned hereabove (cf. 4.2.2. Correlation between electrical and thermal
characterization), it was decided to focus further experiments such as extrusion and 3D-printing
on the most promising film sample PEO/LiTFSI 20:1 only as at 90 °C, the highest conductivity
value was obtained for this latter. Considering the hydrophilic nature of LiTFSI, it is important to
note that the extruder and 3D-printer were both located in a dry room. Printability, mechanical

(nano-indentation) as well as morphological characterization (SEM) was performed.
4.4.1. Filament extrusion
In a mortar, PEO and LiTFSI powders, corresponding to the most promising composition

(molar ratio O/Li = 20) deduced from the film samples characterization, were pre-mixed. The

resulting powder blend was used to feed homogeneously the extruder (Filabot Original, Filabot
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Triex LLC, USA) as depicted in Figure 4.10.a. Subsequently, a regular ~1.75 mm diameter 3D-
printing SPE filament was obtained. Temperature of the extruder was fixed at 85 °C. The filament
coming out from the extruder nozzle was rolled manually around a beaker and then rolled around
a spool by using a Filabot spooler (Filabot Triex LLC, USA). Prior extrusion of each sample, the
extruder was cleaned thoroughly with neat PEO Mn~100,000. To make sure that the extruded SPE
filament composition corresponded to the desired sample, at least 75 grams of powder were
required to eliminate residual traces of previous blend. Finally, a free-standing PEO/LiTFSI 20:1
SPE filament specially designed to feed a FDM 3D-printer was obtained as depicted in Figure
4.10.b.
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Figure 4.10. (a) SPE filament formulation through extrusion; (b) SPE 3D-printing via fused deposition modeling (cf.
Preface — I1I).
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The good homogeneity of the SPE filament was thenceforward confirmed through IR and
SEM analysis of the cross section. As it can be seen in Figure 4.11, no major difference was

observed between film and filament via IR, thus confirming the purity of the filament obtained.
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Figure 4.11. Infrared spectra of PEO/LiTFSI 20:1 filament and film samples in the 3100-2700 cm™! and 1550-400
cm! (cf. Preface — III).
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The global homogeneity of films as well as that of the produced composite SPE filament
was then investigated by means of a FEI Quanta200F (Thermo Fisher Scientific, USA) scanning
electron microscope under high vacuum. The secondary electron images were recorded with a 5
kV electron beam acceleration voltage. In a dry room, samples were soaked and cut into liquid

nitrogen to perform cross-sectional observation. To prevent any water trace, tested samples were

180



Chapter 4. Solid polymer electrolyte filament elaboration for LIB 3D-printing via fused
deposition modeling

transferred from the dry room to the microscope using a homemade vacuum transfer holder. As
depicted in Figure 4.12.a, it is interesting to note that the filament microstructure is very compact
with almost no porosity due to the extrusion process. This observation is totally different from what
is depicted for the film showing spheres separated by a clearly visible porosity created during the

solvent evaporation (Figure 4.12.b).

Figure 4.12. Secondary Electron SEM images depicting the PEO/LiTFSI 20:1 sample microstructure for the (a)
filament and (b) film (cf. Preface — III).

4.4.2. Mechanical properties deduced via nano-indentation

Comparative nano-indentation experiments were carried within the scanning electron
microscope under high vacuum by means of a MM3 A-EM micromanipulator equipped with a force
measurement system (FMS-EM) and a FMT-120 silicon indenter tip (Kleindiek Nanotechnik,
Germany — Figure 4.14.a). Three film samples were tested, including the optimized PEO/LiTFSI
20:1, pure PEO (90 wt% PEO Mn~100,000 and 10 wt% PEO Mn~5,000,000) and pure PLA
serving here as a reference. Beforehand, it is worth mentioning that each film was heated 50 °C
above its respective melting temperature during 1 h and subsequently dried under vacuum during
24 h. Samples (about 2 mm thick) were then finally transferred from the dry room to the microscope

using a homemade vacuum transfer holder to avoid any water trace.
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The calibration of the device was completed using a calibration string with a spring constant
of 9.16 uN pum™!. Experiments were then launched by controlling the rotation of the indenter at a
specific rate (8 x 1077 rad s !) upon loading and unloading. For each sample, 4 nano-indentations
were performed on random positions to check the reproducibility and the corresponding force vs
time curves were recorded. As depicted in Figure 4.13, the indenter tip was pressed into the sample
(loading) at a controlled displacement rate. Subsequently, the force of the indenter was maintained
constant during a dwell time. Finally, the indenter tip was removed from the sample (unloading) at

the same rate.
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Figure 4.13. Classical force-time curve obtained from the nano-indentation experiment (cf. Preface — III).
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From the nano-indentation experiments, mechanical properties of the materials such as the
Young modulus can usually be calculated precisely as described in literature by Oliver and Pharr.?*
Here, due to the unconventional geometry of the employed indenter tip (Figure 4.14.a), such
information could not be calculated accurately. Nonetheless, from the force vs time curves, a rough
estimation of the stiffness was possible by studying the response to the indentation upon unloading

for each sample (Figure 4.14.b).

Indenter tip 0] [ Louding T

Unloading
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10pm %3000

Figure 4.14. (a) Secondary electron SEM image depicting the unconventional indenter tip; (b) Response to the

indentation upon loading and unloading for each sample (cf. Preface — III).

From the slope, rigidity of the pure PEO and PEO/LiTFSI 20:1 sample were thus estimated
to be respectively about 3.5 and 22 times lower compared to pure PLA. Based on the premise that
pure PLA, which is a classical 3D-printing polymer, exhibits a Young modulus value specified by
the supplier of about 3 GPa, it was therefore estimated that pure PEO and PEO/LiTFSI 20:1
presents values about 850 MPa and 140 MPa respectively. These estimations appear to be in good
agreement with values obtained via other techniques such as fluorescence (150 MPa for PEO
Mn~100,000 and 1000 MPa for PEO Mn~5,000,000) and tensile tests (400 MPa for PEO
Mn~100,000) as reported in literature.?> 26 Also, they are consistent with the fact that PEO and
PEO/LiTFSI 20:1 are both qualitatively softer than PLA while manipulating the filament.
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On the other hand, a peak attributed to the sample material adhesion to the indenter tip was
also observed at the end of the unloading, until the tip was entirely withdrawn from the sample
(Figure 4.15). This particular feature was particularly noticeable for the PEO/LiTFSI sample in
comparison to the PLA and PEO exhibiting a subtler similar response. Thus, it clearly indicates the
optimized PEO/LiTFSI sample is much stickier in comparison with the other pure PEO and pure
PLA sample. Appearing as a logical follow-up, its printability-related issue will be discussed in the

next section (cf. 4.4.3. FDM 3D-printing).
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Figure 4.15. Force-time curves displaying the peaks attributed to the sample material adhesion to the indenter tip

observed at the end of the unloading (indenter withdrawal) (cf. Preface — III).
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4.4.3. FDM 3D-printing

4.4.3.1. Classical 3D-printer

Preliminary tests were performed using a commercial printer i3 Metal Motion
(eMotionTech, France), with unchanged nozzle input (1.75 mm) and output (0.4 mm) diameters.
Maximum resolution in the Z direction is estimated to be ~200 um. The afore-optimized SPE

filament (PEO/LiTFSI 20:1) was used as material source for the printer (Figure 4.10.b).

Unfortunately, using this unmodified configuration (Figure 4.16), 3D-printing of the
PEO/LiTFSI was impossible. Indeed, while a pure PEO filament (90 wt% PEO Mn~100,000 and
10 wt% PEO Mn~5,000,000) can be printed without any issue, the introduction of a lithium salt
such as LiTFSI, acting as a plasticizer, alters considerably the mechanical properties of the
filament, becoming much more soft, flexible and stickier, as previously observed via comparative
nano-indentation (cf. 4.4.2. Mechanical properties deduced via nano-indentation). Thus, from
these experiments, it clearly seems that thermoplastic filament must exhibit a Young modulus
above ~850 MPa (corresponding to pure PEO) to be printable using an unmodified FDM

configuration.
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Figure 4.16. Scheme depicting the extruder part of the commercial FDM 3D-printer (cf. Preface — III).
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4.4.3.2. Modified 3D-printer

As the printability of the optimized SPE filament (PEO/LiTFSI 20:1) was not achievable
with a classical FDM 3D-printer, important machine modifications (Figure 4.17) were thus

initiated.

Modified 3D-printer

SPE filament
PEO/LiTFSI 20:1

1
“Open” extruder
(accessible driven gears) |

Stepper motor

Mounting screw

Heater &
Thermistor

0.60 mm nozzle - Hot-end

.y
L ]

Figure 4.17. Scheme depicting the extruder part of the modified FDM 3D-printer (cf. Preface — III).

First of all, to counteract the minimum printing temperature limitation (set at 175 °C for the
commercial FDM 3D-printer), the firmware (code controlling the main printing parameters of the
3D-printer) was modified and set to 75 °C. This modification was unavoidable as the PEO/LiTFSI
20:1 melting temperature appears at 41.4 °C (Figure 4.5.a). As a reminder, the printing temperature
is a crucial parameter as the extruded thermoplastic material on the substrate must cool down

straightaway and solidify. On the other hand, mechanical adjustments were implemented. The
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original “closed” extruder was replaced with a direct drive “open” extruder. This modification is
important as it allows the operator to see directly if the filament is brought correctly within the
nozzle. Also, Bondtech Drive Wheels were added instead of the original gears in order to facilitate
the filament introduction within the nozzle without deforming it. Finally, it was decided to remove
the heatsink part with a view to get as close as possible the gears from the nozzle to avoid the
filament buckling (cf. 3.2.1. Composite filament-related issues). Indeed, considering the
unmodified 3D-printer, main issue was that the force exerted on the filament by the gears was not
transferred entirely to the filament part within the nozzle. Last but not least, a brand-new nozzle
with a larger diameter output (0.6 mm) was installed to allow the filament printing in an easier
way. The latter modified FDM machine was subsequently used to obtain a 3D-printed discs (3 mm
thick and 12 mm diameter). While its printing was made possible by the machine alteration, it must

be clearly emphasized that printability of this PEO/LiTFSI 20:1 filament still remains complex.

Finally, the good homogeneity of the resulting SPE 3D-printed disc (PEO/LiTFSI 20:1)
was then ensured by performing further EIS measurement using a sandwich-type sample holder.
Here, the conductivity behavior of the 3D-printed disc obtained from the PEO/LiTFSI filament
was investigated in the same conditions described previously (cf. 4.2.2. Correlation between
electrical and thermal characterization). Conductivity values obtained by EIS (2.18 x 1073 S
cm ! at 90 °C and 9.28 x 1077 S cm ™! at 20 °C) were really close to the ones observed for the film.
Indeed, values almost perfectly fits within the conductivity zone above-defined by means of the
lateral, sandwich and interdigitated-comb sample holders (Figure 4.18), thus confirming the good

homogeneity of the SPE 3D-printed disc.
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Figure 4.18. Arrhenius plot of the ionic conductivity for the 3D-printed disc (PEO/LiTFSI 20:1) and comparison with
the conductivity zone (red) previously defined using the various sample holders (lateral, sandwich and interdigitated-
comb) (cf. Preface — III).

4.4.4. Comparison with contemporary studies

Machine modifications of the FDM 3D-printer being very demanding, Ragones et al.?’
rather decided to focus their research on the introduction of another polymer matrix (PLA) within
the classical PEO/LiTFSI mixture to strengthen the filament mechanical aspect and printability
behavior. Authors developed two SPE filaments composed of PLA/PEO/LiTFSI with SiO2 or
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AlO3 ceramic fillers (wt% 59:20:20:1) and demonstrated their printability with a commercial
FDM 3D-printer. Resulting printed samples depicted an ionic conductivity of 8 x 107> S cm™ and
3 x107° S em™ at 120°C respectively. These values are relatively low in comparison with what was
depicted for the optimized PEO/LiTFSI 20:1 SPE sample in this PhD thesis (Figure 4.18). As
portrayed by the authors,?” this difference with neat PEO/LiTFSI SPE systems is explained by
stronger lithium coordination by ester oxygens (carbonyl) of the PLA chains than by ether oxygens
of PEO chains and the fact that the polymers were initially suspended in different solvents, which
may lead to an incomplete miscibility. Interestingly, this latter hypothesis was corroborated during
this PhD thesis as a clearly visible miscibility issue was perceived via SEM (Figure 4.19) for a
film sample containing PEO (100.000 MW) and PLA (wt% 50:50), obtained after tape-casting
(both polymers were here combined in a common solvent, DCM). Once solvent evaporation was
completed, PLA was shown to exhibit a nodular structure, incorporated in a fibrous PEO matrix.
Polymer identification was made possible by performing in-situ SEM. When temperature was
increased above 60°C, PEO matrix was seen to completely melt, while PLA nodules remained
unaffected. Such tendency completely matches the observations made from DSC for this sample
(Figure 4.20). Indeed, sample was shown to exhibit thermal features corresponding to both
polymers. PEO glass transition and melting temperature were observed at -41.1°C and 45.0°C
(onset) respectively, while PLA glass transition and melting temperature were observed at higher
temperatures of 63.3°C and 143.7°C (onset) respectively. In order to reach a compromise between
conductivity and printability, future investigations may be concentrated on comb-block polymers
such as the PLA/PEG-based SPE developed recently by Zaheer et al.?® depicting a conductivity of
6.9 x 107 S cm™! at ambient temperature and a wide electrochemical stability window up to 4.6

vs. Li/Li".
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Figure 4.19. Secondary Electron SEM images (5kV) depicting the PEO/PLA wt% 50:50 film sample microstructure.
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Figure 4.20. DSC curve for the prepared PLA/PEO (wt.% 50:50) film sample.
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Conclusions

To conclude, in this chapter, a 3D printable PEO/LiTFSI filament was specially designed
to be used as solid polymer electrolyte in a lithium-ion battery and to feed a FDM 3D-printer. For
this purpose, optimization of the ionic conductivity was first accomplished by fine-tuning the O/Li*
ratio. Most promising film composition (O/Li" = 20) was finally used for extrusion and 3D-
printing. Important machine modifications were required to finally print a SPE 3 mm disc (2.18 x
1072 S cm™! at 90 °C). Indeed, while the printability of the optimized PEO/LiTFSI 20:1 filament
was demonstrated, printing still remains highly complex due to the flexibility and sticky behavior
of this latter as clearly demonstrated during the nano-indentation experiments. This study clearly
opens the way toward a fully printed solid state battery. Future studies may be focused on the
introduction of a comb-block polymer with a view to confer some rigidity.>” Also, another way to
facilitate the printability could be the use of a modified FDM 3D using directly pellets or powder

as material source instead of a filament.

Besides, using three different EIS sample holders (lateral, sandwich and interdigitated-
comb), it was found that conductivity values are significantly different for a same sample. This
behavior was reproducible and observed for each tested composition (PEO/LiTFSI). Lateral
configuration displays the highest conductivities due to the polymer chains orientation along the
substrate XY plane. Advantage of the interdigitated-comb sample holder is that sample dimensions
(thickness) are not required to calculate the conductivity value, thus preventing from any eventual
measurement errors. Nonetheless, it requires further investigations as lower conductivity values
are obtained using this particular configuration. To confirm this behavior, upcoming research may
also be extended to other polymers and salts. In future studies, authors might rather report a

delimited conductivity-zone instead of a very specific value within the low temperature range

(<90 °C).
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5.1. Introduction

As depicted previously, Chapters 2 and 3 were dedicated exclusively on the formulation
and printing of PLA-based composite filaments corresponding to the electrodes and separator of a
lithium-ion battery operating with a liquid electrolyte. Nonetheless, as it will be demonstrated in
the next section, PLA polymer matrix is suspected to dissolve within the liquid electrolyte upon
time. Hence, two options must be explored thoroughly in the future: 1) An optimization of the
liquid electrolyte must be performed in order to enhance ionic conductivity while maintaining the
PLA stability upon cycling; 2) Others polymer matrices must be considered instead of PLA.
Recently, option n°1 had been considered by Reyes et al.! who concluded that a 1:1 (volume ratio)
solution of propylene carbonate (PC) and ethyl methyl carbonate (EMC) with 1 M LiCIO4 might
be used in future research as PLA film infused within the mixture depicted an ionic conductivity
of 8.5 x 10 S cm ™! (20 °C) and retained its mechanical integrity while presenting an arguable
significant volume change of 29%. In this context, it was rather decided to focus the last part of
this PhD thesis on option n°2. Hence, instead of PLA, the development of a polypropylene (PP)-
based positive electrode was initiated. In parallel with the FDM additive manufacturing technique,
the ability of the SLS process was here also examined to 3D-print PP-based LIB components. This
work being ongoing at the moment this PhD is written, only preliminary results (cf. Preface - IV)
including requirements for printing materials, resolution, advantages and drawbacks of each
technique to print PP electrodes will be presented in the following sections. As part of an
international collaboration, SLS printing was performed by Professor Matti Haukka’s group,

located at the University of Jyviskyld, Finland.
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5.2. Polymer matrix: PLA vs. PP

Due to its unique properties such as high mechanical strength, low toxicity and low
melting/printing temperature in comparison with other offered options (cf. 2.1.2. Polymer choice),
PLA was previously chosen as polymer matrix for the composite filament formulation (cf. Chapter
2 and 3). Nonetheless, it lately appeared that PLA might be dissolved when soaked during a certain
amount of time within the liquid electrolyte (1 M LiPFs in ethylene carbonate and diethyl carbonate
— EC:DEC 1:1 weight ratio). Once placed in the liquid electrolyte mixture, PLA membrane
absorbs large amount of electrolyte and swells due to the hydrophilic nature of PLA, thus creating
a gel. This behavior is favored by the oxygen presence in PLA chains interacting with lithium
cations. While this phenomenon may enhance the ionic conductivity and further electrochemical
performances on the short term, degradation of the PLA composites membranes might lead to

undesired phenomenon such as short-circuit on the long-term.

On the other hand, PP, usually used as polymer matrix within commercial separators,® 3 is
known for being chemically inert within the liquid electrolyte. This behavior can be easily
explained by its chains which does not contain any oxygen atoms. Hence, PP membranes do not
swell when soaked in the liquid electrolyte and are expected to be more resistant than the PLA-
based on the long term. In this context, the elaboration of a PP-based FDM filament for its use as
a positive electrode within a LIB was initiated. In parallel with FDM, the ability of the SLS process
was also studied to 3D-print PP-based LIB components.

5.3. PP-based positive electrode via SLS and FDM

A preliminary and comparative study specifically focused on the formulation of a positive
electrode composed of polypropylene acting as polymer matrix, LiFePO4 as active material, and
carbon black (C45) or carbon nanofibers (CNF) as conductive additives was initiated.
Polypropylene powder AdSint® PP flex (particle size: 70 um) was provided by Advanc3d
Materials, Germany. LiFePO4 (LFP) (particle size: 1 pm) provided by Aleees was used as active
material for the positive electrode of the lithium-ion battery. Carbon black Timcal Super 45 (C45)
(particle size: 20 nm, 45 m? g'!), carbon nanofibers (CNF), (D x L 100nm x 20-200 um, 24 m? g'!)

and paraffinic oil used as plasticizer for PP were all purchased from Sigma-Aldrich, USA.
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5.3.1. Elaboration process

First of all, the polypropylene powder was combined and mixed thoroughly in a mortar with

the desired amount of LFP, C45, CNF and paraffinic oil, to prepare the composition depicted in

Table 5.1.

Table 5.1. Summary of the prepared electrodes composition (cf. Preface - IV).

Further printed via SLS Wt.% total composite Vol.% total composite
P PP/LFP/Plasticizer/Conductive | PP/LFP/Plasticizer/Conductive
and/or FDM .. .
additive additive
SLS and FDM 70/26/0/4 85/13/0/2
FDM 45/45/0/10 66/27/0/7
FDM *33/49/13/5 *48/29/13/3

* During the extrusion and printing processes, paraffinic oil acting here as a plasticizer is partially evaporated leading
to an even higher percentage of charges considering the total composite electrode. For weight-volume conversion,
materials densities were acquired by helium pycnometer.

Subsequently, in order to produce a standard 1.75 mm diameter FDM 3D-printing filament,
a Filabot Original extruder supplied by Filabot Triex LLC, USA was fed with the afore-mentioned
pre-mixed powder. The extruder temperature was set at the relatively high temperature of 250°C,
thereby obtaining a satisfactory extrusion rate. The filament released from the extruder nozzle was
subsequently rolled around a spool by using a Filabot spooler (Filabot Triex LLC, USA). The
extruder was purged thoroughly with pure PP before extrusion of each sample. Electrode filaments
were kept in appropriate storage conditions under low temperature and in confined environment
with low humidity. 11 mm diameter positive electrode discs (200 pm and Imm thick) and
specimens [SO527-2 were finally printed via FDM (Figure 5.1.a) to perform further galvanostatic,
electrochemical impedance spectroscopy and mechanical tests. Nozzle standard input and output
diameters of respectively 1.75 mm and 0.4 mm were used. Best resolution in the Z direction is 0.20
mm for the first layer and 0.05 mm for the following. Nozzle temperature was set at 250°C. Fan
settings was set to 100%. Bed temperature was set to 100 °C in order to enhance the adherence of
the first printed layer. Prior to printing of each sample, nozzle was cleaned thoroughly by printing

a 2 cm?® purge cube with the corresponding filament.
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On the other hand, regarding the SLS process (Figure 5.1.b), the afore-mentioned
homogeneous powder mixture corresponding to the desired composition was directly inserted to
feed the SLS bed. A Sharebot SnowWhite SLS 3D printer was employed and relatively low energy
consuming printing parameters were chosen to produce low-density electrodes (LASER power 100
% (of maximum of 14 W), LASER rate 64 000 (2560 mm s™!); powder temperature 122 °C; powder
layer 0.25 mm; wait time 600 s; wait layer 12 s; warming layers 20; layer thickness 0.08 mm).
Powder temperature was kept constant through the printing processes. The printed objects were
carefully cleaned of all non-sintered powder with a brush before using them in experiments. While
applying the defined settings, only very thick electrodes (3mm and 11 mm diameter) discs were
possible to acquire in order to have mechanically resistant electrodes. Specimens ISO527-2 were

also printed to perform mechanical tests.

This study here acting as a preliminary work, the extrusion (FDM) and printing parameters
(FDM and SLS) were kept unchanged in the following sections. For both printing techniques, the
same electrochemically-active material loading was first tested and then increased as high as

possible.

n Fused Deposition Modeling (FDM) m Selective Laser Sintering (SLS)

/f Filoment m”w scanning mirror
Extrusion head 4 \ X T i\lusar beam
e o Recoater
Printed object 3&>a T /
i/ Printed object

Powder

Build platform E container

\4

Material spool

Figure 5.1. (a) Fused deposition modeling and (b) selective laser sintering 3D-printing scheme (cf. Preface - I'V).
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5.3.2. Printing of positive electrodes of the same composition

First part of this study was dedicated to the preparation of positive electrodes of the exact
same composition through SLS and FDM. Positive electrode samples containing 26wt% LiFePO4
as active material, 4wt% carbon black (C45) as conductive additives and 70wt% PP as polymer
matrix were prepared. This specific composition was chosen as it corresponds to the highest
loading of charges (active material + conductive additives) allowed by the SLS technique
considering the aforementioned low energy printing parameters. Here, the loading of charges was
maximized in order to enhance the electrochemical performances while still maintaining suitable
mechanical properties for further handling and characterization. Experiencing a higher amount of

charges was found to immediately result in major mechanical strength and printability issues.

On the other hand, a composite thermoplastic filament was prepared to feed the FDM
printer. Hence, the afore-mentioned pre-mixed homogeneous powder was inserted into an extruder
and a first PP/LFP/C45 filament was obtained. Due to the poor diameter consistency, the latter was
pelletized and extruded again, resulting in a secondary filament with a much more reliable diameter
(1.75 mm) as confirmed through SEM before printing. Via FDM printing, obtained electrodes were
about 170 um thick due to the first layer resolution limitation. Finally, it is important to mention
that warping* > tends to occur while printing polypropylene filaments. The material shrinkage,
while 3D printing, causes the corners of the print to lift and detach from the build plate. To reduce
this unfavorable effect with the PP/LiFePO4/C45 composite, a heated bed set at 100°C and covered

with adhesive tape was employed.
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For both samples obtained by SLS and FDM with the exact same composition (26wt%
LiFePO4, 4wt% C45 and 70wt% PP), the influence of the AM technique on the electrode
conductivity was investigated by electrochemical impedance spectroscopy (EIS). The exact same
procedure than the one described previously (cf. 2.2.1.4.1. Electrical conductivity) was achieved.
The corresponding impedance spectra were recorded from 20°C to 60°C. Nyquist and Bode plots
portray typical behavior of an electronic conductor. Indeed, only Z' real part is depicted on the
Nyquist plot whereas |Z| magnitude is constant for all frequencies. For both tested samples, the
electrical conductivity is increasing with temperature as exhibited in Figure 5.2, and homogeneous

activation energy values equal to 0.101 eV (SLS) and 0.099 eV (FDM) are calculated.

o (S.cm’)

Figure 5.2. Arrhenius plots of the electronical conductivity for electrode of the same composition (70wt%PP +

5.3.2.1. Electrical conductivity characterization
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26wt%LFP + 4wt%C45) printed via SLS and FDM (cf. Preface - IV).
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From the results obtained, it can be clearly observed that depending on the printing
technique, the electrodes depict very distinctive electrical performances. Here, electrode discs
obtained by means of SLS, display electronic conductivity values about 30 times higher than the
electrodes printed via FDM, on the whole recorded temperature range. Indeed, respectively at 20°C
and 60°C, the SLS sample reveals a conductivity of 2.12 x 10 and 3.39 x 10* S cm™! while the
FDM sample exhibits a much lower conductivity equals to 7.16 x 10 and 1.12 x 10 S cm™. Due
to the printing technique itself as well as the LFP and PP insulating behavior, in addition to the
relatively low quantity of conductive additives, these values still remain relatively low in
comparison with what was depicted previously for the optimized PLA/LFP positive electrode film
(cf. 2.2.2.2.1. Electrical conductivity). Indeed, this latter, involving a much lower polymer amount
(only 33%wt) exhibited a much higher electronic conductivity of 0.06 S cm™ at 50°C (cf. Preface
- II). The incorporation of carbon additives such as C45 is here crucial to confer suitable

electronical conductivity.

5.3.2.2. Electron microscopy

Similar to what was achieved previously for the PLA-based negative and positive electrode
(cf. Chapter 2), the general homogeneity and the inner material (LFP and C45) dispersion within
the PP matrix of the produced printed electrodes was examined by scanning electron microscope
(5 kV) and transmission electron microscopy (200 kV). Prior TEM experiment, printed disc
samples were cut and inserted in a resin following the exact same protocol described previously
(cf. 2.2.1.4.2. Electrochemical characterization). The conductivity difference observed between
both samples in the previous section can be easily explained thanks to the images revealed by
scanning electron microscopy and transmission electron microscopy depicting two completely

different microstructures (Figure 5.3).
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Same electrode composition
70wt% PP + 26wt% LFP + 4wt% (45

SEM images TEM images

SLS

FDM

Figure 5.3. Cross-sectional images of the electrodes with the same composition (70wt%PP + 26wt%LFP +
4wt%C45) obtained via SLS or FDM: (a) Secondary electron SEM image of the SLS electrode in which spherical
PP particles surfaces are covered with smaller charges particles consisting of LFP and C45; (b) TEM image of
the SLS electrode where carbon black C45 (smaller grey particles) is homogeneously distributed between the
LFP particles (bigger black particles) thus creating an efficient percolating network; (c) Backscattered SEM
image of the FDM electrode in which LFP particles (white color) are isolated within the polymer matrix; (d)
TEM image of the FDM electrode where carbon black C45 (smaller grey particles) and LFP (bigger black

particles) are completely isolated within the nano-porous polymer matrix (cf. Preface - IV).
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The SLS sample is composed of spherical PP polymer particles (70 pm) that were
incompletely fused together on the surface during the sintering process (Figure 5.3.a). This was
possible by fine-tuning the printing parameters in a low energy configuration. During the printing
procedure, an important porosity with voids is created and a three-dimensional polymer network is
clearly noticeable. Charges including the active material (LiFePO4) and conductive additives
particles (C45) are deposited in the surface of the PP spheres. Charges do not appear to be totally
encapsulated within the PP matrix but are tightly attached to the incompletely melted surface. Thus,
a percolating network composed of the C45 is created along all the microstructure and leads to the
higher electronical conductivity values depicted via EIS. While this hypothesis cannot be
confirmed via SEM as carbon black particles (20 nm) are not observable with this technique, it was
confirmed by performing transmission electron microscopy (TEM) experiment as depicted in
Figure 5.3.b. Indeed, C45 spherical particles (Figure 5.4.a) appear to be really well dispersed
between the various LiFePOyq particles. The latter are clearly identified thanks to their bigger size
(1 pm) and crystalline olivine structure allowing the observation of the atomic arrangement (Figure

5.4.b).

LiFePO,

Figure 5.4. Cross-sectional TEM images of the SLS electrode: (a) carbon black C45 spherical particles are well
dispersed between the LiFePOs particles; (b) olivine LiFePOs atomic arrangement. a* zone axis Selected Area Electron
Diffraction (SAED) pattern is displayed in inset (LFP: Pmnb; a=6.018A, b=10.34A, ¢=4.703A) (cf. Preface - IV).
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On the other hand, as expected, the FDM sample microstructure does not show any apparent
micro-porosity (Figure 5.3.c). This can be explained by the relatively high extrusion and printing
operating temperature (250°C). Backscattered SEM image (Figure 5.3.c) confirms that LiFePO4
particles are evenly distributed in the polymer matrix. Nonetheless, it is important to emphasize
that an important amount of these particles seems to be isolated within the polymer matrix. These
active material particles being intimately related to the final electrochemical performances, it
represents an important concern. Indeed, isolated active material particles within the polymer
matrix will act as electrochemically dead-material within the final electrode. Likewise, by
performing TEM experiments (Figure 5.3.d), it can be seen that the carbon black particles are also
secluded within the PP matrix. Hence, it has obviously a detrimental effect on the percolating

network and leads to the very low electronical conductivity values observed previously by EIS.

5.3.2.3. Electrochemical characterization

The electrochemical performances of the electrodes obtained by SLS and FDM were
investigated. Swagelok-type cells were assembled following the afore-described exact same
conditions (cf. 2.2.2.2.4. Electrochemical characterization). Here also, 150 puL of 1 M LiPFs in
ethylene carbonate and diethyl carbonate (EC:DEC 1:1 weight ratio) was used as liquid electrolyte
(LP40, Merck KGaA, Germany). Subsequently, cells were galvanostatically charged (delithiation)
and discharged (lithiation) at different current densities calculated per gram of active material,
between 3.8 and 2.6 V (vs Li/Li*). The potential profiles versus specific capacity based on the
active material, and specific capacity versus cycle number were studied thoroughly at various
current densities (2.1, 4.2, 8.5, and 17 mA g! of active material corresponding respectively to C/80,
C/40, C/20 and C/10) as displayed in Figure 5.5.
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Figure 5.5. (a) Capacity retention plots at various current density for printed electrodes via SLS and FDM for
composition containing 70wt%PP + 26wt%LFP + 4wt%C45; (b) Charge/discharge capacity profiles for the electrode
printed via SLS (70wt%PP + 26wt%LFP + 4wt%C45) (cf. Preface - IV).

Due to its important micro-porosity and higher electronic conductivity, the SLS sample
exhibits logically higher electrochemical performances. The latter depicts an important irreversible
capacity during the first cycle of 74 mAh g! of LiFePOs corresponding to a percentage loss of 65%
at current density of 2.1 mA g and reversible capacity values of 35, 30, 20 and 2 mAh g of
LiFePO4 during 5 cycles at current density of 2.1, 4.2, 8.5, and 17 mA g! respectively. When
finally coming back at a lower current density of 8.5 mA g, a good capacity retention was
preserved. While the electrode depicts a promising and undeniable electrochemical response, it is
important to note that values are still very far from the theoretical specific capacity of LFP (170
mAh g!). Moreover, considering that the total printed composite electrode is composed of only
26wt.% of active material (LFP), it means that the electrochemical performances reported per gram
of total composite are much lower (reversible capacity of 9.1, 7.8, 5.2 and 0.5 mAh g! of total
composite at current density of 2.1, 4.2, 8.5, and 17 mA g'! respectively). On the other hand, the
FDM sample, due to its absent micro-porosity and aforementioned isolated charges within the
polymer matrix, depicts insignificant specific capacity values. The nano-porosity that was observed

through TEM does not seem accessible by the lithium ions.
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5.3.2.4. Mechanical characterization

Tensile strength experiments were finally performed on FDM and SLS printed specimens
of composition (70%PP + 26%LFP + 4%C45), following the same characterization procedure
described previously (cf. 2.2.1.3.1. Mechanical characterization and printability). As depicted
in Table 5.2, classical mechanical properties such as the Young’s modulus, tensile strength and
elongation at break were calculated from the stress-strain curves (Figure 5.6). Obtained values
logically corroborate the previous observations done by microscopy (cf. 5.3.2.2. Electron
microscopy). Samples printed with both AM technologies exhibited a brittle behavior. Compared
with pure PP, a drastically decrease of the elongation at break is observed of respectively 97 % for
the SLS sample and 94% for FDM. This phenomenon can be explained by the addition of charges,
known to decrease the elongation at break of a reinforced polymer. Regarding the Young’s
modulus and the tensile strength, it appears that both parameters corresponding to the SLS sample
are lower than the ones obtained with FDM for the same composition. While the tendency observed
for the FDM sample is classical (increase of the Young’s modulus and decrease of the tensile
strength in comparison with pure PP reference), the SLS sample with the exact same composition

shows degraded properties due to its significant micro-porosity.

Table 5.2. Mechanical properties for printed electrodes of different composition (cf. Preface - IV).

Sample name Young’s modulus Tensile strength Elongation at
and composition in wt% (MPa) (MPa) break (%)
Pure PP 1400 + 100 25+1 50+10
SLS — 70%PP + 26%LFP + 4%C45 284 + 38 2.55+£0.41 1.39+0.13
FDM — 70%PP + 26%LFP + 4%C45 1468 £ 124 20.78 +1.28 2.87+0.07
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Figure 5.6. Strain-stress curves of the same electrode composition printed by SLS and FDM (cf. Preface - IV).

5.3.3. Higher charge loading via FDM

Distinct from what was observed previously using the SLS technique (maximum of 15
vol.% of charges allowed among the total composite with the aforementioned low energy printing
parameters), it was possible via FDM (extrusion and printing parameters unchanged) to increase
even more the amount of charges without affecting the filament printability. Indeed, as depicted
previously (cf. 2.2.2.2.2. Printability and mechanical characterization) in order to obtain
enough mechanical performances to be printed, the total amount of charges (sum of active material
and conductive additives) within the filament can reach up to 30 vol.%. This percentage can be
further increased thanks to the introduction of an appropriate plasticizer, thus resulting in a final

total amount of charges reaching up to 50 vol.%. Paraffinic oil, being traditionally used as
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plasticizer for polypropylene,® was here employed in order to enhance the charge loading within
the total composite electrode filament and facilitate its printability. The summary of the electrode
compositions produced via FDM and SLS is exhibited previously in Table 5.1 (cf. 5.3.1.
Elaboration process). During both extrusion and printing processes, paraffinic oil is partially
evaporated. Hence, this phenomenon leads to a higher percentage of charges when the printed

electrode composition is considered.

5.3.3.1. Mechanical characterization

From the mechanical point of view, as expected, the addition of charges has an unfavorable
outcome on the resulting mechanical strength of the printed electrodes (Table 5.3 and Figure 5.7).
An increase of the LFP weight content from 26% to 45% leads to a small evolution of the
mechanical properties. In addition, a low decrease of the Young’s modulus is observed while an
increase should be obtained. All these observations (mechanical properties and previous SEM
analysis) permit to conclude that the mechanical behavior is driven by the properties of the interface
between the charges and the matrix. With the introduction of paraffin oil as plasticizer, Young’s
modulus and tensile strength tend to decrease while elongation at break increases in good
agreement with literature.® Although the resulting Young’s modulus is relatively small, the

subsequent filament is stiff enough to be printed.

Table 5.3. Mechanical properties for printed electrodes of different composition (cf. Preface - IV).

Sample name Young’s modulus Tensile strength Elongation at
and composition in wt% (MPa) (MPa) break (%)
Pure PP 1400 + 100 25+1 50+10
FDM — 70%PP + 26%LFP + 4%C45 1468 + 124 20.78 + 1.28 2.87+0.07
FDM — 45%PP + 45%LFP + 10%C45 1435+ 113 17.55+2.50 2.88 £0.63
* FDM — 33%PP + 49%LFP +
13%Parrafinic oil + 5%C45 485 + 48 8.17+0.55 4.73 £0.66

* During the extrusion and printing processes, paraffinic oil acting here as a plasticizer is partially evaporated leading

to an even higher percentage of charges considering the total composite electrode.
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Figure 5.7. Strain-stress curves of the different electrode compositions printed via FDM (cf. Preface - IV).

5.3.3.2. Electrical conductivity characterization

As revealed in Figure 5.8 depicting the Arrhenius plots of the electrical conductivity for
each sample, C45 particles tend to be less isolated within the polymer matrix for FDM specimens
containing a higher amount of charges, thus resulting in a more efficient percolating network
conferring higher electronic conductivity values (4.73 x 10 S ¢cm™ at 20°C for sample “FDM —
45%PP + 45%LFP + 10%C45” in comparison with 7.16 x 10® S cm™ for the sample “FDM -
70%PP + 26%LFP + 4%C45” at the same temperature). Nonetheless, the addition of paraffinic oil,
expected to create a micro-porosity through its evaporation during printing, does not seem to have
an important and effective impact on the final electronic conductivity (1.88 x 10 S cm™! at 20°C

for sample “33%PP + 49%LFP + 13%Parrafinic oil + 5%C45”). Values obtained are still much
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lower than the one depicted for the “SLS - 70%PP + 26%LFP + 4%C45” sample (2.12 x 10* S
cm! at 20°C), thus meaning that while C45 additives are effectively used to improve the
electronical conductivity, their final contribution within the FDM electrodes is not optimal. This
difficulty to obtain an efficient percolating network within the FDM sample can be explained by
the size of the C45 particles which is only about 20 nm as perceived previously through TEM
(Figure 5.4.a). These latter are not all connected between each other, thus resulting in still
relatively low conductivity. On the contrary, the introduction of bigger conductive particles would
increase the probability to achieve an efficient percolating network. Hence, C45 additives
appearing to be not appropriate for the non-porous FDM samples, it was decided to incorporate
larger carbon nanofibers (CNF) about 20-200 um long with a diameter of 100 nm. The exact same
compositions were thus tested via FDM using CNF instead of C45. As expected, the introduction
of CNF enhances the electronic conductivity values considerably, up to 1.60 x 10 S cm™! at 20°C

for sample “33%PP + 49%LFP + 13%Parrafinic oil + 5%CNF”.
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Figure 5.8. Arrhenius plots of the different electrode compositions printed by SLS and FDM (cf. Preface - IV).
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5.3.3.3. Electrochemical characterization

Finally, investigations were focused on galvanostatic cycling to have a better understanding
of the charges loading impact on the electrochemical performances. Same experimental conditions
than the one described previously were set (cf. 5.3.2.3. Electrochemical characterization). While
samples comprising a higher loading of active material and conductive additives (“FDM — 45%PP
+ 45%LFP + 10%C45” and “FDM — 33%PP + 49%LFP + 13%Parrafinic oil + 5%CNF”) were
expected to display highly enhanced performances, instead, insignificantly higher specific capacity
values were barely attained in comparison with what was observed beforehand (Figure 5.5) for
reference sample “FDM - 70%PP + 26%LFP + 4%C45”. These very poor performances can be
justified by the lack of micro-porosity, caused in part by non-adequate printing parameters and
little plasticizer evaporation, but also due to the chemical aversion of the liquid electrolyte with the
PP polymer matrix. Indeed, it is well-known that within the electrolyte, Li" are solvated by around
4 EC molecules to form complexes.” Upon cycling, under the applied electric field, these latter are
driven through the liquid electrolyte from an electrode to the other. Li* desolvation process is thus
required to allow these ions to enter correctly the active material. Previously, in Chapter 2, a polar
polymer matrix (PLA) was employed, containing an electron withdrawing group C=O enabling to
solvate Li" and having an affinity with the polarized molecules of EC. Hence, PLA was prone to
absorb the liquid electrolyte, thus promoting samples ionic conductivity and electrochemical
performances under cycling. However, here, the employed PP polymer matrix does not contain any
polar groups thus conferring poor affinity with the polar molecules contained in the liquid
electrolyte. The 3D-printed PP-based electrodes do not swell when soaked in the liquid electrolyte,

resulting in poor ionic conductivity and specific capacity upon cycling.
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5.3.4. Future SLS and FDM independent electrodes optimization
5.3.4.1. SLS electrodes

In the above sections, the preparation of the PP-based positive electrodes through SLS was
performed while setting printing parameters in a “low energy configuration” in order to maximize
the micro-porosity and favor the electrochemical properties (Figure 5.9). So far, due to the LASER
power which was kept relatively low, the PP particles were sintered in such a way that only their
surfaces were partially melted. Charges being evenly distributed on the PP particles surface, active
material particles (LFP) were easily reachable by the liquid electrolyte favoring electrochemical
performances under cycling while C45 created an efficient percolating network leading to good
electronic conductivity of the electrode. Hence, as highlighted in the previous experiments, SLS
seems to be a very promising technique to print highly micro-porous electrodes. Higher charges
loadings and lower electrode thickness would require selecting appropriate printing parameters
such as a higher LASER power, longer exposition time and higher local temperature to reach the
best compromise between electrochemical and mechanical properties. In a future study, the impact

of these parameters on the resulting electrode performances could be investigated.

SLS

(Low energy printing parameters)

Printability of the whole Mechanical
battery in “one-shot” | strength

Active material

loading capability i Soresq)
Electronic Electrochemical
conductivity performances

Figure 5.9. Summary of the advantages/drawbacks of SLS (considering a low energy printing parameters

configuration) for the LIB printability (cf. Preface - IV).

215



Chapter 5. PP-based LIB 3D-printing via FDM and SLS

5.3.4.2. FDM electrodes

On the other hand, the preparation of the positive electrodes through FDM was completed
while setting parameters in a “high energy configuration” in order to ease the extrusion and printing
processes and favor the mechanical properties (Figure 5.10). Unfortunately, even if the
introduction of a high amount of charges was possible via FDM, the electronic conductivity and
electrochemical performances under cycling were drastically limited due to the LFP and conductive
particles isolation within the PP polymer matrix. While it was demonstrated in the Chapter 2 for
PLA-based electrodes that a micro-porosity could be created by introducing a plasticizer, paraffinic
oil which was utilized here to plasticize PP does not appear to be effective enough. This behavior
is different than what was observed previously (cf. Chapter 2) where the addition of PEGDMES500
to plasticize PLA tends to create an important micro-porosity after extrusion and printing steps.
Indeed, it was demonstrated that PEGDMES00 partially evaporates during both steps but also upon
time, thus creating a micro-porosity leading to an enhanced ionic conductivity and better
electrochemical performances under galvanostatic cycling. Hence, future research may be
dedicated to find the appropriate plasticizer for PP to create a significant micro-porosity capable to
be filled with electrolyte or to find a plasticizer able to absorb electrolyte. Paraffinic oil employed
here may inappropriately grease all the surfaces and interfaces, and be dissolved in the liquid
electrolyte thus diminishing the resulting conductivities. The introduction of a polar polymer
matrix coupled with the addition of ceramic nanoparticles such as SiOz or AlbO; within the
electrodes could be also investigated to enhance the electrolyte impregnation. Furthermore,
surfactants containing EO units and long alkyl chains (Brij type) must be investigated in order to
reduce the polarization. In parallel, an in-depth optimization of the extrusion and printing
temperatures must be achieved in a future work in order to reach the best compromise between

mechanical and electrochemical performances.
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FDM

(High energy extrusion and prinfing parameters)

Printability of the whole Mechanical
battery in “one-shot” strength

A

Active material

loading capability Porosity
Electronic Electrochemical
conductivity performances

Figure 5.10. Summary of the advantages/drawbacks of FDM (in a high energy extrusion and printing parameters

configuration) for the LIB printability (cf. Preface - IV).
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5.3.5. Considering the complete LIB printability

The ultimate goal of this project being the printability of the complete lithium-ion battery
in one single step, the multi-material printing abilities for both FDM and SLS techniques must be

thoroughly compared.

As depicted previously, FDM printing already offers many different multi-material
commercial options with a view to print complete LIB complex architectures in one single step (cf.
3.4.2. Multi-materials FDM printing). In the meanwhile, so far, very few studies were reported
in literature on LIB SLS 3D-printing precisely because this powder bed fusion printing technique
does not allow to print the full battery in one single print (“one shot”). Indeed, printability of multi-
material objects via SLS or SLM is not widely established for now.® During SLS printing, the
object is completely immersed within the material powder, thus it is technically not possible for
now to print an object with six different kind of powder corresponding to each part of the battery
(negative electrode, positive electrode, solid electrolyte, Cu and Al based current collectors and
packaging) in one single print. The only alternative for now is to print each part separately and to
assemble it afterwards. Hence, only planar or perfectly fitting printed parts can be considered. 3D
complex interpenetrated architectures cannot be obtained via SLS for now. Unfortunately, this kind
of architectures is expected to result in enhanced performances in terms of specific capacity and
power as demonstrated beforehand (cf. 3D architectures impact on electrochemical
performances). The development and use of a hybrid printer configuration combining many AM
techniques, such as FDM, SLS and LDM (among others) may be an interesting solution to reach

efficient complex LIB interpenetrated 3D-architectures.
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Conclusions

This last chapter of this PhD thesis was focused on the development of PP-based composite
electrodes via FDM and SLS processes. PLA polymer matrix being suspected to dissolve within
the liquid electrolyte upon time, PP was here employed to overcome this issue. The development
of a polypropylene (PP)-based composite filament to be used as positive electrode in a LIB and
feed a FDM printer was thus initiated. In parallel with the FDM additive manufacturing technique,
the ability of the SLS process was here also examined to 3D-print PP-based LIB components. This
study acting as a preliminary work, the extrusion (FDM) and printing parameters (FDM and SLS)
were kept unchanged from the outset: high energy extrusion and printing parameters were set for

the FDM technique while low energy printing parameters were fixed for SLS.

Considering these settings, it was demonstrated that resulting electrical, morphological,
mechanical and electrochemical performances are significantly different for a similar electrode
composition (26wt% LiFePOys as active material, 4wt% carbon black (C45) as conductive additives
and 70wt% PP) printed via SLS or FDM. A clearly noticeable 3D polymer network was created
with SLS in which an important porosity was witnessed. Interestingly, charges appeared to be
deposited uniformly at the PP particles surface and did not appear to be entirely encapsulated within
the PP matrix. Such an electrode resulted in an efficient percolating network that, composed of the
C45 along the microstructure, leads to a promising electronical conductivity. Moreover, due to the
great LFP accessibility for the liquid electrolyte, decent electrochemical performances were
observed. These latter are nonetheless still highly limited by the low active material loading within
the composite. Indeed, increasing the charge loading within the SLS electrode was shown to
immediately result in poor mechanical properties. In parallel, considering the afore-mentioned
printing parameters, FDM electrode sample of the same composition depicted a very dense micro-
structure with almost no porosity, leading to acceptable mechanical properties. Nonetheless, active
material particles and conductive additives were shown to be completely encapsulated within the

polymer matrix thus leading to very poor electrochemical and electrical performances.

On the other hand, the loading of charges within the FDM electrode was then maximized
in order to enhance the electrochemical performances while still maintaining suitable mechanical

properties for further handling and characterization. Higher loading of charges was made possible
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through the introduction of paraffinic oil used as plasticizer for polypropylene. Unfortunately, the
electronic conductivity and electrochemical performances under cycling were still significantly
limited due to the remaining LFP and conductive particles isolation within the PP polymer matrix.
Hence, future research should be devoted to find the appropriate plasticizer for PP to create a
significant micro-porosity capable to be filled with electrolyte. The introduction of a polar polymer
matrix coupled with the addition of ceramic nanoparticles such as SiO; or AlbO; within the
electrodes must also be investigated to improve the electrolyte impregnation. In parallel, a major
optimization of the extrusion and printing temperatures must be accomplished in a future work to

reach the best compromise between mechanical and electrochemical performances.

To conclude, from this comparative study, it is clear that neither FDM nor SLS should be
eliminated hastily as both techniques present advantages and drawbacks for the LIB printability.
Research routes must be kept opened for now on both techniques and especially on the
development of innovative multi-materials and hybrid options that will, one day, pave the way

towards an efficient LIB 3D-printing in one-single step.
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General conclusions and perspectives

The aim of this PhD thesis was to demonstrate the printability of lithium-ion battery
components by means of the Fused Deposition Modeling 3D-printing process. Combining the
Laboratoire de Réactivité et Chimie des Solides (LRCS) and Laboratoire des Technologies
Innovantes (LTI) expertise on energy storage and additive manufacturing techniques respectively,
the development and optimization of FDM printable composite thermoplastic filaments was thus

initiated.

First stage was dedicated to the development and optimization of PLA-based composite
filaments, corresponding to each part of a liquid electrolyte LIB configuration. In order to
maximize the electrochemical performances while still maintaining just enough mechanical
strength for handling and printing, the active material (graphite for the negative electrode, and
LiFePOs for the positive electrode) within the electrode filaments was increased as high as possible
(up to 62.5 wt.%). The incorporation of such a high amount of charges was made possible thanks
to the incorporation of an optimized amount of poly(ethylene glycol) dimethyl ether average
Mn ~ 500 (PEGDMES00) acting as plasticizer (100:40 PLA : PEGDMES00 weight ratio).
Electrodes optimization was subsequently performed through the addition of conductive additives
improving the electronical conductivity. Similarly, for the current collector, the loading of Ag-Cu
particles was maximized (up to 86.5 wt.%) to enhance the electronical conductivity. In parallel, a
PLA-based separator filament was developed and optimized through the addition of SiO:
nanoparticles (7 wt.%) improving the liquid electrolyte impregnation (1.20 x 10* S cm™! at 25°C
after 10h immersion). For each composite filament developed along this thesis, the impact of
granulometry on the final electrochemical and mechanical performances must be studied in detail

in the future.

From the optimized electrodes and separator filament compositions, next step was devoted
to the FDM 3D-printing of a complete LIB operating with a liquid electrolyte. Assembly from
independent 3D-printed components (stacking), and direct printing of the complete LIB in a single
step (one-shot), were demonstrated. Taking advantage of classical 3D-printing software (slicer)

capabilities, separator infill patterns and density were introduced to improve the liquid electrolyte
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impregnation and avoid short-circuits. An in-depth investigation is however required in the future
to further optimize these infill parameters with the aim of diminishing the separator/electrolyte
thickness. While electrochemical performances of the complete cells still remain relatively limited
due to the printer resolution limitation (only 30 mAh g! of active material at C/40 for the one-shot
system), the complete LIB FDM 3D-printing proof of concept was demonstrated. In order to
improve the overall LIB electrochemical performances, optimized current collector filament must
be used to print the first layer subjected to the 200 um thickness limitation. Hence, this will allow
printability of thinner (down to 50 um) and balanced electrodes on top of it. As emphasized in this
PhD thesis, future investigations must be concentrated on multi-materials FDM printer options to
allow the printability of three-dimensional complex LIB architectures (gyroid, interdigitated, cube)
that were demonstrated to exhibit enhanced electrochemical performances in term of power

compared to classical planar configuration.

On the other hand, as a safer alternative to the classical volatile and flammable organic
solvent-based liquid electrolyte configuration, the printability of an all-solid-state LIB through
FDM was initiated. The elaboration and optimization of a solid polymer electrolyte filament
composed of PEO as polymer matrix and LiTFSI as lithium salt was achieved. The most
electrochemically promising film composition (O/Li" = 20) was finally used for extrusion and 3D-
printing. After important machine modifications, a 3D-printed SPE disc exhibiting an ionic
conductivity of 2.18 x 1073 S cm™! at 90 °C was obtained. While these results, here, clearly open
the way toward a fully printed solid state battery, further investigations are still required.
Particularly, these latter may be devoted to the introduction of comb-block polymers with a view
to facilitate the printability without affecting the ionic conductivity. Besides, slightly apart from
this LIB 3D-printing project, it is worth mentioning that using three different commercial EIS
sample holders (lateral, sandwich and interdigitated-comb), conductivity values were found to be
different for a same sample. Within the low temperature range (<90 °C), lateral configuration
displayed the highest conductivities due to the polymer chains orientation along the substrate XY
plane. This behavior was reproducible and observed for each SPE composition (PEOQ/LiTFSI) that
were tested along this PhD thesis. Further investigations, highlighting the importance of the
orientation of PEO chains, are required to really understand the origin of such discrepancies. In
future studies, authors are rather encouraged to report a delimited conductivity-zone instead of a

very specific value within the low temperature range (<90 °C).
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Finally, acting as a perspective study, the last part of this PhD thesis was focused on the
development of PP-based composite electrodes via FDM and SLS processes. In parallel, the ability
of the SLS process to print LIB components was here also examined. By setting right from the
outset, high energy extrusion and printing parameters for the FDM technique, and low energy
printing parameters for SLS, the resulting electrical, morphological, mechanical and
electrochemical performances were shown to be significantly different for a similar electrode
composition. SLS sample depicted a high porosity, promising electronical and electrochemical
performances, but was very brittle. On the contrary, FDM sample depicted low porosity, low
electronical and electrochemical performances, but great mechanical strength. Through the
addition of a plasticizer, the introduction of a much higher loading of active material was made
possible through FDM. Future research should be devoted to find the appropriate plasticizer for PP
to create a significant micro-porosity capable to be filled with electrolyte. A major optimization of
the extrusion and printing temperatures is also required to reach the best compromise between

mechanical and electrochemical performances.

In summary, in this PhD thesis, the development of homemade composite thermoplastic
filaments and 3D-printing of a complete liquid-based lithium-ion battery was demonstrated by
means of the Fused Deposition Modeling. Moreover, some optimizations have been proposed.
Encouraged by the successful preliminary printing tests on solid polymer electrolyte, future
investigations towards the multi-materials printability of all-solid-state lithium-ion batteries, based

on the electrochemically-promising 3D complex architectures can be envisaged.
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DMC
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EBM
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EIS

EMC
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Acrylonitrile-butadiene-styrene
Additive manufacturing

American Society for Testing and Materials
Acetyl tributyl citrate

Boron-nitride

Carbon black Timcal Super 45
Computer-aided design

Carbon black

Controlled environment sample holder
Carboxymethyl cellulose

Carbon nanofibers

Carbon black Super P
Dichloromethane

Diethyl carbonate

Direct Ink Writing

Digital light processing

Dimethyl carbonate

Differential scanning calorimetry
Electron beam melting
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Electrochemical Impedance Spectroscopy
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Ethoxylated trimethylolpropane triacrylate
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LTO

MWCNT
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Résumé développé de la these en Francais

(Summary in French)

La population mondiale actuelle étant estimée a 7,8 milliards de personnes au moment de
la rédaction de cette theése, 'approvisionnement d'énergies propres et durables et systémes de
stockage, pour répondre a la demande énergétique sans fin, est plus que jamais une préoccupation
contemporaine majeure. Outre 1'expansion des sources d'énergie renouvelables telles que I'énergie
solaire, éolienne ou également l'hydroélectricité pour remplacer les combustibles fossiles
traditionnels suscitant des préoccupations environnementales, les dispositifs de stockage d'énergie
sont récemment apparus comme un obstacle décisif a surmonter. Capable de capter I'énergie
produite & un moment donné pour la délivrer ultérieurement lorsque cela est nécessaire, la
technologie la plus répandue, parmi les différentes options de stockage d'énergie actuelles, est la
batterie lithium-ion. De nos jours, en raison de ses performances prometteuses en matiére de densité
d'énergie, de puissance et de durée de vie, il s'agit d'un composant au cceur de tous les dispositifs
¢lectroniques modernes : smartphones, ordinateurs portables, scooters électriques et véhicules
¢lectriques. Incontestablement devenue impérative dans notre vie de tous les jours, cette
technologie particuliére de batteries a récemment fait la une de I’actualité lorsque le prix Nobel de
chimie 2019 a été décerné a trois chercheurs (Goodenough-Whittingham-Y oshino) pour leur travail
pionnier. Alors que les batteries lithium-ion commerciales actuelles sont constituées de feuillets
empilés (bidimensionnelles), des approches innovantes sont désormais nécessaires en vue de
faciliter le développement d'architectures 3D complexes, permettant d’améliorer considérablement
les performances électrochimiques en termes de puissance. En outre, 1’¢laboration de batteries
flexibles, portables et personnalisables tout en maximisant le stockage d'énergie ainsi qu'en

diminuant le volume et le poids doit étre traitée.

La fabrication additive, également appelée impression 3D, apparait comme une discipline
révolutionnaire de pointe basée sur la préparation d'objets 3D par ajout de matiére couche par
couche. Cette technologie innovante permet précisément de mettre en ceuvre l'optimisation
topologique des dispositifs de stockage d'énergie. En effet, les composants de la batterie tels que

les électrodes, le séparateur, 1'¢lectrolyte et les collecteurs de courant peuvent étre €élaborés de
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n'importe quelle forme, permettant ainsi l'incorporation directe de la batterie dans 1'objet
tridimensionnel final. De plus, cette technique présente I’avantage de pouvoir construire des
architectures d'électrodes complexes tridimensionnelles (3D). Ces derniéres, trés prometteuses,
amélioreraient théoriquement de maniere significative les performances de la batterie lithium-ion
en termes de puissance et de capacité, la rendant ainsi particuliérement attrayante. Parmi les
différents procédés de fabrication additive, le dép6t de filament fondu (FDM) apparait comme une
option prometteuse en vue d’obtenir une batterie lithium-ion compléte sans avoir a effectuer de

post-traitement.

Dans ce contexte, cette thése a été effectuée sous la direction conjointe de deux laboratoires,
respectivement spécialisés sur la formulation et la caractérisation de matériaux pour batteries

lithium-ion et sur l'impression 3D et 1'ingénierie mécanique :

» le Laboratoire de Réactivité et Chimie des Solides (LRCS), situé a 1'Université Picardie

Jules Verne a Amiens, France;

» le Laboratoire des Technologies Innovantes (LTI) situ¢ a I'Université Picardie Jules Verne

a Amiens, France.

Associant I'expertise des deux laboratoires, cette thése de doctorat s'est alors concentrée sur
I’¢élaboration de batteries lithium-ion par impression 3D utilisant le procédé dépdt de filament

fondu.

La premiére étape de cette thése a été consacrée au développement et a 1'optimisation de
filaments composites a base d’acide polylactique (PLA), correspondant a chaque partie d'une
batterie lithium-ion utilisant une configuration a électrolyte liquide. Afin de maximiser les
performances électrochimiques tout en conservant une résistance mécanique suffisante en vue de
la manipulation et I’impression ultérieure, la quantité de matériau actif (graphite pour 1'électrode
négative et LiFePO4 pour I'électrode positive) au sein des filaments d'électrodes a été augmentée
le plus possible (jusqu'a 62,5 % en masse). L'incorporation d'une quantité aussi ¢levée de charges

a été rendue possible grace a l'incorporation de poly(éthyléne glycol) diméthyléther Mn ~ 500
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(PEGDMES00), agissant comme plastifiant (rapport en masse optimis¢é 100:40
PLA:PEGDMES500). Postérieurement, l'optimisation des électrodes a été réalisée par 1'ajout
d'additifs conducteurs améliorant la conductivité électronique. De méme, pour le collecteur de
courant, I’introduction de particules d'Ag-Cu a été maximisée (jusqu'a 86,5 % en masse) afin
d’améliorer la conductivité électronique. En parallele, un filament séparateur a base de PLA a été
développé et optimisé par I'ajout de nanoparticules de SiO; (7 wt%) améliorant ainsi l'imprégnation
de I'électrolyte liquide (1,20 x 10* S ¢m ! 4 25 ° C aprés 10h d'immersion). Pour chaque filament
composite développé au cours de cette these, I'impact de la granulométrie sur les performances

¢électrochimiques et mécaniques finales devra faire I’objet d’une étude plus détaillée.

A partir des compositions de filaments optimisées pour les ¢électrodes et le séparateur,
|'étape suivante a été consacrée a l'impression 3D, par dépdt de filament fondu, d'une batterie
lithium-ion compléte fonctionnant avec un électrolyte liquide. L'assemblage a partir de composants
indépendants imprimés en 3D (empilement) et I'impression directe de la batterie compléte en une
seule étape ont été¢ démontrés. Tirant parti des capacités classiques du logiciel d'impression 3D
(slicer), les motifs de remplissage et la densité du séparateur ont été introduits afin d’améliorer
l'imprégnation de I'électrolyte liquide et d’éviter les courts-circuits. Une étude approfondie est
toutefois nécessaire, a l'avenir, pour optimiser davantage ces parametres. Alors que les
performances ¢électrochimiques des cellules complétes restent relativement limitées (seulement 30
mAh g! de matériau actif a C/40 pour le systéme complet imprimé en une seule étape), la
démonstration de faisabilit¢ de I’impression 3D d’une batterie lithium-ion compléte et
fonctionnelle, par dépdt de filament fondu, a ét¢é démontrée. Dans le but d'améliorer les
performances électrochimiques du dispositif final, une fois le filament de collecteur de courant
optimisé, ce dernier devra étre utilisé pour imprimer la premiére couche soumise a la limitation
d'épaisseur de 200 pm, malheureusement intrinséque au procédé FDM. Par conséquent,
I’impression d’¢lectrodes plus minces (jusqu'a 50 pm) permettant 1’équilibrage de la batterie sera
alors rendue possible. A I’issue de cette theése, il est nécessaire que les futures recherches se
concentrent sur les options d’imprimantes FDM multi-matériaux. Ces avancées permettront alors
I'impression d’architectures de batteries tridimensionnelles complexes (gyroides, interdigités,
cubes) dont les performances électrochimiques améliorées en termes de puissance par rapport a

une configuration planaire classique ont ét¢ démontrées a 1’aide de la simulation numérique. Des
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modélisations plus avancées pourront étre envisagées afin de prendre en compte les effets
thermiques, a 1’aide d’un couplage électrothermique, susceptibles de diminuer les performances

d’une batterie.

D'autre part, en tant qu'alternative plus slre a la configuration classique d'électrolyte liquide
a base de solvants organiques volatils et inflammables, I'impression d'une batterie lithium-ion tout
solide via le procédé FDM a été étudiée. L'élaboration et I'optimisation d'un filament d'électrolyte
polymeére solide composé de poly(oxyde d’éthyléne) (PEO), comme matrice polymeére, et de
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), comme sel de lithium, ont ét¢ réalisées. La
composition de film la plus prometteuse d’un point de vue électrochimique (O/Li" = 20) a
finalement été utilisée pour les étapes consécutives d'extrusion et d'impression. Apres d'importantes
modifications apportées a l’imprimante, un disque imprimé d'¢lectrolyte polymeére solide
présentant une conductivité ionique de 2,18 x 1073 S cm™ a 90 °C a été obtenu. Bien que ces
résultats, ici, ouvrent clairement la voie a une batterie tout solide entierement imprimée, d'autres
investigations sont encore nécessaires. En particulier, ces derniéres doivent étre consacrées a
l'introduction de copolymeéres en vue de faciliter I'impression sans pour autant affecter la
conductivité ionique. En outre, il convient de mentionner qu'en utilisant trois porte-échantillons
d’impédance commerciaux différents (latéral, sandwich et peignes-interdigités), les valeurs de
conductivit¢ se sont révélées significativement différentes pour un méme échantillon. Ce
comportement est reproductible et a été observé pour chaque composition d'électrolyte polymere
solide (PEO / LiTFSI) testée pendant cette thése. Des investigations additionnelles sont nécessaires
pour bien comprendre l'origine de ces écarts. Dans les études futures, les auteurs sont donc
encouragés a rapporter une zone de conductivité délimitée plutot qu'une valeur trés spécifique (dans
la plage de basse température <90 °C). Les recherches a venir devront étre étendues a d'autres

polymeres.

Enfin, s’agissant d’une étude préliminaire s’inscrivant dans la perspective des recherches a
mener, la derniére partie de cette thése de doctorat a été axée sur le développement d'électrodes
composites a base de polypropyléne (PP) via les procédés de dépot de filament fondu (FDM) et
frittage sélectif par laser (SLS). Une telle matrice polymere a été utilisée a la place du PLA, car ce

dernier est soupgonné de se dissoudre dans 1'¢électrolyte liquide avec le temps. Par ailleurs, la
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capacité du procéd¢ SLS a imprimer des composants d’une batterie lithium-ion a également été
examinée. En fixant dés le départ les paramétres d'extrusion et d'impression a haute énergie pour
la technique FDM, et les paramétres d'impression a basse énergie pour SLS, les performances
électriques, morphologiques, mécaniques et ¢lectrochimiques qui en résultent se sont révélées
significativement différentes pour une composition d'électrode similaire. L'échantillon obtenu par
SLS présente une porosité ¢élevée, des performances électroniques et ¢€lectrochimiques
prometteuses, mais est trés fragile. Au contraire, 1'échantillon FDM présente une faible porosité,
de faibles performances électroniques et ¢lectrochimiques, mais une grande résistance mécanique.
Grace a I'ajout d'un plastifiant, l'introduction d'une quantité beaucoup plus élevée de matiere active
a été rendue possible par FDM alors qu’elle n’est pas envisageable par la technologie SLS. Les
recherches a venir doivent néanmoins étre consacrées a trouver le plastifiant le plus approprié pour
la matrice de PP en vue de créer une microporosité importante capable d'étre remplie d'électrolyte
liquide. Une optimisation importante des températures d'extrusion et d'impression est également
nécessaire pour atteindre le meilleur compromis entre performances mécaniques et

¢lectrochimiques.

En résumé, le développement de filaments thermoplastiques composites sur mesure et
l'impression 3D d'une batterie lithium-ion compléte fonctionnelle utilisant un électrolyte liquide,
ont ét¢ démontrés au moyen du procédé¢ de dépot de filament fondu. De plus, certaines
optimisations ont été proposées. Encouragées par les tests d'impression prometteurs sur I'électrolyte
polymeére solide, les recherches futures s’orientent désormais vers l'impression multi-matériaux
d'une batterie lithium-ion tout solide, basée sur les architectures 3D complexes (gyroides,

interdigités, cubes) prometteuses d’un point de vue électrochimique.
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Résumé

Alors que les batteries lithium-ion commerciales actuelles sont constituées de feuillets empilés (bidimensionnelles), des
approches innovantes, telles que la fabrication additive, sont désormais nécessaires en vue de faciliter le développement
d'architectures 3D complexes, permettant d’améliorer considérablement les performances électrochimiques en termes de puissance.
Dans ce contexte, le but de cette these a été de démontrer I'impression 3D de composants d’une batterie lithium-ion au moyen du
procédé de dépot de filament fondu (FDM). La premiére étape a donc été consacrée au développement et a l'optimisation de
filaments composites a base d'acide polylactique (PLA), correspondant a chaque partie (électrodes, séparateur et collecteur de
courant) d'une batterie lithium-ion utilisant une configuration a électrolyte liquide. La quantité de matériau actif au sein des filaments
d'électrodes a été augmentée le plus possible afin de maximiser les performances électrochimiques tout en conservant une résistance
mécanique suffisante en vue de la manipulation et impression ultérieure. L'incorporation d'une quantité aussi élevée de charges a
été rendue possible grace a l'incorporation de poly(éthyléne glycol) diméthyléther Mn ~ 500 (PEGDMES500), agissant comme
plastifiant. En paralléele, des filaments PLA/Ag-Cu et PLA/SiO,, respectivement utilisés pour le collecteur de courant et le
séparateur, ont été¢ développés. A partir des compositions de filaments optimisées, 1'assemblage a partir de composants indépendants
imprimés en 3D (empilement) et I'impression directe de la batterie compléte en une seule étape ont été démontrés. D'autre part, en
tant qu'alternative plus sire a la configuration classique d'électrolyte liquide a base de solvants organiques volatils et inflammables,
1'élaboration et I'optimisation d'un filament d'électrolyte polymeére solide, composé de poly(oxyde d’éthyléne) (POE) et de lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), pour une batterie lithium-ion tout solide, ont été réalisées. Enfin, s’agissant d’une
étude préliminaire s’inscrivant dans la perspective des recherches a mener, la dernicre partie de cette thése de doctorat a été axée
sur le développement d'électrodes composites a base de polypropyléne (PP) via les procédés de FDM et de frittage sélectif par laser
(SLS).

Mots clés : Batteries lithium-ion, Impression 3D, Fabrication additive, Polyméres, Composites, Chimie des matériaux

Abstract

While current commercial lithium-ion batteries consist of stacked leaflets (2D planar design), innovative approaches, such
as additive manufacturing, are now required to enable the development of 3D complex architectures reported to significantly
improve the electrochemical performances in terms of power. In this context, the aim of this PhD thesis was to demonstrate the
printability of lithium-ion battery components by means of the Fused Deposition Modeling (FDM) 3D-printing process. First stage
was thus dedicated to the development and optimization of polylactic acid (PLA)-based composite filaments, corresponding to each
part (electrodes, separator and current collector) of a liquid electrolyte lithium-ion battery (LIB) configuration. The active material
within the electrode filaments was increased as high as possible to maximize the electrochemical performances while still
maintaining just enough mechanical strength for handling and printing. The incorporation of such a high amount of charges was
made possible thanks to the incorporation of an optimized amount of poly(ethylene glycol) dimethyl ether average Mn ~ 500
(PEGDMES500), acting as plasticizer. In parallel, PLA/Ag-Cu current collector, and PLA/SiO; separator filaments were developed.
From the optimized filament compositions, assembly from independent 3D-printed components (stacking), and direct printing of
the complete LIB in a single step (one-shot), have been demonstrated. On the other hand, as a safer alternative to the classical
volatile and flammable organic solvent-based liquid electrolyte configuration, the elaboration and optimization of a solid polymer
electrolyte filament composed of poly(ethylene oxide) (PEO) as polymer matrix and lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) as lithium salt, for an all-solid-state LIB, was achieved. Finally, acting as a perspective study, the last part of this PhD
thesis was focused on the development of polypropylene (PP)-based composite electrodes via FDM and selective laser sintering
(SLS).

Keywords: Lithium-ion batteries, 3D-printing, Additive manufacturing, Polymers, Composites, Materials Chemistry



