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ABSTRACT

In this paper, the ability to 3D print lithium-ion batteries through thermoplastic material extrusion and
polymer powder bed fusion is considered. Focused on the formulation of positive electrodes composed of
polypropylene, LiFePO, as active material, and conductive additives, advantages and drawbacks of both additive
manufacturing technologies, are thoroughly discussed from the electrochemical, electrical, morphological and
mechanical perspectives. Based on these preliminary results, strategies to further optimize the electrochemical
performances are proposed. Through a comprehensive modeling study, the enhanced electrochemical suitability at
high current densities of various complex three-dimensional lithium-ion battery architectures, in comparison with
classical two-dimensional planar design, is highlighted. Finally, the direct printing capability of the complete
lithium-ion battery by means of multi-materials printing options processes is examined.

Keywords: Lithium-ion battery, Electrodes, Material extrusion, Powder bed fusion, Composites.
1. Introduction

Electrochemical energy storage is a crucial subsystem required to enable the 3D printing of next generation
products including geometrically-complex and mass-customized smart structures [1-6]. Embedding electronics,
sensors, antennas and batteries into arbitrary shapes is the next inevitable advancement in the evolution of additive
manufacturing (AM) (Figure 1), which can be interrupted to leverage complementary manufacturing processes.
Printers will fabricate products with more than mechanical capability, but rather will now include electronic, optical,
chemical, biological, thermal, and electromagnetic functions. In this context, multi-process (or hybrid) 3D printing
provides the simultaneous benefits of 3D printing - complex and customized geometries — with those known
advantages of traditional processes - tight dimensional accuracies and superior surface finish from machining,
cutting, dispensing, and robotic component placement. However, one conspicuously-absent functionality in this
hybrid manufacturing paradigm has been energy storage: either directly printed batteries as pursued in this seminal
research effort and our previous works [7-10], or even the simple insertion of non-printed electronic components
such as traditional batteries into cavities in 3D printed structures [1, 11]. Due to the high temperatures required for
printing, a commercial lithium ion battery (LIB) component that is introduced into a predefined cavity, can be
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damaged upon pursuing the printing process. A detrimental effect on the resulting electrochemical performances and
safety of the device is thus expected, as liquid electrolyte (solvent-based) will evaporate, leading to a high internal
pressure within the battery casing itself. In order to overcome these particular issues, the direct printability of the
complete LIB where the liquid electrolyte must be infused within the electrodes at room temperature (once printing
is finished), appears as a promising solution. By interweaving energy storage within a complex and multi-functional
3D structure, new levels of both spatial and energy efficiency will now be possible. The 3D printing of high energy
density storage is paramount for the wider adoption of hybrid AM to create structural electronics, smart implants,
and next-generation aerospace products.

AM technologies have recently been explored with a view to manufacture energy storage devices such as
LIB employing a layer-upon-layer material deposition methodology [12-19]. This approach offers the possibility of
obtaining complex three-dimensional electrodes unlike the conventional fabrication techniques such as doctor-
blading or die-pressing. As reported in literature [20-24], 3D electrode designs result theoretically in enhanced
electrochemical performance in terms of specific capacity and power due to the increased active surface area and
theoretical lithium cations diffusion in three dimensions. Fabricating 3D electrodes was attempted by performing an
electrochemical growth of nanorods onto a current collector followed by electrochemical plating of the active
material[25]. Nonetheless, the resulting structure often presented surface irregularities resulting in short-circuits even
prior to cycling. These issues can be overcome by leveraging AM processes, enabling the interpenetration of
complex positive and negative electrode lattice structures. So far, by means of AM, studies are rather focused on
achievable short-term objectives: implementing a topological optimization of the energy storage by reducing dead-
volume and dead-weight within the final object [8, 23, 26, 27]. Among the AM processes, thermoplastic material
extrusion (ME) and polymer powder bed fusion (PBF) are considered as two promising options to print LIB
electrodes with a diversity of shapes as depicted hereafter.

A ME printer is classically fed with a thermoplastic filament constituted of polylactic acid (PLA),
polyethylene terephthalate glycol (PETG), acrylonitrile-butadiene-styrene, polycarbonate, or also polypropylene
(PP), among other engineering grade polymers. The filament is driven through a computer-controlled heated nozzle,
extruded on to the substrate, and immediately solidifies. The molten material is thus deposited layer after layer with
the aim to obtain the desired 3D object [15, 18, 28, 29]. Besides the development of 3D printing technology and
composite filaments, 3D printing of LIB has witnessed rapid advancements. This tendency is mainly due to the
ability of 3D printing to create LIB components that do not require further post-processing and also motivated by the
printability of the complete energy storage device in one single, non-assembly process. Nonetheless, it must be
emphasized that a sufficient quantity of charges (active material and conductive additives) is required within the
electrodes with an objective of achieving reasonable electrochemical performances. This requirement, coupled with
the filament-shape constraint, renders the formulation process rather complex. Hence, printing of various commercial
or homemade composite filaments containing a limited amount of LIB active materials (only between 8 and 13 wt%
of the total electrode) have been reported, resulting in mediocre electrochemical performances [26, 30].
Alternatively, the present effort has focused on the authors’ previous studies [7, 8] aimed at increasing the active
material loading within the filament to maximize the electrochemical performances while simultaneously
maintaining sufficient mechanical properties. Indeed, a significant landmark was reached as active material loading
was increased up to 49 wt% within 3D-printable PLA/LiFePO4 and PLA/graphite filaments [7, 8]. These highly
loaded filaments were achieved thanks to the introduction of a plasticizer such as poly(ethylene glycol) dimethyl
ether (average Mn 500) which improves the printability. Logically, the improved filament resulted in higher
electrochemical performances [10]: 200 mAh g of active material (99 mAh g of the total composite or also to
154.6 mAh cm™) at current density of 18.6 mA g=! (C/20) for the PLA/graphite 3D-printed negative electrode disc
[7]; 87 mAh g of active material (43 mAh g! of the total composite or also up to 66 mAh cm™) at current density of
8.5 mA g'! (C/20) for the PLA/LiFePO, 3D-printed positive electrode disc [8]. Finally, it is worth mentioning that
extrusion and the associated printing parameters (e.g. temperature) generally require tedious and comprehensive
adjustments to match the LIB-specific expectations.

As an alternative to the ME printing, polymer PBF involves the spreading and leveling of a consistent and
thin layer of powder with a blade upon the building platform. Then, a high energy CO, LASER (14 Watt) is applied
selectively (computer-controlled) to fuse together small powder particles (typical diameter of 50-100 um). After
each layer is completed, the platform is subsequently lowered and a new layer of powder is dispensed. This process
is repeated layer by layer until the final 3D object is built. Usually, the final 3D printed item requires post processing



to remove unfused powder excess. Physical characteristics such as the porosity and mechanical strength can be
controlled by fine-tuning the printing parameters such as the laser power, exposure time, and printing temperature.
The most significant advantage of PBF when compared to ME is the ability to add charges (active material and
conductive additives) into the printed object by simply mixing it with the polymer powder prior to selectively
melting (no filament required). Typical printing polymer materials include polyamides (PA), PP, polystyrene (PS)
and polyurethane (PU). Consequently, many studies have reported the introduction of fillers within the polymer
matrix to print objects with improved properties for particular applications. PA-based composite powder
(PA11/carbon-nanofibers, PA12/multi-walled-carbon-nanotubes, PA11/carbon-nanotubes, PA11/nanographene
platelets, PA11/Si0,, PA11/A1,03, PA12/carbon-black and PA11/montmorillonite) with enhanced flame retardancy,
electrical conductivity, thermal, and mechanical properties for PBF have been developed [31-36]. By sintering the
polymer particles in such a way that only their surfaces are partially melted, highly porous objects can be obtained,
thus the modified process is well suited for printing LIB electrodes. Indeed, when the polymer particles are only
partially sintered, the charges are thus distributed on the surface of these particles and are therefore accessible by
liquids such as the electrolyte flowing through the printed electrode [37, 38]. In our previous study [39], PBF was
employed to fabricate highly porous carbonaceous PA12/graphite, PS/graphite and PU/graphite electrodes that could
be used in LIB applications. A relatively low amount of charge (active material) was introduced with a view to
achieve highly porous electrodes with suitable mechanical strength. As one can expect, the 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 foam structure of electrochemically-active materials
by means of PBF, an additional post-process step was proposed by Sha et al. [40]. The authors proposed a template
method to print 3D graphene foams from of a homogeneous Ni/sucrose powder mixture, followed by Ni etching as
post-processing step. Sucrose was used as the carbon source after calcination during printing while Ni served as the
catalyst and template for graphene growth. Regarding the PBF technique, it is worth-mentioning that, up to our
knowledge, no paper on literature reported so far electrochemical performances of independently printed LIB
electrodes.

In the present study, the ability to 3D print LIB through two particularly different AM processes, ME and
PBF, is considered. The working process, requirements for printing materials in each case, resolution, advantages
and drawbacks of each technique to print electrodes are discussed. Perspectives towards their future optimization are
proposed on the basis of experimental results of a comparative study specifically focused on the formulation of a
positive electrode composed of PP acting as polymer matrix, LiFePO,4 (LFP) as active material, and carbon black
(C45) as conductive additives. As a preliminary study, the extrusion (ME) and printing parameters (ME and PBF)
were kept unchanged while for each printing techniques, the same electrochemically-active material loading was first
tested and then increased as high as possible. Finally, the electrochemical suitability of various three-dimensional
LIB architectures, in comparison with classical two-dimensional planar design, is thoroughly studied through an in-
depth modeling study, and the direct printing capability of the complete LIB by means of both processes is
examined. In this work, for the first time, electrochemical characterization of LIB electrodes printed via PBF is
reported.




Figure 1. 3D printed gaming die with embedded microcontroller and accelerometer [11]. A battery was inserted into
the structure after fabrication and curing, however the proposed effort could allow for more spatially-efficient and
seamless integration of energy storage.

2. [Experimental methodology

2.1. Materials

For both processes, the same materials were employed. Polypropylene powder AdSint® PP flex (particle
size: 70 um) was provided by Advanc3d Materials, Germany. Aleees (Taiwan) LiFePO, (LFP) (particle size: 1 um)
was used as active material for the positive electrode of the LIB. Carbon black Timcal Super (C45) (particle size: 20
nm, 45 m? g), carbon nanofibers (CNF), (D x L 100nm x 20-200 pm, 24 m? g') and paraffinic oil were all
purchased from Sigma-Aldrich, USA.

2.2. Filaments formulation

The PP powder was mixed thoroughly with the desired amount of LFP, C45, CNF and paraffinic oil in a
mortar. An extruder Filabot Original supplied by Filabot Triex LLC, USA was subsequently fed with the afore-
mentioned pre-mixed powder in order to obtain a standard 1.75 mm diameter 3D-printing filament. 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.

2.3. Thermoplastic ME printing

Electrodes 3D models were designed using Autodesk Fusion 360 software after which they were divided
into two-dimensional, 0.1 mm thick slices using PrusaSlicer software. 11 mm diameter positive electrode discs (200
pm and Imm thick) and specimens ISO527-2 were printed by using a Prusa MK3 3D-printer (Prusa Research, Czech
Republic) to perform further galvanostatic, electrochemical impedance spectroscopy (EIS) and mechanical tests.
Nozzle standard input and output diameters of respectively 1.75 mm and 0.4 mm were used. The highest resolution
in the Z direction is 0.20 mm for the first layer and 0.05mm for the following. The nozzle temperature was set at
250°C and the 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, the nozzle was cleaned thoroughly by printing a 2 cm? purge
cube with the corresponding filament.

2.4. Polymer PBF printing

The 3D models of the electrodes were designed with FreeCAD v.0.16 followed by slicing into 0.08 mm
thick slices with Slic3r v. 1.2.9. Subsequently, 11 mm diameter electrodes discs (about 3 mm thick) and specimens
ISO527-2 were printed with a Sharebot SnowWhite PBF 3D printer. The printing parameters were the following for
all produced PBF objects: laser power 100 % (of maximum of 14 W), laser scan rate 25 000 (1000 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. These low energy-demanding parameters
were chosen to produce 3D-printed electrodes with relatively significant porosity. The printed objects were carefully
cleaned of all non-sintered powder using pressurized air before proceeding with subsequent experiments.

2.5. Electron Microscopy



The general homogeneity and the inner material dispersion within the PP matrix of the produced electrodes
was examined by employing a FEI Quanta200F (Thermo Fisher Scientific, USA) scanning electron microscope
(SEM) in high vacuum mode. The secondary and backscattered images were recorded with a 5kV acceleration
voltage. Transmission electron microscopy (TEM) images and Selected Area Electron diffraction (SAED) patterns
were achieved with a FEI Tecnai F20 ST electron microscope operating at 200 kV. Beforehand, printed samples
were cut and inserted in a capsule in which an 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.

2.6. Mechanical characterization

Printed specimen samples in compliance with the ISO 527-2 standard were used for tensile mechanical
testing on a MTS Criterion Model 43 tensile machine set with a 1 KN load cell. Tests were controlled by
displacement with a speed of 2 mm min’'. Five samples of each composition were tested and the average values are
reported.

2.7. Electrical conductivity characterization

EIS tests were performed using a MTZ-35 frequency response analyzer and an intermediate temperature
system (ITS) supplied by BioLogic, France. It is worth noting that the exact same procedure than the one reported in
our anterior work was respected [7]. Inductive phenomenon from the cables were compensated by performing
calibration of the empty ITS with the same cables. ME and PBF printed electrodes discs were subsequently
introduced into a controlled environment sample holder to perform AC impedance measurement under air at
temperatures varying from 20 °C to 60 °C (upon heating in steps of 5 °C). An excitation voltage of 0.01 V, a
frequency range of 5000 Hz to 1 Hz (20 points per decade and 10 measurements per point) and a soak time of 15
minutes were applied here. Electronic conductivities and activation energy were deduced from the Nyquist and
Phase-Bode plots of the complex impedance. Conductivities were calculated from the Equation 1:

d
X7 )

where d is the pellet thickness, A is the pellet surface area, and R is the respective resistances determined from the
Nyquist and Bode plots.

2.9. Electrochemical characterization

Inside an argon filled glovebox (H,O < 0.1 ppm, O> < 0.1 ppm), Swagelok-type cells were assembled.
Metallic lithium was used as counter/reference electrode for half-cells while samples as working electrode. The fiber
glass separator was provided by Whatman, GE Healthcare, USA. 150 uL of 1M LiPFs in ethylene carbonate and
diethyl carbonate (EC:DEC 1:1 weight ratio) was used as electrolyte and supplied by Merck KGaA, Germany. 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*) by means of a BCS-805 (BioLogic, France).
Electrochemical tests were performed at 20°C.

3. Results and discussions

3.1. Printing of positive electrodes of the same composition via PBF and ME



The preliminary stage of this study was dedicated to the preparation of positive electrodes of the same
composition through PBF and ME. From classical and widely commercially employed battery materials, positive
electrode samples containing 26wt% LFP as active material, 4wt% carbon black (C45) as conductive additives and
70wt% PP as polymer matrix were prepared via PBF and ME. This particular composition was chosen as it
corresponds to the highest loading of charges (active material + conductive additives) allowed by the PBF technique
considering the aforementioned low energy printing parameters. In this case, 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 larger amount of charges was found to immediately result in
major mechanical strength and printability issues using the predetermined printing parameters. The highest loading
for ME is driven by the rheology of the filled polymer, the strength and the softness of the filament while the
required mechanical strength allowing the handling of the final part is the main constraint limiting the loading for
PBF technique. The desired amount of each material was weighed and pre-mixed in a mortar in order to guarantee
precise mixing. The resulting homogeneous powder mixture was directly inserted to feed the PBF bed during
printing. While applying the defined settings, only thick electrode (3mm) discs were possible to achieve with
mechanically durable electrodes.

For the alternative AM process of ME, a composite thermoplastic filament was prepared to feed the 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 second filament with a much more reliable diameter (1.75 mm) as confirmed through SEM before printing. Via
ME 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 PP 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/LFP/C45 composite, a heated bed set at 100°C and covered with adhesive tape was employed.

3.2. Characterization of electrodes of same composition obtained via PBF and ME

3.2.1. Electrical conductivity characterization

For samples obtained from both PBF and ME with the same targeted composition (26wt% LFP, 4wt% C45
and 70wt% PP), the influence of the AM process on the electrode conductivity was investigated by EIS. 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 2, and the homogeneous activation energy values equal to 0.101 eV (PBF) and 0.099 eV (ME)
were calculated. 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 PBF, display
electronic conductivity values about 30 times higher than the electrodes printed via ME, on the whole recorded
temperature range. Indeed, respectively at 20°C and 60°C, the PBF sample reveals a conductivity of 2.12 x 10 and
3.39 x 10* S.cm™ while the ME sample exhibits a much lower conductivity equals to 7.16 x 10 and 1.12 x 103
S.cm™. Due to 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 our previous study involving a much higher loading of
carbon black (up to 9 wt.% of the total composite) dispersed in a LFP/PLA positive electrode and exhibiting
electronic conductivity up to 0.16 S.cm™ at 20°C [8]. The incorporation of carbon additives such as C45 is crucial to
confer suitable electronical conductivity.
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Figure 2. Arrhenius plots of the electronic conductivity for electrode of the same composition (70wt%PP +
26Wt%LFP + 4wt%C45) printed via PBF and ME respectively.

3.2.2. Electron microscopy

The conductivity difference observed between both processes can be easily explained with the images
revealed by SEM and TEM depicting two completely different microstructures (Figure 3). The PBF sample is
composed of spherical PP polymer particles (70 um) that were incompletely fused together on the surface during the
sintering process (Figure 3a). 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 (LFP) and conductive additives particles (C45) are
deposited on the surface of the aforementioned 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 led to the higher electronic 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 a TEM experiment as depicted in Figure 3b. Indeed, C45 spherical
particles (Figure 4a) appear to be well dispersed between the various LFP particles. The latter are clearly identified
due to their bigger size (1 pm) and crystalline olivine structure allowing the observation of the atomic arrangement
(Figure 4b).

On the other hand, as expected, the ME sample microstructure does not show any apparent micro-porosity
(Figure 3c). This can be explained by the relatively high extrusion and printing operating temperature (250 °C).
Backscattered image (Figure 3c) confirms that LFP 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 performance
represents an important challenge. 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 3d), 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 electronic conductivity observed previously
by EIS.

Same electrode composition
70wt% PP + 26wi% LFP + 4wt% (45

SEM images TEM images

PBF
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Figure 3. Cross-sectional images of the electrodes with the same composition (70wt%PP + 26wt%LFP + 4wt%C45)
obtained via PBF or ME: (a) Secondary electron SEM image of the PBF electrode in which spherical PP particles
surfaces are covered with smaller charges particles consisting of LFP and C45; (b) TEM image of the PBF 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 ME electrode in
which LFP particles (white color) are isolated within the polymer matrix; (d) TEM image of the ME electrode where
carbon black C45 (smaller grey particles) and LFP (bigger black particles) are completely isolated within the nano-
porous polymer matrix.



LiFePO,

Figure 4. Cross-sectional TEM images of the PBF electrode: (a) carbon black C45 spherical particles are well
dispersed between the LFP particles; (b) olivine LFP atomic arrangement. a* zone axis SAED pattern is displayed in
inset (LFP: Pmnb space group; a=6.018A, b=10.34 A, ¢=4.703 A).

3.2.3. Electrochemical characterization

The electrochemical performances of the electrodes obtained by PBF and ME were investigated. The
potential profiles versus the 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. Due to the important micro-porosity and higher
electronic conductivity, the PBF sample exhibits, logically, higher electrochemical performances. The latter depicts
an important irreversible capacity during the first cycle of 74 mAh g of LFP 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 LFP during five
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 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 ME sample, due to the lack of 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 to the lithium ions.
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Figure 5. (a) Capacity retention plots at various current density for printed electrodes via PBF and ME for
composition containing 70wt%PP + 26wt%LFP + 4wt%C45; (b) Charge/discharge capacity profiles for the electrode
printed via PBF (70wt%PP + 26wt%LFP + 4wt%C45).

3.2.4. Mechanical characterization

Tensile strength experiments were performed on both the ME and PBF printed specimens based on
composition (70%PP + 26%LFP + 4%C45). As depicted in Table 1, classical mechanical properties such as the
Young’s modulus, tensile strength and elongation at break were calculated from the stress-strain curves (Figure 6a).
Obtained values logically corroborate the previous observations completed by microscopy. Samples printed with
both AM technologies exhibited brittle behavior. Compared with pure PP, a drastic decrease of the elongation at
break is observed of respectively 97% for the PBF sample and 94% for ME. 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 PBF sample are lower than the
ones obtained with ME for the same composition. While the tendency observed for the ME sample is classical
(increase of the Young’s modulus and decrease of the tensile strength in comparison with pure PP reference), the
PBF sample with the exact same composition shows degraded properties due to the significant micro-porosity.



Sample name (composition in wt %) Young’s modulus Tensile strength Elongation at break
(MPa) (MPa) (%)
Pure PP 1400 + 100 25+1 50+10
PBF — 70%PP + 26%LFP + 4%C45 284 + 38 2.55+041 1.39+0.13
ME - 70%PP + 26%LFP + 4%C45 1468 + 124 20.78 £1.28 2.87+0.07
ME - 45%PP + 45%LFP + 10%C45 1435+ 113 17.55+2.50 2.88 +0.63
* ME - 33%PP + 49%LFP + 485 +48 8.17 £0.55 4.73 £0.66
13%Parrafinic oil + 5%C45

* 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.

Table 1. Mechanical properties for printed electrodes of different composition.
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Figure 6. (a) Strain-stress curves and (b) Arrhenius plots of the different composition electrodes printed by PBF and
ME.

3.3. Towards higher charge loading via ME

3.3.1. Formulation

The summary of the electrode compositions produced via ME and PBF are reported in Table 2. Distinct
from what was observed previously using the PBF process (maximum of 15 vol.% of charges allowed among the
total composite with the aforementioned low energy printing parameters), it was possible via ME (extrusion and
printing parameters unchanged) to increase further the amount of charges without affecting the filament printability.



Indeed, from our past experiences with ME [7, 8], in order to obtain sufficient 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 due to the introduction of an appropriate plasticizer, thus
resulting in a final total amount of charges increasing to 50 vol.% [7]. Paraffinic oil, being traditionally used as
plasticizer for PP [41], was employed in order to enhance the charge loading within the total composite electrode
filament and facilitate printability. During both extrusion and printing processes, paraffinic oil is partially
evaporated. Hence, this phenomenon leads to a higher percentage of charges when the final printed electrode
composition is considered.

Printed via Wt.% total composite Vol.% total composite Volumetric mass loading (mg
PBF and/or PP/LFP/Plasticizer/Conductive | PP/LFP/Plasticizer/Conductive | of active material per cm® of
ME additive additive the total composite)
PBF and ME 70/26/0/4 85/13/0/2 PBF: 151 mg/cm?

ME: 202 mg/cm®
ME 45/45/0/10 66/27/0/7 343 mg/cm®
ME *33/49/13/5 *48/29/13/3 *668 mg/cm?

* 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.

Table 2. Summary of the printed electrodes composition.

3.3.2. Mechanical characterization

From the mechanical perspective, as expected, the addition of charges has an unfavorable outcome on the
resulting mechanical strength of the printed electrodes (Table 1). 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 SEM analysis)
draw the same conclusions 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 [41]. Although the resulting
Young’s modulus is relatively small, the subsequent filament is stiff enough to be printed. The minimum Young
modulus of the filament leading to the buckling can be evaluated from the Euler’s formula [28]:

64.F. 12

> m3d4

Where F is the force applied to the filament (50 N), d the diameter of the filament (1.75 mm) and L the distance
between the driven gears and the top of the print head (3 mm). From these characteristics, the Young modulus to
avoid buckling here must be higher than 100 MPa.

3.3.3. Electrical conductivity characterization

As revealed in Figure 6b depicting the Arrhenius plots of the electrical conductivity for each sample, C45
particles tend to be less isolated within the polymer matrix for ME 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 “ME — 45%PP + 45%LFP + 10%C45” in comparison with 7.16 x 10 S cm! for the sample



“ME — 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 103 S em! at 20°C for sample “33%PP + 49%LFP + 13%
Parrafinic oil + 5%C45). Values obtained are still much lower than depicted for the “PBF — 70%PP + 26%LFP +
49%C45” sample (2.12 x 10* S cm™! at 20°C). Consequently, while C45 additives are effectively used to improve the
electronic conductivity, their final contribution within the ME electrodes is not optimal. This difficulty in obtaining
an efficient percolating network within the ME sample can be explained by the size of the C45 particles which is
only about 20 nm as measured in the TEM images (Figure 4a). These particles 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 additive is
apparently not appropriate for the non-porous ME samples and a decision was made to incorporate larger CNF
(about 20-200 pm long with a diameter of 100 nm). The exact same compositions were thus tested via ME 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”. In addition to the
enhanced percolating network, the use of CNF was usually reported to decrease the viscosity of the filled polymers
thus facilitating the printing by ME [42]. Besides, the incorporation of a small fraction of CNF within a polymer
matrix is generally expected to enhance the mechanical performances [43]. Nonetheless, here, mechanical
performances are strongly driven by the high loading of charges (up to 49%wt of LFP). Introduction of a such a
small fraction of CNF, is thus not expected to improve considerably the mechanical strength. In a future work,
investigations must be performed to determine if the introduction of CNF enhances the adhesion between printed
layer.

3.3.4. Electrochemical characterization

Finally, investigations were focused on galvanostatic cycling to improve the understanding of the charge
loading on the electrochemical performance. While samples comprising of a higher loading of active material and
conductive additives (“ME — 45%PP + 45%LFP + 10%C45” and “ME — 33%PP + 49%LFP + 13%Parrafinic oil +
5%CNF”) were expected to display highly increased performance, instead, insignificantly higher specific capacity
values were barely attained in comparison with what was observed beforehand (Figure 5) for reference sample “ME
— 70%PP + 26%LFP + 4%C45”. These poor performances can be justified by the lack of micro-porosity, caused in
part by non-adequate printing parameters and minimal 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 [44]. 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. In our previous studies [7, 8], a polar polymer matrix (PLA)
was employed, containing an electron withdrawing group C=0 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.

3.4. Towards the future PBF and ME independent electrode optimization

3.4.1. PBF electrodes

In this work, the preparation of the PP-based positive electrodes through PBF was performed while setting
printing parameters in a “low energy configuration” in order to maximize the micro-porosity and favor the
electrochemical performance (Figure 7). 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 accessible 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, PBF seems to be a
promising technique to print highly micro-porous electrodes. Higher charge 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.
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Figure 7. Summary of the advantages/drawbacks of PBF (in a low energy printing parameters configuration) and
ME (in a high energy extrusion and printing parameters configuration) for the LIB printability.

3.4.2. ME electrodes

The preparation of the positive electrodes through ME 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 7). Unfortunately, even if the introduction of a high number of charges were possible via ME, the electronic
conductivity and electrochemical performances under cycling would be drastically limited due to the LFP and
conductive particles isolation within the PP polymer matrix. While we demonstrated in our previous studies [7, 8]
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 sufficiently effective. This behavior is different than what was observed in our previous
works [7, 8], in which the addition of poly(ethylene glycol) dimethyl ether average Mn~500 (PEGDMES00) 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 continues over time, thus creating a
micro-porosity leading to an enhanced ionic conductivity and better electrochemical performance under
galvanostatic cycling. Hence, future research will be dedicated to identifying the appropriate plasticizer for PP to
create a significant micro-porosity capable to be filled with electrolyte or to find a plasticizer capable of absorbing
electrolyte. The introduction of a polar matrix coupled with the addition of ceramic nanoparticles such as SiO, or
AlO3 within the electrodes could also enhance the electrolyte impregnation. In parallel, an in-depth optimization of



the extrusion and printing temperatures must be achieved in a future work in order to achieve the best compromise
between mechanical and electrochemical performances. Finally, while ME is currently widely used in many fields,
various technical issues such as the thermoplastic filament-shape requirement and low resolution (200 pm for the
first layer) remain challenges to overcome in order to facilitate its use in the battery manufacturing. The in-plane
resolution is mainly controlled by the diameter of the nozzle while the out-of-plane resolution (according to z symbol
for the thickness of the layers) is conditioned by the resolution of the printer and the viscosity of the fused material.
In our previous articles [7, 8], it has indeed been demonstrated that with the exception of the first layer, the above
layers can be printed with a thickness down to 50 pm. In contrast, in the plane, a nozzle with a diameter of 0.4 mm
was used, allowing improved resolution. In practice, it can be envisaged to use nozzles with smaller diameters (down
to 0.1 mm). However, the high viscosity of the filled polymers but also a large diameter of the fillers (greater than
0.1 times the diameter of the nozzle) can lead to clogging of the nozzle [45]. 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 [27]. Hence, it would be possible to print thinner (down to 50 um)
and balanced electrodes on top of it and thus further improve the electrochemical performances.

3.5. Considering the future printability of the complete LIB

3.5.1. Electrochemical simulation of LIB electrodes architectures

Battery performances can be evaluated based on 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 that varying the
shapes and the sizes of the electrodes and the volume fraction between the electrodes and electrolyte. Long et al. [20]
have given a classification of the different potential designs based on the diffusion path (1D, 2D and 3D). To show
the advantages of a 3D architectures, several Periodic Unit Cells (PUC) are studied (Figure 8). Four types of PUC are
considered:

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

b) Interdigitated: Arrays of alternating cylindrical cathodes and anodes are classified as 2D diffusion.

¢) Cube: Two interlaced arrays of electrodes [23]. In this case, ion diffusion is homogeneous and occurs in the
three directions.

d) Gyroid: A double-gyroid cubic unit cell which is triply periodic [46]. The interfaces are defined by the
following double surface:

_<2n) (211 )+.<2n) (211 )+_<2n) <2ﬂ)—+t
sin ch cos Lcy sin Lcy cos ch sin ch cos ch =+

With Lc the cubic unit cell length and 0 < t < 1.413



For each considered PUC, the type of diffusion path, the surface area (S,), the volume (V,) and the volume
fraction (V) of the electrode but also the S./V, are given (Table 3).

Planar Interdigitated Cube Gyroid

Positive
electrode

Negative
electrode

Diffusion 1] /)]

Figure 8. Summary of the investigated periodic unit cells and their respective Li* diffusion path. While commercial
LIB consist in parallel plates (planar design), complex LIB architectures (interdigitated, cube, gyroid) could be
obtained through AM processes.

Type Planar Interdigitated Cube Gyroid
Surface Area Sa Sq=2L% Sq = 2mal, Se =12a(Le — a) Depends on t
Electrode Volume V. V, = al? V, = ma’L¢ V, = 3a%L; — 2a® Depends on t
. 2 2 12(L¢ —a)
Sa/Varatio Sa/Va =a Sa/Vaza Sa/Vazm Dependsont
Electrode Volume v = a/L v = n.aZ/ , - 3a2Lc —2a3 Depends on t
fraction Vs ¢ Le 4 L3 (t=0.64 for Vi=0.325)

Table 3. Characteristics of the unit cells.

To respect balancing between the anode and cathode, the volume of the electrodes is assumed to be equal
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 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 um).

To evaluate the electrochemical performances (capacity, energy and power) of the different configurations,
the governing equations defined in Table 4 must be solved. In this article, a homogenized approach is used for




describing porous electrodes [47], which solves simultaneously for the electrode phase and electrolyte phase
potentials in the same domain, defining the electrode reactions by the use of source terms. The lithium diffusion into
the solid electrode particles is modeled by the use of an extra dimension, representing an average particle for a
certain position in the electrode [48]. 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 [24, 49]. In
this paper, Comsol Multiphysics 5.5 finite element software was used to solve the equations. To study the unit cell
discharge behavior, a generalized o-integrator in conjunction with PARDISO solver was used 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.



Governing Equations

Hypotheses

Conservation of Li* species for a binary salt concentrated electrolyte

dag .
gmﬁ = Deff,mvzcl + (1=t )jm

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

Solvent velocity equals to zero
Constant transport properties
Constant porosity

Structural properties-porosity integrated in Dos s, = D, ek5

Charge conservation in solution (electrolyte phase)
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Structural properties-porosity integrated in ke fm = Keks

No reaction in the separator

Potential distribution in solid phase
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Structural properties-porosity integrated in 0, rf m = 05€qm

Conservation of Li* species in solid phase
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Spherical particles with a radius of 1 um

Uniform size and distribution of particles

Reaction rate at the surface of particles (Butler-Volmer equation)
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. . F a,F
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Table 4. Electrochemical model Equations.



In this paper, the LFP-graphite system is studied. Literature and adjusted data were reported in Table 5. The
porosities and the active material volume fractions were collected from our research works on 3D printing of
electrodes by ME [7, 8]. The initial SOCs were defined considering a charge balance between the cathode and the
anode leading to a nominal capacity of 1.9 pAh.

Positive Negative
Parameter Symbol Unit Separator
electrode electrode
Electrode feature a pm 97.5/96/114" 97.5/96/114"
Electrolyte feature e pum 52.5/54/36"
Design specifications Porosity €m 0.2 0.3 0.2
Active material volume
€am 0.4 0.4
fraction
Maximum solid phase
Comax mol/m? 22806 31450
concentration
Solid and electrolyte phase Li*
. Initial SOC SOCn 0.012 0.477
concentration
Average electrolyte
) o mol/m? 1000
concentration
Exchange current density Jom Alm? 5e? 0.5
Charge transfer coefficient a 0.5 0.5
Li transport number ty 0.363
Solid phase Li diffusion D, m?/s 3.2e13 1.6e'*
Kinetic and transport properties Electrolyte phase Li*
D. m?/s 5¢’10
diffusion
Ionic conductivity of
K S/m 13

electrolyte

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

Table 5. Design parameters (for Vi=0.325) and materials properties.

To compare the performances of the different geometries, a Ragone plot, exhibiting the energy versus the
power, was generated (Figure 9a). With increased energy output, less power is obtained and vice versa. Clearly, it
appears that the shape of the Ragone plot is affected by the battery design. Simulations were performed at different
applied discharge currents corresponding to C-rates from 0.05C to 20C. The power was evaluated from the discharge
time when the cut-off voltage of 2.6 V is reached. For low C-rate current loads (< 4C), all the geometries display
very similar behavior. At higher C-rates, best performances are achieved with the 3D gyroid geometry while the 1D
planar provides the worst. The effect on a multiaxial diffusion path can be underlined by comparing energy density
for planar and interdigitated geometries for which the electrode volume and area are equal (Table 3). It can be
observed that the performances between the geometries are not proportional to the applied C-rates. Compared to
planar geometry, gyroid and cube respectively exhibit significantly improved energies of +158% and +115% at a rate
of 6C, and +134% and +86% at 20C (Table 6). The drop in energy for a C-rate of 6C can be explained by the shape
of the discharge profiles (Figure 9b). At this particular current density, the shapes of the curves for the considered
geometries are different (this is due a higher gradient of concentration for planar geometry than for the other ones)
although that for a 10C C-rate, the shapes of the curves are identical. Despite better performance, gyroid geometry is
more complex to print for small unit cell sizes. Interlaced cube geometry seems to be a good compromise between
both electrochemical performances and printability parameters. The ultimate goal of this project being to
demonstrate the printability of complete LIB architectures (Figure 8) in one single, non-assembly step, the multi-
material printing abilities for both AM techniques must be examined.



0.05 (A} 0.2 0.5 1 2 4 6 B10121520
T T T T T T — Tt ] 290
= A 2.85- Gyroid
g 107 & Cube
= . = 280 Interdigitated
2 . =k
'i:_ 10¢ 4 « Planar :5 4 .‘E 2'75_l\ Pl
g - Interdigitated '!’ £ and
= « Gyroid -
wd LU Cube ¢ 2651
' ) : 2;60 - l\ T T T T -
104 10° 106 107 0.0 0.1 02 03 04 05 0.6
Power density (W.m?) Capacity (pA.h)

Figure 9. (a) Ragone plot for all the geometries for different C-rate; (b) Discharge profiles, potential as a function of
the capacity for 6C and 10C current densities.

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%
C2 -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%

Table 6. Energy density improvement (%) for the different geometries compared to the planar geometry.



3.5.2. Multi-material PBF

Few studies have been reported in literature on LIB PBF 3D-printing precisely as this PBF printing
technique does not allow printing the full battery in one single print (“one shot”). Indeed, printability of multi-
material objects via polymer, ceramic or metal PBF is not widely established currently [50]. During PBF printing,
the object is completely immersed within the material powder bed, and consequently, is technically not possible for
now to print an object with six different powders 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. One
alternative for now is to print each part separately and to assemble it afterwards, or to use different manufacturing
techniques for producing the parts of the LIB that are not feasible to produce via PBF (e.g. packaging). Hence, only
planar or perfectly fitting printed parts can be considered. 3D complex interpenetrated architectures such as the one
described in Figure 8 (interdigitated, cube or gyroid) are not achievable via PBF. Unfortunately, this kind of
architecture could result in enhanced performances in terms of specific capacity and power as demonstrated in this
study.

3.5.3. Multi-material ME

Relative to PBF printing, thermoplastic ME printing offers many different multi-material commercial
options (Table 7) with a view to print these complete LIB complex architectures in one single step. The Canadian
company Mosaic Manufacturing, founded in 2014, created Palette2S, additional box, in which up to four filaments
can be combined together with a view to create a single monofilament that will be used to feed the printer (Figure
10a). While this process works well to even combine different types of materials together, such as PLA or PETG, the
combination of brittle composite filaments such as the one developed to print the Li-ion battery electrodes is
challenging.

Another option (Figure 10b) includes integrating several extruder-heads on the same X-axis carriage,
however, nozzles are not free to move independently. The first challenge is regarding nozzle 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 issue could be easily resolved by tuning the printer firmware, another issue appears: the retraction
parameters. Indeed, filament residuals generally continue extruding from the nozzle when not printing. This issue is
really problematic when the LIB printing is considered as it may result immediately in short-circuits if residue from
the negative electrode filament are in contact with the positive electrode.

Third option involves the use of independent nozzles (Figure 10c). 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
due to the complexity to control movement and nozzles 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 consist to have all-axis-independent extruders that could be placed in mechanically controlled arms;
unfortunately, this option still remains too expensive.

Finally, the last option to print a complete LIB via ME was developed by the Czech company Prusa
Research. Their option called MMU2S is based on an additional device (Figure 10d), placed on the top of the printer,
that will act as filament selector. A motor operates an idler and selects which bearing will engage the drive gear to
push the filament. A second motor rotates all of the drive gears. At any given time, only one motor pushes the
filament farther, depending on the idler rotation. A third motor moves the selector. The latter aligns with the path of
one of the five filaments so that it can be sent to the extruder. A mechanical P.ILN.D.A probe is used as a filament
sensor during each filament change to detect proper filament load and unload. The filament is advanced by the
Bondtech gears and reaches the nozzle. This option seems to be the most promising to entirely print the future all
solid-state LIB in one single step as the main advantage is that only one nozzle is used. Moreover, unlike the others
options involving many nozzles, the calibration on the Z axis is relatively uncomplicated 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
sacrificial build unfortunately leads to material waste. Finally, this option remains relatively cheap as the printer
equipped with the MMU2S option costs about $1,000 USD.



Figure 10. Summary of the ME multi-materials options available.

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 27000
S 600D Lynxter 36 000
Multi independent extruder-heads Multirap M500 Multec 46 000
3Dn-Quad-Head Nscrypt 280 000
MMU2S Prusa <1000

Mono extruder multifilament




Table 7. Summary of the commercially available ME multi-materials options.

4. Conclusion

For the first time, the ability to 3D print PP-based LIB components through two particularly different AM
processes, ME and PBF, was considered. The extrusion and printing parameters were kept unchanged from the
outset: high energy extrusion and printing parameters (e.g. temperature) were set for the ME technique while low
energy printing parameters were fixed for PBF. Considering these settings, it was demonstrated that resulting
electrical, morphological, mechanical and electrochemical performances are significantly different for a similar
electrode composition, printed via PBF or ME.

A porous 3D polymer network was created with PBF, favoring the liquid electrolyte impregnation, active
material particles accessibility, and thus resulting in encouraging electrochemical performances under cycling.
Charges being evenly distributed on the PP particles surface, an efficient percolating network leading to promising
electronic conductivity of the electrode was also observed. On the other hand, higher loading of charges was made
possible with the ME process thanks to the introduction of paraffinic oil used as plasticizer for PP. Unfortunately, the
electronic conductivity and electrochemical performances under cycling appear to be significantly limited due to the
LFP and conductive particles isolation within the PP polymer matrix. Future research should be devoted to finding
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 AlO3
within the electrodes must also be investigated to improve the electrolyte impregnation. In parallel, for both AM
techniques, search for suitable conductive polymer matrix as well as 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. While this study was based on classical LIB materials, future studies could be
extended to any materials (active material/conductive additive/thermoplastic polymer matrix).

Furthermore, through an in-depth modeling study, it was demonstrated that innovative three-dimensional
LIB architectures (gyroid, cube, interdigitated), in comparison with classical two-dimensional planar design, are
particularly promising from the electrochemical point of view, at high current densities (power applications).
Interlaced cube geometry seems to be a good compromise between both electrochemical performances and
printability parameters. The ultimate goal of such a project being to demonstrate the printability of the complete LIB
in one single, non-assembly step, the multi-material printing abilities for both AM techniques were examined. From
this comparative study, it is clear that neither ME nor PBF 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 liquid-based but also all-solid-state LIB 3D-printing in one-single step.
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