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ARTICLE INFO ABSTRACT
Keywords: To meet the final objective of 3D printing a high-performance liquid-electrolyte lithium-ion battery using Fused
3D printing Filament Fabrication (FFF), a positive electrode filament formulation based on LiFePO4 and carbon nanofibers

Lithium ion battery

(CNF) is, herein, in-depth investigated. A highly-loaded composite monofilament containing a co-continuous
Polymer blend

) structure of an immiscible non-polar (polypropylene-PP) and polar (polycaprolactone-PCL) thermoplastic
Filled polymer . . . e . .
LiFePO, polymers blend is successfully produced by hot-melt extrusion. This specific formulation confers desirable
Solvent-free method properties to the 3D printed electrode such as a mechanical integrity during cycling and good affinity with the

electrolyte. Furthermore, for up-scale purpose, the incorporation of an optimal amount of thermoplastic
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elastomers (TPE) into the filament composite to gain in flexibility is examined and its ability to be rolled around a
spool at the extruder exit is modelled on the basis of experimental values of mechanical properties. In addition, it
is shown that the larger-scale extruded filament has better electronic properties and the corresponding 3D-
printed electrode exhibits excellent electrochemical behavior, making it possible to envisage an industrial

scale-up production.

1. Introduction

Ever more innovative wearable technologies make our modern daily
life simpler and enjoyable but in return requires more and more efficient
energy storage devices, which pushes breakthrough developments. In
1991, an important turning point had been reached with the commer-
cialization of the first Li-ion battery (LIB) by Sony Corporation [1,2]. LIB
responded to all limitations of the older technologies, Ni/Cd and Ni-MH,
i.e. higher energy storage, low self-discharge, fast charging, light weight
and long cycle life [3]. Since then, the LIB storage capacity has
quadrupled owing to major developments in chemistry but also through
a better utilization of the battery components, reducing their inactive
fraction. However, a leap towards higher performances is still deemed
possible thanks to a cell re-design. Indeed, over the last decade, additive
manufacturing (AM), known as 3D printing has provided a new oppor-
tunity to develop Li-ion batteries with a geometrically intricate structure
[4] that could improve electrochemical performances. Indeed, a 3D ar-
chitecture would increase the electrochemical active surface area and
allow a two-dimensional or three-dimensional diffusion of the lithium
ions, leading to higher rate capability [5]. Furthermore, printed in a
single step and in any desirable geometry, these shape-conformable
batteries could fit the final object housing such as smart glasses, smart
watches, smart clothes, etc ... [6-10] hence maximizing energy storage
while reducing free volume.

Considerable effort has therefore been devoted to manufacturing Li-
ion battery electrodes using additive manufacturing. Several teams have
focused on the inkjet printing process most commonly named direct ink
writing (DIW), which enables highly-charged electrodes to be printed
with a high resolution of around 40-50 pm. Kohlmeyer et al. [11] printed
a positive electrode ink made of polyvinylidene fluoride (PVDF), lithium
iron phosphate (LiFePO4 -LFP-) and carbon nanofibers (CNFs)
(20/40/40 wt ratio) as dry materials and N-methyl-2-pyrrolidone (NMP)
as solvent. The electrochemical performances tested with a commercial
electrolyte composed of 1 M LiPFg in 1:1 ethylene carbonate:diethyl
carbonate (EC:DEC) display a proper functionality of the printed elec-
trodes; 156 mAh.g™! at C/5 and 106 mAh.g™! at 5C. Four years later,
with the aim to elaborate a flexible battery, Bao et al. [12] used the same
AM technique. The ink was also composed of the PVDF polymer and LFP
materials. The difference lay in replacing CNFs with multiwall carbon
nanotubes (MWCNTs), a more conductive carbon, and in using a
different ratio with higher content of PVDF and lower content of carbon,
PVDF/LFP/CNT (50/33/17 wt ratio). A similar discharge capacity of
154.5 mAh.g~! was reached at a slightly higher C-rate of C/3 with
similar electrolyte. Gu et al. [13] showcased the good cycling capability
(150 and 130 mAh.g ™! at G/10 and 1C, respectively) of a highly-loaded
LFP cathode (80 wt% of active material) prepared by inkjet printing of a
sodium carboxymethyl cellulose (CMC)-based aqueous ink on a CNT
paper collector. To go further, Khudiyev et al. [14] developed a Li-ion
fiber battery using a judicious thermal drawing method. Thanks to
very fine adjustment of viscosities and temperatures, three gels
composed of cyclic carbonate electrolyte and PVDF for the separator, to
which LFP or LTO and carbon black were added for the electrodes, were
printed together with the collectors and casing to build a functional fiber
battery in one-shot. Considering the above, DIW is considered a prom-
ising process for the manufacture of batteries, which however requires
in-depth studies devoted to determining the impact of the size distri-
bution of the particles and ink rheological properties on state of
dispersion. In addition, post-treatment is imperative to remove the

organic or aqueous solvent, thereby generating porosity and consoli-
dating the electrode [15].

Other researchers laid the emphasis on printing batteries via fused
filament fabrication (FFF). For instance, Ragones et al. [16] 3D printed
LFP-based cathode from a filament composed of polylactic acid (PLA),
LFP and conductive carbon in a 40/50/10 wt ratio. To ensure even
dispersion of the materials in the filament, all materials fed into the
extruder were pre-mixed using a solvent-based method. Despite this
step, the cathode electrochemical performances were approximately 60,
50 and 20 mAh.g ™}, at 9, 44 and 88 pA cm ™2 which represents less than
50 % of the theoretical capacity of the LFP. It was suggested that this
promising concept would require optimization of the composition and
morphology of electrodes, compatibility and miscibility of components,
and the parameters of the FFF printing technique to achieving full uti-
lization of the active material using solvent-free process.

Pursuing on this work and our initial objective of manufacturing LIB
cells by the use of FFF [17-19] 3D printing process, the present effort
aims at improving the electrochemical performances of the positive
electrode previously developed by Maurel et al. [20] for
proof-of-concept purpose. In their work, the solvent tape casting process
was also used to pre-mix all components, followed by the extrusion and
the printing processes. The main limitation of the printed electrode
composed of LFP and carbon black powders, PLA thermoplastic polymer
and the plasticizer, polyethylene glycol dimethyl ether (PEGDMES500) in
a 49/5/33/13 wt ratio, relied on the PLA’s affinity for carbonate-based
liquid electrolyte. This property positively ensures a proper Li' ion
conductivity within the electrode but also leads to a loss of its structural
integrity upon cycling. In order to successfully reconcile the mechanical
properties of the electrode with the expected long-term electrochemical
performance, the envisioned strategy was to replace the single polymer
PLA by a blend of two immiscible thermoplastic polymers with a
co-continuous morphology [21-23], thus offering complementary
functions; a non-polar olefin-type polymer endows the electrode with
mechanical stability [25]. This polymer should contain the fillers (active
material and carbon additives) to keep them well maintained and
electronically connected after electrolyte soaking. The second polar
polymer must have affinity for liquid electrolytes, hence promoting its
uptake capability.

Thus, this research focuses on the manufacture, through solvent-free
extrusion, of a highly loaded positive electrode filament composed of
LFP, carbon and the two non-polar and polar polymers, polypropylene
(PP) and polycaprolactone (PCL), with proper fillers localization and
mechanical properties adapted to FFF implementation. However, from a
mechanical point of view, as incorporating a large quantity of fillers
leads to the brittleness of the polymer blend, the addition of a third
thermoplastic elastomer-type polymer is in-depth investigated in order
to give the filament enough flexibility to be rolled around a spool when
processed at industrial scale. After predicting the fillers localization
through wettability coefficient determination and viscosity measure-
ments [26], spoolability of filaments as function of elastomer content is
modelled from tensile test data and verified experimentally. Afterwards,
the impact of the elastomer on 3D printed discs electrochemical per-
formances is discussed based on filaments electronic conductivity
measurement and microscopy, porosity and accessibility analysis.
Finally, the electrochemical properties of electrodes 3D printed from the
best-performing monofilament obtained by larger-scale extrusion are
compared.
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2. Experimental/methods

Materials for extrusion: The polypropylene (PP) pellets were kindly
provided by Nanovia company and polycaprolactone pellets (PCL, Capa
6400) were purchased from Perstorp Holding AB. The polypropylene
(85 wt%) — block - polyethylene (15 wt%)-based elastomer pellets (PBE,
38.7 kg/mol, Vistamaxx™ Performance Polymer 6202) were provided
by ExxonMobil. The positive active material LiFePO4 (LFP, pulverized
morphology type, particle size D50: 2-6 um, 11-15 m? g™, carbon
content: 1.3-1.6 %) was kindly provided by the company Aleees,
Taiwan. Carbon nanofibers (CNF, 24 m?> g’l, fibers (100 nm x 20-200
pm) and nodules (<1 pm) entangled in 50 pm diameter balls) were
purchased from Sigma-Aldrich.)

Laboratory-scale filament extrusion: The filaments were produced by
means of the micro compounder (total volume of 7 cm3), Haake Minilab
3, Thermofischer SCIENTIFIC equipped with conical co-rotative twin
screws, an integrated bypass valve enabling the recirculation of the melt
via a backflow channel for a better mixing of the polymer composite
materials, and a 2 mm diameter nozzle. The manual introduction of the
components into the extruder was carried out in two stages (Fig. 1).
Polymers were introduced first in recirculation mode, to ensure homo-
geneity of the melt mixture, and after 10 min, the intimate blend of the
fillers, LFP and CNF, was added. These two powders were previously
mixed for 10 h in a container containing zircon beads, by using a
Turbula® shaker mixer. The extrusions were all performed at a tem-
perature of 215 °C. The screw speed was maintained at 50 rpm
throughout the extrusion process. This rotation speed was estimated to
correspond to a shear strain rate of 4 s™! according to some rheological
experiments carried out thanks to the two pressure sensors placed in the
recirculation channel. The residence time after all loads have been
introduced in the micro compounder was set at 10 min. At the exit of the
extruder, the filament was cooled during its stay on the conveyor belt
under atmospheric conditions, then, was stored at 45 °C to avoid
moisture absorption.

Large-scale filament extrusion: Filaments were produced using the
Process 11 twin-screw parallel extruder, Thermofischer SCIENTIFIC.
The screw ratio, length (44 cm)/diameter (11 mm), was 40. The screws
consisted of a sequence of different elements: feeding then alternately,
mixing and discharge elements. The materials were introduced into the
extruder at a temperature of 215 °C and a screw rotation speed of 100
rpm, following the sequence: All polymers are extruded together. The
resulting filament is then pelletized. Afterwards, the pellets are mixed
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with the LFP and CNF powders previously mixed in the same way as for
the laboratory-scale extrusion. The blend of polymers, LFP and CNF is
introduced (around 50 g) in the extruder and the 1.75 mm diameter
filament is collected around a spool.

Mechanical characterization of filaments: Tensile tests on filaments
obtained from extrusion were carried out with a Criterion 10 kN testing
machine from MTS. Filaments diameter has been measured before every
tensile test. The filament was fixed between two clamps separated by a
distance of 100 mm. Tests were controlled by displacement with a speed
of 100 mm min~!. For each filament composition, five specimens have
been tested.

Printing: 3D printing of the filaments in the form of 10 mm diameter
and 0.2 mm thick discs was carried out using the Original Prusa i3 MK3
3D printer. The disc was designed using Autodesk® Fusion 360 software
and sliced to print specifications using PrusaSlicer 2.5.0 software. The
outlet nozzle diameter was 0.6 mm, to allow printing of highly-loaded
filament. Printing parameters such as print speed and nozzle and bed
temperatures were tuned to 20 mm s}, 220 °C and 50 °C, respectively.

Wettability coefficient. The wettability coefficient of LFP in the blend
of immiscible polymers was calculated according to the equations of
Fowkes et al. [25] and Caridnaud et al. [2] This calculation requires the
experimental determination of the surface energy values through con-
tact angle measurements, this value being equal to the sum of its polar
and dispersive components. The latter were obtained from the GBX
MCAT V6 Digidrop machine using the Sessile method [26]. 20 mea-
surements of contact angles were performed with polar (distilled water)
and non-polar (diiodomethane or a-bromonaphtalene) liquids. The neat
polymer pellets (PP, PBE and PCL) were previously thermocompressed
as follows: the pellets were placed between heated PTFE plates for 5 min
without pressure, then a pressure of 70 bar was applied at 10 °C above
the melting temperature (thus corresponding to 180 °C, 110 °C [27] and
70 °C, respectively). The plates, still under pressure, were then cooled to
room temperature to form an approximately 1 mm thick moulded plate
on the surface of which the drop of liquid was deposited. As for charges,
an LFP pellet was made by a flash sintering process. Unfortunately, it
was not possible to make a CNF pellet.

Viscosity analysis: The viscosity of the polymers was measured using a
Malvern KINEXUS plane/plane rheometer. The gap between planes was
1 mm and the shear strains were recorded in the range of 1-60 s . The
temperature was set at the maximum temperature of 200 °C to ensure
complete melting of the polymer.

Electronic conductivity of filaments: The procedure was inspired by the

- Spooled filament

Fig. 1. Extruder feeding steps. Note that the PBE is introduced at the same time as PP and PCL. SEM image of the filament and image of the spooled filament are

added in insets.
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one described by Multi3D LLC. The resistance measurements on fila-
ments were carried out using a multimeter (RS PRO HS-608) by placing
2 clamps at different lengths, 2.5, 5 and 10 cm. The following equation
was used to calculate the conductivity (6) ¢ = % x/% where R is the
measured resistance of the filament (Q), L is the length of the filament,
and A is the cross-sectional area (cm?). A caliper was used to measure
the diameter of the filament. Three measurements were made for the 3
different lengths to check repeatability.

Scanning and transmission electron microscopy: The 3D printed disks
cross-section, top and bottom were studied by scanning electron mi-
croscopy (SEM) to verify the polymers structural morphology and
charges localization. To gain access to the cross-section of the printed
disks, the samples were frozen in liquid nitrogen and broken in half with
the assistance of tweezers. The instrument used was the FEI Quanta 200F
(Thermo Fisher Scientific) and the images were acquired in high-
vacuum mode with an acceleration voltage of 5 kV for both secondary
and backscattered electrons modes. The charges dispersion within the
polymers matrix 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
capsule was 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 s L
Slices were finally deposited onto a holey carbon copper grid for the
PLA-based sample and on a nickel grid for the PP/PCL sample.

Polymer selective extraction: As PCL is intended to promote electrolyte
uptake throughout the 3D printed disc, its selective dissolution was
undertaken to measure its accessibility. The electrode discs were soaked
in dichloromethane for 24 h at room temperature. The percentage
accessibility was calculated after measuring the mass loss of the discs
after the PCL dissolution and drying, following equation (1) [22].

Accessibility (%) =

(m (3D printed disc before soaking) — m (3D printed disc after soaking) .
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order to have good electrochemical performances. To this end, a com-
posite with a co-continuous morphology of the two immiscible polymers
previously studied by our team [24], PP and PCL, was considered, as
well as a selective placement of fillers (active material and conductive
carbon) in the non-polar PP polymer matrix. PP is a semi-rigid polymer
used in the composition of the classic separators of today’s lithium-ion
batteries. It has high mechanical stability even when in contact with
electrolyte solutions. On the contrary, PCL is a polar polymer featuring a
high affinity with electrolytes, thus facilitating the transport of ions into
the electrode. Thus, if well-held in the PP matrix, fillers should form a
sustainable electronic network while the liquid carbonate-based elec-
trolyte could reach the active material particles after the formation of a
gel with PCL. As an alternative to the addition of more or less volatile
plasticizers to make the filament more flexible, PP (23.7 wt%) was
substituted by different proportions of the thermoplastic elastomer PBE
(filaments with 0, 25, 50 and 100 % of PBE are called F1, F2, F3 and F4,
respectively, Table 1) while the amount of LFP, CNF and PCL was kept
constant (55.5/5.5/15.8 wt ratio, the (PP 4+ PBE)/PCL wt. polymer ratio
was equal to 60/40).

PP-b-PE-based elastomers which have a high flexibility, are easy to
process and have little impact on the thermal properties of PP. Indeed,
from DSC measurements carried out at a rate of 10 °C/min, PP in F1, F2
and F3 printed discs displays crystallinity respectively of 56, 52 and 50
% with a melting temperature of around 151 °C, 154 °Cand 153 °Cand a
crystallization temperature of around 126, 127 and 124 °C. From liter-
ature, using PBE, PP’s flexibility might be significantly enhanced while
maintaining other appropriate properties until 30 wt% content of PBE
[28]. Blending PBE with PP can also improve impact resistance, and
improve its processing properties [29]. According to Global Source
website, the ratio between the price per kg of PBE on PP one is about 1.8.
Unfortunately, substituting 25 % by weight of PP with PBE would in-
crease the cost of non-polar polymers (PP + PBE) by approximately 20
%.

Helium picnometry (porosity measurements): A Micromeritics Accupyc
1330 equipment was used for He picnometry. Measurements were car-
ried out on five 3D printed discs. The electrode volume porosity (p) is
estimated considering the difference between the geometric volume
(sample thickness x sample geometric area) and the measured volume.

Electrochemical measurement: Coin cells were assembled in an argon-
filled glovebox (H20 < 0.1 ppm, Oz < 0.1 ppm). 3D printed discs were
used as working electrode and metallic lithium as reference and counter
electrode. A glass fiber separator supplied by Whatman, GE Healthcare
was filled with 150 pL of the electrolyte composed of 1 M LiPFg in
ethylene carbonate and dimethyl carbonate (EC/DMC, 3:7 wt ratio).
After assembling, cells were subjected to a resting time of 12 h then a
cycling protocol in galvanostatic mode at 25 °C, at the following rates; a
charge at C/40, a discharge at C/20, then four cycles at C/20, C/10, C/5,
C/2 then C/10, in the voltage range of 2.8-4 V (vs. Li/Li ). All cells were
cycled using the galvanostat BCS-805 (BioLogic, France).

3. RESULTS and DISCUSSION
3.1. Investigated positive electrode composite filament formulations

Achieving dual ionic and electronic percolation within the highly
filled 3D printed positive electrode was the challenge to overcome in

m (3D printed disc before soaking)  wt (percentage PCL massic ratio)

100 (Equation 1)

3.2. Prediction of loads localization in immiscible polymers

To help predict the preferential distribution of fillers in one or the
other of the two polymers (PCL/PP or PCL/PBE), wetting coefficient and
polymer viscosities were beforehand investigated.

The wetting coefficient is defined as a ratio of the interfacial energies
between the filler and the polymers and between both polymers (Eq.
(2)):

P Yfitler—pol B~ Yfiller—pol A
'pol A—po -

(Equation 2)

Ypol A—pol B

Where Yfillerpol B> Yfiller-pol A and Ypol A-pol B are interfacial energies,
respectively, between fillers and polymer B, between fillers and polymer
A, and between polymer A and polymer B. Moreover, to determine the
filler localization, the following conditions need to be considered [30].

o If wpo a—por < — 1, fillers will be localized in only polymer B.

o If 1> wpora—pots> — 1, fillers will be selectively localized at the
interface of the two polymers.

o If wpo1 a—por 8> 1, fillers will be localized only in polymer A.

The interfacial energy between two constituents 1 and 2 can be
calculated (Egs. 3 and 4) according to Ref. [31].
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Table 1
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Formulation of the positive electrode filaments with increasing amount of PBE (PP/PBE wt. ratio of 100/0, 75/25, 50/50, and 0/100 corresponding to formulations F1,
F2, F3 and F4, respectively). For weight-volume conversion, materials densities were determined by helium pycnometry (dpp = 0.90, dpgg = 0.9, dpcy, = 1.15, dypp =
3.51, denr = 1.9).

PP PBE PCL LFP CNF
wt% vol% wt% vol% wt% vol% wt% vol% wt% vol%
F1 23.7 44.9 15.8 23.4 55 26.7 5.5 4.9
F2 17.8 337 5.9 11.2
F3 11.8 22.5 11.8 225
F4 23.7 44.9
Table 2 Table 4

Contact angle measurements with polar and non-polar liquids.

Interfacial energy between PP, PCL, PBE and LFP fillers.

Polar liquid

Non-polar liquid

Interfacial energy (mJ/m?)
(harmonic mean)

Interfacial energy (mJ/m?)
(geometric mean)

PP 86.9° + 4.4° 32.7° +£7.2°
PCL 69.6° £ 3.9° 36.4° £ 3.5° Yuppp  17.5+26 104 £5.5
PBE 90.8° + 3.8° 50.7° + 5.5° vimopc, 88 +5.1 46+28
LFP 71.8° £ 6.5° 65.5° + 6.0° Yuppge  13.0 £ 6.9 7.8+ 4.6
Yopoper 47 £2.4 28+1.7
vemr_pc, 49+ 2.1 28+1.4
. 4id 4 .
e the harmonic-mean: y;_, = y; + 75 — 2 — N (Equation 3)
ntra 7’1 ﬂ};
; . _ _ d,d_ ;
o the geometric-mean: y;_, =y, +7,—21/7%74—24//; 75 (Equation 4)
where v; is the surface energy of constituent i; ¢ and /* are, respectively, Table 5

its dispersive and polar component.

Polar and dispersive components of the surface energies were ob-
tained from contact angle measurements for the polymers PP and PCL,
the elastomer PBE and the LFP powder. The average and standard de-
viation of the measured angles are given in the Table 2.

In Table 1, we can remark a high variability in contact angle mea-
surements. There are several sources of variability as the imperfections
of the surface, the technique used to place the drop of liquid on the
surface (there is not one contact angle for a given liquid/solid pair, but
rather a range of stable contact angles), the goniometer precision ... Due
to this variability, a Monte Carlo method was used to evaluate the sur-
face energy, interfacial energy and wetting coefficient which are
considered as the outputs. From average and standard deviation of the
Table 2, standard normal distributions of the different contact angles
were defined and used as input for the Monte Carlo’s approach. 10°
simulations were done to evaluate the different outputs. The surface
energy, interfacial energy and wetting coefficient obtained with the
Monte Carlo simulations are given in Tables 3-5 considering the 2 types
of mean for the interfacial energy evaluation.

From Table 4, we can remark that for all the couples of materials, the
predicted interfacial energy with geometric-mean is lower than the
value obtained with harmonic mean. This trend was previously observed
in other studies [24]. The obtained interfacial energy between PP and

Table 3
Calculated surface energy and its components (dispersive and polar).

Wetting coefficient values and predicted LFP filler localization.

Surface energy

Dispersive component

Polar component (mJ/

Wetting Wetting Prediction of the LFP particles
coefficient coefficient localization
(harmonic mean)  (geometric mean)
Wpp_pcL, -21+1.9 —25+22 In PCL with 70 % of
confidence level
WpBE-PCL -0.8+0.9 -1.1+1.0 In PCL with 41 % and 55 % of
confidence level respectively
for harmonic mean and
geometric mean
10000 v T T T T T T T v
] —— PP
] PCL 1
J PBE
1000
- i 1
[7) ]
[\] 1 -
m B
~
P 100 4 1
-a E
3 ] A
2 1 ]
> 104
1 10 100

(mN/m) (mJ/m?) m?)
PP 39.6+£26 37.6 + 2.7 20412
PCL 451 +21 36.4 + 1.4 87419
PBE  32.0+24 29.7 + 2.7 23+1.1
LFP 341+ 4.0 18.8 + 3.6 15.3 £ 5.3

Shear Stress (s'1)

Fig. 2. Evolution of the viscosity of PP, PBE and PCL, measured at 200 °C, as
function of shear strain rate over the [1-60 s~'] range.
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PCL is the same as the interfacial energy between PBE and PCL. The
difference in the localization of the filler will then depend only on the
numerator of the wetting coefficient.

Using Monte Carlo analysis, a confidence interval was determined for
the location of LFP particles in the two polymer blends, PP/PCL and
PBE/PCL (Table 5). Based on these calculations, in the PP/PCL blend,
the LFP particles would be localized in PCL polymer with 70 % of con-
fidence and in the PBE/PCL blend, LFP particles would be likely to be
found in the PCL or at the interface between the PBE and the PCL. It is
worth noting that these results are clearly the opposite of our
expectations.

However, following the work of Plattier et al. [32], the localization of
the particles is also driven by the viscosities of the polymers. Further
studies on rheological properties of the neat polymers have thus been
undertaken at 200 °C. It is noteworthy that this temperature, which
corresponds to the maximum temperature of the rheometer, is lower
than the extrusion and printing temperatures of 215 and 220 °C,
respectively. Far above its melting point, the PCL polymer displays a
Newtonian behavior with a constant viscosity value of 51 Pa s at 200 °C
(Fig. 2). As for PP and PBE, they exhibit shear thinning behaviors. The
viscosity of the molten PP and PBE decreases resp. from 1243 to 27 and
885 to 30 Pa s as the shear strain rate increases from 1 to 60 s™L. Ac-
cording to Plattier et al. [32], fillers should be located in the most
viscous polymer. Thus, it is safe to assume, from the viscosity values
obtained at lower shear rates than 10 s~! (the extrusion process at 50
rpm corresponding to a shear strain rate of 6 s1), that the fillers are
more likely to be found in PP and PBE, both of which having a much
higher viscosity value than PCL. In summary, the two approaches based
on wettability coefficients or viscosities, do not lead to the same
conclusion about the location of LFP in polymers. Relying on the results
of the viscosity approach, the manufacture of the electrode filaments by
extrusion was undertaken in the hope that the LFP particles would be
found in the PP (or PBE). Note that, whatever the location of the CNF,
these fibers are assumed to be long enough to pass through the large
volume of polymers (total volume of 68.4 %) and create a conductive
network that would percolate up to the LFP particles.

3.3. Laboratory-scale filament extrusion

The solvent-free extrusion process shown in Fig. 1 was implemented
to produce the filaments F1, F2, F3 and F4 (Table 1). As the reference
filament (F1) containing PP (23.7 wt%) only was too brittle to be wound
up, the latter has been substituted by 25, 50 and 100 wt% of PBE. As
expected, an increase in flexibility was observed with filaments con-
taining an increasing amount of PBE. All filaments F2, F3 and F4 were
successfully rolled around a spool at the exit of the micro compounder.
To rationalize their spooling capability as a function of elastomer con-
tent, modelling based on experimental values of mechanical properties
is used.

3.3.1. Mechanical characterization of filaments and spoolability modeling
Tensile tests were carried out to determine the mechanical properties
of the filaments, namely, the elastic modulus E, the tensile strength and

Table 6
Tensile test results obtained on filaments F1, F2, F3 and F4. The maximum stress
upon spooling is calculated according to equation (5).

Elastic Tensile Elongation at Max. stress (Omax)
modulus strength break (%) upon spooling (MPa)
(MPa) (MPa)

F1 1958 +52 26.4 + 0.6 2.0 +0.3 29.8 +1.2

F2 1418 + 346 226 £1.2 3.0+ 0.2 19.8 + 4.4

F3 1043 +61 18.4 + 2.5 2.8 +£0.5 14.6 £ 1.9

F4 397 £56 11.4 + 0.7 123+ 1.6 6.4+ 0.6
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Fig. 3. Red dots correspond to the experimentally obtained tensile strength
values. Black squares correspond to the maximum stress values calculated (Eq.
(5)) for the filaments when rolled around a 50 mm radius spool (R). The
maximum stress must be lower than the tensile strength to be spoolable, thus
located inside the green region. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

the elongation at break. For each formulation, these properties are given
in Table 6. Theoretically, a filament is spoolable if its tensile strength is
higher than the maximum stress reached during the spooling process.
During the spooling process, a tension load N and bending moment Mb
are applied on the filament. The tension load is generally neglected
compared to the bending moment. The maximum stress opyax can be
evaluated considering the filament as an elastic material under pure
bending (the curvature of the filament is circular). According to these
assumptions, the bending moment is M}, = EI/R and the maximum stress
is given by the following equation (Eq. 5):

M, d Ed

O max =727 3R (Equation 5)
Where E is the elastic modulus of the filament in MPa, R, the radius of
the curvature of the filament in mm, I, the moment of inertia of the
section of the filament in mm* and d is the diameter of the filament in
mm. The minimum value of R is the radius of the spool around which the
filament is wound up (R = 50 mm).

As anticipated, the elastic modulus of the filament decreases as the
PBE content increases. F2 and F3 filaments behave as soft polymers
while the F4 filament exhibits an elastomeric behavior with a much
lower elastic modulus and higher elongation at break.

Fig. 3 compares the tensile strength (red dots) with the above-
defined maximum stress (black square) of the four filaments. A fila-
ment is spoolable if the maximum stress opy,,x during spooling is lower
than the tensile strength i.e. the value is in the green zone of the Fig. 3.
The opmax for the F1 filament is in the red zone thus the filament is not
spoolable. Its brittle behavior prevents it from twisting and, as a result, it
breaks under high angular stress. On the contrary, the oy, values cor-
responding to the F2, F3 and F4 filaments are situated in the green zone,
thus filaments are spoolable. These theoretical conclusions on the
spoolable character of filaments F2, F3 and F4 are in perfect agreement
with the experimental observation made at the exit of the extruder.

3.3.2. Electrochemical performance study

After demonstrating the PBE-based filaments F2, F3 and F4 were
flexible enough to be rolled around a spool, they were used as feedstock
to 3D printed positive electrode discs so as to assess their



V. Boudeville et al.

o (S/m)

Formulations

“<200

Q ) = F1
gs] C o F2
5 D/20 + F3
< 1501  egese D/10 D/10 « Fa
2 - ells H B

< 125 D/5 ee

< l.'.

~§«1 AAAAA

300- AAAA .D/2 AAAa

© st

875‘ AAAa

]

o

;E) 50

o

%25- X K KKK

g, * k k Kk * k ok k

& 0- *ok ok koanaA

'5 T T T T T

2 0 5 10 15 20 25
[=]

Cycle number

Journal of Power Sources 593 (2024) 233973

10

I F1

N F3
B4

b)

Porosity (%)

Formulations

C/10

40 --U J

= —F1
| —F2
= —F3
o —F 4
[
>
S 32-
)

3.0-

28

T T T T T T T
0 25 50 75 100 125 150 175 200

Specific capacity (mA.h.g'1of LiFePOy)
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electrochemical performance and determine the best formulation. Be-
forehand, the electronic conductivity of the filaments, the accessibility
to PCL polymer and the porosity of printed discs were measured to assess
the capability of the composite to conduct electrons and soak the
electrolyte.

3.3.2.1. Electronic conductivity of composite filament. The four formula-
tions have been investigated to get insight into the impact of PBE on the
filament conductivity, all containing the same amount and type of car-
bon (Table 1). As shown in Fig. 4a, the conductivity decreases as the
content of PBE increases. Values of 8.9 & 1.5, 4.91 & 0.96, 4.04 & 0.61
and 4.107% £ 2.1073 S/m were obtained for F1, F2, F3 and F4, respec-
tively. Surprisingly, the complete replacement of PP by PBE reduces
electronic conductivity to a very low value. Two possible reasons could
account for the decrease in conductivity; CNF particles are isolated from
each other, maybe owing to a very covering insulating layer of polymer
or fibers are not evenly dispersed within the composite due to poor
disentanglement during extrusion. Overall, it can be anticipated from
these results that formulations containing as little PBE as possible will be
preferable when considering electrochemistry.

3.3.2.2. PCL accessibility and porosity measurements on 3D printed discs.

Electrochemical study was performed on 10 mm diameter and 200 pm
thickness electrode discs printed from filaments F1 to F4, according to
the protocol described in experimental section. Prior to cycling, PCL
selective dissolution tests were performed on these 3D printed discs to
assess its accessibility in the blend. The mass difference measurements

demonstrated that PCL was completely dissolved, irrespective to the
filament formulation. It was then assumed that PCL would form a
continuous network to allow the electrolyte to penetrate the composite
through gelation and create an ionic path. It is worth mentioning that no
residual solid particles were observed in the solution at the end of the
dissolution time. This observation is in line with the above reported filler
location prediction study based on viscosity, from which conclusion was
drawn that LFP should be located in the mechanically stable olefin-type
polymers, PP and/or PBE.

Further to these PCL accessibility measurements, porosity of the
discs was measured by helium pycnometry (Fig. 4b). The pure PP-based
disc corresponding to the F1 formulation exhibits porosity value around
5.07 4 0.04 %. It remains almost the same value with F2 formulation,
then, the porosity decreases slightly, to 4.45 + 0.05 % and 1.36 + 0.01
% respectively for F3 and F4. A high porosity should allow faster ab-
sorption of the liquid electrolyte within the disc. Such characteristic is of
particular interest when considering the electrolyte filling of full 3D
printed cells, a concern that was raised by Maurel et al. [20] while
printing PLA-based full-cell components. In this respect, formulations
containing low quantities of PBE should be preferred.

It is worth mentioning that PCL, in the F2 filament containing the
lowest PBE quantity, represents a volume of 23.4 %. If we consider it as a
component of the electrolyte after gelation, this volume can be consid-
ered as porosity, giving a total electrode porosity of about 30 % (23.4
(PCL) + 6.6 (by He pycnometer) = 30). This value is close to that of the
current Li-ion battery electrodes. Furthermore, if we do not take the PCL
into account when calculating the mass ratio of the LFP active material,
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we obtain a value of 65.3 wt% (PP/PBE/LFP/CNF: 21.1/7.0/65.3/6.5
wt% and 44.1/14.6/34.9/6.4 vol%).

3.3.2.3. Cycling tests on 3D printed discs. After highlighting the harmful
impact of high amount of PBE on the electronic conductivity and
porosity of composites, an in-depth study was carried out to determine
its electrochemical impact in half coin cell configuration. Fig. 4c por-
trays the evolution of the specific discharge capacity of the 3D printed
discs for all formulations, F1 to F4.

The PBE-free disc of F1 formulation exhibits unprecedent specific
capacities of around 145, 138, 116, 82 and 137 mAh per gram of LFP
active material, at current rates of C/20, C/10, C/5, C/2 and C/10,
respectively, the lower rate (C/20) capacity corresponding to around 85
% of the LFP theoretical capacity (170 mAh.g™1). The specific discharge
capacities are decreasing with C-rates. In addition to the high thickness
of the electrodes (around 150-200 pm), two phenomena are assumed to
cause a loss of ionic conductivity and thus affect the high-rate capability.
i) The gelation of the liquid electrolyte in contact with the PCL, which
increases the viscosity of the electrolyte and therefore decreases the
ionic conductivity. In PCL/electrolyte paths, the diffusion of lithium ions
within the gel is therefore slower than in a liquid, leading to a reduction
in performance, especially at high C-rates. ii) The high amount of PP
polymer, which represents 23.7 wt%/44.9 vol% (Table 1). This leads to
an increase in tortuosity which also impedes the transport of lithium
ions inside the electrode. It is noteworthy that similar capacities of
around 140 mAh.g™! are observed while coming back at C/10 after
cycling with successive increasing C-rate conditions. This suggests a
good mechanical stability of the electrode upon cycling.

For more flexibility, the PP polymer was substituted by the elastomer
PBE. Interestingly, the capacities of F2 discs are fairly similar to those of
F1 disks for all studied C-rates. Then, F3 and F4 electrode discs witness a
gradual decrease in capacity with increasing PBE/PP ratio; a capacity of
around 106 mAh.g ™! at the low current rate of C/20 was obtained for F3
disc, while the specific capacity of F4 discs abruptly drops to a very low
value of 25 mAh.g™!. The capacity loss is accompanied by a significant
increase in polarization (AV = 0.17 V, 0.2 V and 0.31 V for F1, F2 and
F3, respectively at 60 mAh.g™!) (Fig. 4d). PBE-containing filaments
depict lower electronic conductivities (Fig. 4a), which can explain this
result. It seems clear that a large amount of PBE prevents certain par-
ticles of active material from being electronically (and perhaps
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ionically) accessible and participating in electrochemical reactions.

3.3.3. Morphological study of the cross-section of 3D printed discs using
SEM analysis

To get further information regarding the localization and dispersion
of the materials and shed light on the impact of PBE on electrochemical
performances, the morphology of 3D printed discs cross-sections was
studied using SEM. F1 disc (Fig. 5a) clearly reveals polymeric domains
that do not contain LFP particles; only CNF fibers have been seen,
crossing them. As these polymer domains tend to melt easily under the
electron beam, we can assume that they correspond to the PCL matrix. It
should be noted that the hereabove described viscosity study predicted
the preferential location of LFP in PP. The SEM observations show that,
in this case, this approach prevails over that based on the wettability
coefficient, the latter having predicted LFP in PCL. Furthermore, F1 and
F4 discs depict different structures. In F1 sample (Fig. 5 a and b), the
CNF fibers look partially detached from the polymer matrix and present
a clean surface. It can be remarked an orientation of fibers (Fig. 5a), they
are aligned with the direction in which the printhead deposits material.
In the PBE-containing F4 sample (Fig. 5c¢), fibers appear to be covered by
a polymer. As a result, they struggle to come into contact with each
other, which explain the gradual decline in electronic conductivity and
electrochemical performance as a function of the PBE content.

Considering all the above, F2 filaments, with the lower amount of
PBE, seem to represent the best compromise between mechanical
properties, i.e. the ability to be rolled around a spool, and electro-
chemical performances. This formulation was thus chosen to experience
larger-scale manufacture.

3.4. Comparison with previous study on single polar polymer composite

The above outcomes obtained for F2 formulation are worth
comparing with that obtained in our previous study [20]. The work from
A. Maurel et al. focused on 3D printed LFP electrode discs formulated
with a single PLA polar polymer and carbon black (33/13/49/5 wt ratio
for PLA/plasticizer (PEGDME500)/LFP/carbon black). Those discs of
around the same 150-200 pm thickness and composed of same
carbon-coated LFP material display a much lower capacity of around 90
mAh.g ! at C/20 (compared to 148 mAh.g ™! for F2), which corresponds
to only 53 % of the LFP theoretical capacity. In this regard,

Fig. 5. Cross-section SEM images of 3D printed discs with a, b) F1 and c) F4 filaments. Two arrows in a) show PCL domains without LFP particles. b) shows a carbon
nanofiber with a clean surface ¢) shows a carbon nanofiber coated by PBE polymer.
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Fig. 6. Cross-sectional TEM images of the LFP positive electrode discs 3D printed from a) and c) the previously studied filament [20] composed of 33/13/49/5 wt
ratio of PLA/plasticizer (PEGDMES500)/LFP/carbon black and b) and d) the new filament (F2) composed of 17.8/5.9/55/5.5 wt ratio of PP/PBE/PCL/LFP/CNF. Inset

b) TEM image of carbon-coated LFP material.

cross-sectional TEM images of the corresponding filaments turn out to be
informative to elucidate such difference. They reveal a lower density of
active material and conductive carbon in the PLA polymer matrix of the
previous filaments (Fig. 6a) than in the PP/PBE-based matrix of the new
filaments (Fig. 6b). Sparse in the PLA matrix in between the LFP parti-
cles, the small particles of carbon black (around 50 nm) (Fig. 6¢) may
not provide enough efficient electronic percolation network. On the
other hand, the superior electrochemical properties of the new com-
posites may be due to the high density of the conductive carbon-coated
LFP particles (inset Fig. 6b) that can come in contact each other and the
electron bridges created by the carbon fibers (Fig. 6d).

It is worth recalling that a more viscous and less conductive elec-
trolyte consisting of EC/DEC (1/1 wt%) in 1 M LiPF¢ was required for
cycling previous discs in order to mitigate their mechanical property loss
through PLA gelation whereas the newly formulated discs with greater
mechanical features can be cycled with less viscous and more conductive
electrolyte; all the discs keep the same dimensions and mechanical
integrity after cycling. Overall, it can be inferred that the addition of a
second mechanically stable, charge-concentrating non-polar polymer,
together with the use of carbon fibers to create a long-range electronic
network, is a promising way of increasing the electrochemical perfor-
mance of thick 3D printed discs.

3.5. Larger-scale extrusion of F2 filament

Composite of F2 formulation was extruded on a larger scale using the

extruder and protocol described in the experimental section. Due to the
manual and thus not optimal feeding of the extruder, the filament lacks
materials in some parts and therefore was recovered in several pieces
after breaking. However, as anticipated from the laboratory-scale and
modelling studies, the filament was easily spoolable around the spool
and its electronic conductivity value (41 + 17 S/m) turned out to be
multiplied by a factor of around 9 (Fig. 7a) compared to that obtained
from lab-scale extrusion (5 + 1 S/m). Therefore, this larger-scale
extruder, owing to the multiple successive mixing/discharge screw el-
ements, may provide a dispersive mixing, which allows the agglomer-
ates of CNF to be more efficiently disentangled and dispersed. It should
be noted that it may still be possible to improve the mixing of materials
on the used lab-scale extruder by applying a counter-rotative mode
rather than a co-rotative mode [33].

For sake of comparison between laboratory- and larger-scale extru-
sion processes, filament printing and electrochemical tests of discs were
carried out following exactly the same protocols. Similar to the selective
dissolution measurements performed on hereabove studied discs, the
larger-scale F2 sample reveals a full accessibility of the PCL. The specific
discharge capacities of both discs are found to be quite similar (Fig. 7b).
Slightly higher capacities are obtained at current densities of C/10, and
C/5. As shown in Fig. 7c, the potential profile of the “larger-scale” disc
portrays a polarization upon charge and discharge at C/10 inferior to
that of the laboratory-scale disc (70 % polarization decrease at 60 mAh.
¢™1). This improvement in the electrochemical behaviour can be
explained by the higher electronic conductivity (Fig. 7a). The limited
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capacities at C/2 (95 mAh.g ') may be due to the low ionic conductivity
of the PCL-based gel electrolyte. Overall, it should be noted that, as a
first printed layer, the thickness of these electrodes is necessarily very
high (150-200 pm) and that higher capacities are expected at a high C-
rate with thinner electrodes (around 100 pm) printed on a first collector
layer.

All of these results demonstrate the importance of the extrusion
process on the dispersion of electronically conductive materials and
consequently on electrochemical performances. It is predictable that,
owing to longer screws and adjustable mixing and discharge elements,
large-scale extrusion processes should always make it possible to pro-
duce filaments from agglomerated materials with improved properties.

From a performance point of view, investigating a formulation with a
higher mass fraction of active material would obviously increase the
specific electrode capacity. This should be performed with the aim of
maintaining a spoolable filament, while reducing the risk of frequent
print issues such as nozzle clogging due to increased formulation vis-
cosity and/or high amount of fillers. According to Beran et al. [34],
irrespective of the particle size in relation to the nozzle diameter, a
composition with a volumetric loading rate of more than 45 vol% should
not be exceeded, thus limiting the theoretical active material mass
percentage to around 67 wt%.

10

4. Conclusion

A significant improvement has been achieved regarding the elec-
trochemical performance of 3D printed LFP electrode discs as compared
to our pioneering study focused on a single PLA polymer-based matrix
[20]. Indeed, the newly formulated composite containing a
co-continuous blend of immiscible polar (PCL) and non-polar (PP)
polymers allow an enhanced mechanical integrity of the disc when
impregnated with liquid carbonate electrolyte. A careful examination of
materials dispersion through SEM and TEM indicates that LFP active
material particles are well-maintained and concentrated in the PP
polymer matrix. It is assumed that the rapprochement of the
carbon-coated LFP particles associated with the presence of carbon fi-
bers to create bridges between particles offer a greater electronic
network. PCL polymer domains whose role is to absorb and transport the
electrolyte through the electrode are hopefully deprived from LFP par-
ticles. Interestingly, this finding was expected from the loads localiza-
tion prediction study based on viscosity analysis but not from that based
on the wettability coefficients. This highlights the prevailing impact of
polymer rheology and extrusion parameters over the chemical affinity of
loads towards polymers.

The base filament made from a 23.7/15.8/55/5.5 wt ratio of PP/
PCL/LFP/CNF proved too brittle to be wound around a spool, so a so-
lution had to be found to make it more flexible without reducing the
active material content. The incorporation of plasticizers was ruled out
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due to their relatively low boiling point, which causes them to partially
evaporate during extrusion, printing and storage processes. The strategy
of partially replacing the semi-crystalline PP polymer with a thermo-
plastic elastomer, an ethylene/propylene random copolymer that is also
inert towards the electrolyte and known to give the blend PP/PBE
greater toughness performance [29], was therefore investigated. As a
large amount of PBE turned out to strongly decrease the electrochemical
performances, a 25 wt% PP substitution level was considered as a good
compromise in terms of printability, electrochemical performances and
mechanical properties.

Last but not least, an LFP positive electrode filament of this new PBE
containing formulation was successfully extruded at larger scale. The
corresponding 3D printed electrode disc displays enhanced electro-
chemical properties as compared to the laboratory-scale extrusion pro-
cess, which allows us to envisage with confidence its industrial
manufacture.
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