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ABSTRACT

3D printing of energy storage systems is at the heart of In-Space Manufacturing strategy. Within
this context, Li-ion polymer batteries printing through Fused Filament Fabrication (FFF) is
envisaged. This study is devoted to optimising the extruded solid polymer electrolyte filament
properties. As the poly(ethylene oxide) (PEO) - lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) electrolyte offers the best Li* conductivities but suffers from poor mechanical behaviour,
poly(propylene) (PP) is added to ensure filament printability. An exhaustive investigation
highlights the impact of the PEO molar weight and the LiTFSI and PP proportions. Fine-tuning
these parameters alters molten phase viscosity, which affects the electrolyte morphology and
jonic conductivity. Best formulations feature a co-continuous structure that provides effective
mechanical reinforcement and exhibits the best ionic conductivity reported so far for an FFF-
printed solvent-free polymer electrolyte of 1.2x107* S.cm™' at 70°C. Therefore, it opens the
way towards polymer battery printing, on the Earth and in microgravity conditions.
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Introduction . ) . .
customisable 3D shapes, with various materials. Among

additive techniques, Fused Filament Fabrication (FFF)
has been successfully deployed in the ISS to 3D print

On the way to Mars, space agencies are preparing
human come-back on the Moon, for a durable occu-

pation through the Artemis programme [1]. In Space,
an astronaut’s life mainly relies on the resupplies from
the Earth: 3 days to reach the moon and 2 billion
dollars per launch for the Space Launch System devel-
oped by NASA [2]. Even if the economic and environ-
mental costs of rocket launches are decreasing, it is
impossible to consider the future of space exploration
with this model. Therefore, In-Space Manufacturing
(ISM) is a key approach that involves the development
of versatile tools to enable out-of-earth manufacturing
of devices such as spare parts, energy production
systems, or foods [3]. It could reduce the need for resup-
plies, decrease the storage of spare parts by 78% in mass
[4], and offer new capabilities by removing constraints
from space systems design linked to rocket launch. Addi-
tive manufacturing (AM) is at the heart of this strategy as
it allows for the production of low-volume and low-cost

spare parts and tools [5, 6]. Today, in-orbit 3D printing
of more complex systems with added functionalities is
the next challenge to take up. As Energy is the foun-
dation stone of every operating system, manufacturing
of energy production and storage devices in micrograv-
ity is a necessary milestone to carry out the ISM tran-
sition. Within this context, in-space 3D printing of
batteries would be a key achievement.

On Earth, 3D printing recently appeared as a new
manufacturing process for energy storage devices [7,
8]. It paves the way for 3D-designed electrodes and bat-
teries resulting in improving the electrochemically active
surface, power, and specific capacity meanwhile redu-
cing dead volume and dead weight [9-12]. The
growing need for micro-batteries and customisable
devices also contributes to the outbreak of AM in
battery manufacturing [13]. Several AM techniques
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offer the possibility to achieve multi-material printing,
necessary to obtain entire batteries [14]. Among them,
material extrusion [15] and more specially FFF have
been investigated to manufacture Li-ion batteries
because this is one of the cheapest, easiest, and most
versatile methods. FFF 3D printing of batteries relies
on the use of composite filaments, made of a thermo-
plastic polymer matrix loaded with active and conduc-
tive materials. Significant progress has been gradually
made in formulating suitable filaments for electrodes
and separators: from low-loaded polylactic acid (PLA)
[16-18] to architecturally engineered electrodes provid-
ing promising performances [19]. However, in these
studies, liquid electrolytes are still used to soak 3D-
printed separators. Thus, polymer electrolyte printing is
the last step to manufacture entire Li-ion batteries
through a one-step solvent-free process (Figure S1).
Such a process is mandatory for 3D printing without
gravity and to fit spacecraft safety requirements.

Polymer electrolytes have been deeply studied for their
interface properties with metallic lithium but still present
low ionic conductivity at room temperatures (1078107
S.cm™' at 25°C). They also possess poor rigidity and mech-
anical resistance making their 3D printability difficult. That
is why, only two studies have been reported so far on Solid
Polymer Electrolyte (SPE) printing by FFF. Maurel et al. [20]
have tried to print poly(ethylene oxide) (PEO)/ lithium bis
(trifluoromethanesulfonyl)imide (LiTFSI) SPE composed of
PEO Mn~100,000 and PEO Mn~5,000,000 in 90:10 wt%,
with a molar ratio O/Li*=20:1. This system has been
extensively reported as the most ionic conductive
polymer/Li salt couple in temperature, due to the high
segmental mobility and the convenient donor number
of PEO [21, 22]. However, the lack of rigidity and the
sticky behaviour of pure PEO/LITFSI strongly hinder its
printability. Thus, they have modified a classical 3D
printer and succeeded in 3D printing a SPE having an
ionic conductivity of 22x107> S.cm™' at 90 °C and
49%x107° S.cm™" at 30 °C. At the same time, Ragones
et al. have obtained a lower ionic conductivity (3 x 10~
S.cm~! at 90°C) but a better printability for their SPE com-
posed of PLA, PEO, LiTFSI, and SiO, (59:20:20:1 wt.%) [23].
More recently, they reached an ionic conductivity of 2 x
107* S.cm™' at 60°C in a quasi-solid printed electrolyte
soaked by LiTFSI ionic liquid [24]. Therefore, new strat-
egies have to be found to improve the 3D printability
without degrading electrolyte performances. In our pre-
vious work, polymer-based electrolyte strategies have
been reviewed to identify the most suitable methods for
SPE 3D printing by FFF [25]. Among them, immiscible
polymer blending and composite polymer electrolyte
(CPE) appear to be promising strategies that are compati-
ble with ISM requirements.

Thus, considering the first strategy, we embarked on
the development and characterisation of a novel 3D-
printed polymer electrolyte based on an immiscible
blend of polymers. Poly(propylene) (PP) was chosen as
the mechanical phase, and PEO coupled with LiTFSI as
the ionic conductive phase. First, we undertook an
exhaustive experimental study to understand the
effect of polymer mass ratio (PEO:PP wt%), Li salt
content (O/Li*), and polymer molar weight (PEO
M,,~10°:PEO M,,~5 X 10° wt%) on the ionic conduc-
tivity. The impact of these parameters on the mor-
phology has been highlighted due to modifications of
the volume fraction and viscosity ratio [26]. Electrolyte
architecture was carefully studied and linked to conduc-
tivity properties through Differential Scanning Calorime-
try (DSC), Electrochemical Impedance Spectroscopy
(EIS), and Scanning Electron microscopy (SEM). In the
second part, we optimised the formulation to obtain a
polymer electrolyte filament 3D printable on a commer-
cial device. After 3D printability trials, EIS and SEM analy-
sis combined with electrochemical tests were achieved
on 3D printed disks of electrolyte.

Experimental section
Materials

Poly(ethylene oxide) (PEO) M,,~100,000 (referred to as
PEO100 K) (dpeo = 1.23) and M,,~5,000,000 (referred to as
PEO5M) (dpeo = 1.23) powders were supplied by Alfa Aesar
and used as received. Ultrasint nat 01 poly(propylene) (PP)
powder (d,,=0.91) was supplied by BASF 3D Printing Sol-
utions GmbH, Germany. This polymer has a lower melting
point compared to a common PP (T,,=140°C vs. T,,=
170°C), which allows processability in the same range of
temperatures as PEO. LiFePO, (LFP, pulverised 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. C45 conductive carbon (45 mz/g) was pur-
chased from Imerys. Lithium bis(trifluoromethanesulfonyl)i-
mide (LiTFSI) powder was purchased from Solvionic, France.
LiTFSI was stored in a glove box and transferred for exper-
iments in a dry room. All of the materials were hereafter
manipulated in a dry room (dew point < —45 °C). The
absence of water has been checked by Fourier transform
IR; no extra pics were visible in the 3500 cm™' regions
(Figure S2 of the supplementary material).

Filament extrusion

The filament extrusion was carried out in the dry room
using a Haake Minilab 3, twin-screw extruder (Thermofi-
sher Scientific, USA) which was fed with premixed dry



powders. The extruder was used in co-rotating mode
with two extrusion dies: a rectangular shape (5 mm x
0.5 mm) to extrude films and a cylindrical shape to
produce ~a 1.75 mm diameter filament for 3D printing.
Screw rotation was fixed at 50 RPM, the temperature was
fixed typically at 170 °C for PP-containing samples and
85°C for those without PP to avoid as much as possible
PEO degradations. The filament coming out from the
extruder nozzle was received by an M22 transport con-
veyor (Thermofisher Scientific, USA). Prior extrusion of
each sample, the extruder was cleaned thoroughly
with neat poly(styrene).

Electrochemical Impedance Spectroscopy (EIS).

An MTZ-35 frequency response analyzer and an Inter-
mediate Temperature System (ITS) developed by Bio-
Logic, France, were used to perform the
Electrochemical Impedance Spectroscopy (EIS) analysis.
In the dry room, samples were sandwiched between
6.35 mm diameter gold electrodes placed in an
enhanced controlled environment sample holder
(CESH-e) provided by Biologic. This cell enables the
application of a constant force of 6N on the samples,
as well as allows users to acquire sample thicknesses
before and after the measurement. Beforehand, the
sample underwent a first heating step at 100 °C for 30
min to improve the contact with electrodes and avoid
thickness variation due to the melting of some
samples. Subsequently, AC impedance measurements
were performed at various stabilised temperatures
ranging from 20 °C to 90 °C (ramp rate of 1.0 °C min~’,
stabilisation time before measure of 15 min) in a fre-
quency range of 30 MHz to 0.1 Hz (20 points per
decade and 10 measures per point) and at an excitation
voltage of 0.05 V. Measurements of thickness were per-
formed on the sample holder before and after the acqui-
sition to take into account the thickness variation in ionic
conductivity calculation. Through-plane ionic conduc-
tivities were calculated from the following equation:

1.d

TTRYA
where d is the sample thickness, A is the sample surface
area, and R is the respective resistance deduced from the
Nyquist and Bode plots. Note that the ionic conductivity
values were taken perpendicularly to the printing and
extrusion direction which is the most unfavourable case.

Scanning electron microscopy (SEM)

The microstructure of films and SPE filaments was inves-
tigated using a FEI Quanta200F (Thermo Fisher Scientific,
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USA) scanning electron microscope under high vacuum.
The secondary electron images were recorded with a 10
keV electron beam acceleration voltage with a magnifi-
cation of x 400 and x 300, at a working distance of 10
mm. In a dry room, samples were cut into liquid nitrogen
to perform cross-sectional observation.

3D printing

3D printing of the filaments in the form of 16 mm diam-
eter 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 0.4 mm. Printing parameters such
as print speed and nozzle and bed temperatures were
tuned to 18 mm s~', 220 C, and 70 °C, respectively.
Before each printing, the printer was purged with PLA
and a first layer calibration was performed to adjust
the nozzle positioning. The filament diameter was con-
trolled to be 1.75 mm. The pressure of the rolling by
the screw was maintained at the same level between
printing.

Electrochemical measurements

Coin cells were assembled in a dry room (dew point <
—45 °C). A blend of PEO (M,,~10°)/LFP/C45 (40:50:10
wt%) solvent-cast onto a stainless steel disc was used
as a working electrode and metallic lithium as a refer-
ence and counter electrode. For the PEO reference elec-
trolyte membrane, two layers of 160 um have been
stacked and for printed electrolyte, only one layer was
used with a thickness between 230-250 um. After
assembling, cells were subjected to a resting time of 5
h then a cycling protocol in galvanostatic mode at 80 °
C and at 40 °C, at the following rates: 5 cycles at C/20,
C/10, C/5, then C/20, in the voltage range of 3-3.6 V
(vs. Li/Li*). Symmetric coin cells Li%Li® were assembled
with 230-250 um thick printed electrolytes. Successive
current densities were applied by steps of a minimum
6 cycles of 2 h. The polarisation recorded was an
average of the voltage obtained during each step. All
cells were cycled inside the oven 9010-0153 FP (Binder
GmbH, Germany), using the galvanostat BCS-805 (Bio-
Logic, France).

Results and discussion
Effect of key parameters on the ionic conductivity

The influence of the polymer mass ratio (PEO: PP wt%),
the Li salt content (O/Li*), and the PEO molar weight
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(PEO M,,~10°: PEO M,,~5 x 10° wt%) on the ionic con-
ductivity of solid polymer electrolytes has been
studied on extruded film pieces. All sample compo-
sitions are summarised in Figure S3 of the supplemen-
tary material.

Effect of the PEO:PP mass ratio - The influence of
increasing PP content was studied at six different PEO
(Mn~100,000):PP weight ratios: 100:0, 80:20, 70:30,
60:40, 50:50, 40:60; with a constant loading in LiTFSI fol-
lowing the molar ratio O/Li*=20:1. Two possible com-
peting effects were reported in the literature: an
increase in ionic conductivity by reducing PEO crystalli-
nity, and a decrease in ionic conductivity induced by a
rise in conducting phase tortuosity [27]. Arrhenius
plots acquired by EIS are depicted in Figure 1, with
pure PEO/LITFSI 20:1 solvent cast membrane as a refer-
ence established by Maurel et al. [20].

Above the PEO melting point (T,, =50 °C), lower ionic
conductivities are obtained with the addition of PP. At
these temperatures, PEO is fully amorphous and the
ionic conductivity drop can be explained by the rise in
inactive material inside the electrolyte increasing the
tortuosity (Figure 1). Bouchet et al. [29], have successfully
described the conduction properties of their block copo-
lymer electrolyte PEO-PS, thanks to the Carman model
which links the ionic conductivity and the tortuosity.
They validated their model by fitting the assumed Weiss-
berg expression which describes the tortuosity as a func-
tion of the conductive volume fraction (Table 1). The
same method has been applied in this work, to highlight
the link between the tortuosity induced by PP, and the
ionic conductivity. Figure 2 displays tortuosity values cal-
culated with the Carman relation from EIS measure-
ments. Two behaviours can be distinguished for points
above 50 °C. For PP content below 40 wt%, the points
in the low tortuosity zone (Figure 2) fit the Weissberg's
model for p = 1. Indeed, PP domains stay discontinuous,
so the tortuosity slowly increases with the addition of PP
following the probabilistic approach developed by
Weissberg. PP inclusions are visible in the PEO + LiTFSI
matrix on SEM images as agreed with the low tortuosity
(Figure 2). For PP content above 40 wt% (point in the
high tortuosity zone (Figure 2)), the tortuosity sharply
increases and no longer fits Weissberg’'s model. SEM pic-
tures clearly show the coalescence of PP nodules that
progressively increases the tortuosity and reduces the
continuity of the conductive phase.

Below the PEO melting point, PP-containing samples
show higher ionic conductivity than pure PEO/LITFSI
(Figure 1). As revealed by DSC measurements, PP dis-
turbs the rearrangement of the PEO chains thus decreas-
ing its crystallinity (Figure 1). A larger amount of PEO
amorphous phase enabling the chain segmental

mobility leads to higher bulk ionic conductivity (gy) in
Table 1. It explains uncoherent low values of tortuosity
calculated by the Carman model (points in the semi-crys-
talline zone in Figure 2). Thus, the ionic conductivity is
slightly improved with 20 wt% of PP because the crystal-
linity is disturbed without a huge increase in tortuosity.
From 20 to 50 wt%, the ionic conductivity is decreased
because the effect of tortuosity is stronger than the crys-
tallinity reduction effect. PEO is still semi-crystalline at
41-43% as agreed with the change of slop in Arrhenius
plots in Figure 1, and the strong recrystallization peak
on the DSC curve (Figure S4 of the supplementary
material). Finally, at 60 wt% of PP, there is no change
of slopes because PP strongly reduces PEO crystallization
down to 18.2%. Thus, the addition of PP helps to disturb
the PEO crystallinity, but it must be limited to maintain a
low tortuosity to avoid important ionic conductivity loss.

Effect of Li salt content - The effect of lithium salt
was investigated at different O/Li* molar ratios 20:1,
15:1, 10:1, 8:1, 5:1 in SPE with PEO:PP =50:50 wt% and
PEOT00K:PEO5M = 50:50 wt%. Below the PEO melting
point, there is a rise in conductivity from O/Li*= 20:1
to O/Li*= 10:1. According to DSC analyses, this result
is correlated with a strong decrease of PEO crystallinity
till a full amorphous PEO phase at room temperature
for O/Li*=10:1 (Figure 3). As reported in the literature,
this ratio gives the best ionic conductivity, because
higher Li salt contents favour ion pairing, which acts as
a barrier for Li* motion reducing the overall conductivity
[20]. Above the PEO melting point, the PEO is fully amor-
phous so the ionic conductivity should decrease from O/
Li*=20:1 to O/Li* = 5:1 as demonstrated by Maurel et al.
on pure PEO/LITFSI electrolytes [20]. However, EIS results
still display the best ionic conductivity for O/Li* = 10:1 at
high temperatures proving the existence of an
additional effect (Figure 3). In equivalent proportion
between PEO and PP, the less viscous phase tends to
be continuous whereas the other one forms droplets.
Increasing LiTFSI reduces the PEO/LITFSI viscosity (plasti-
cising effect), and makes its structure more continuous
with less tortuous pathways for Li* so better ionic con-
ductivity. SEM images corroborate this statement:
there are PEO droplets (in white) in a matrix of PP (in
black) for a low LiTFSI content (O/Li*=20:1) whereas
PEO starts to become continuous for a higher LiTFSI
content (O/Li*=10:1) (Figure S6 of the supplementary
material). O/Li*=8:1 and 5:1 still have lower ionic con-
ductivities because the ion pairing effect is stronger
than the morphological effect.

Effect of PEO molar weight — The effect of the PEO
chain length was studied through the various
PEO100K:PEO5M weight ratios of 100:0, 75:25, 50:50,
and 0:100, in SPE with PEO:PP =50:50 wt% and O/Li* =
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Figure 1. Arrhenius plot of ionic conductivity for several PEO: PP wt% ratio (100:0, 80:20, 70:30, 60:40, 50:50, 40:60) in SPE with
PEO100K:PEO5M = 50:50 wt% and O/Li* = 20:1, as function of temperature (expressed in 1000/T [K™"] for the bottom axis and T [°
(] for the top axis), and PEO crystallinity measurements from DSC curves (Figure S4 of the supplementary material), with AHgs,

100% crystalline = 194.6 J-9_1 [24, 28].

20:1. According to the literature, these two PEOs have
too long chains to influence the ionic conductivity via
a vehicular mechanism (diffusion of Li*-coordinated
chains) [30]. However, Arrhenius plots acquired by EIS
show a diminution of the ionic conductivity along with
higher PEO molar weight (Figure 4). In the same way
as for LiTFSI, PEO chain length modifications affect its
viscosity and therefore the morphology of the blend.
Higher PEO molar weight induces higher PEO + LiTFSI
viscosity, which reduces its continuity so restricting Li*
conduction. For low PEO molar weight ratios (100:0
and 75:25), The PEO + LiTFSI viscosity is sufficiently low
to obtain a continuous conductive matrix (light PEO +
LiTFSI matrix in SEM pictures). The small gap of ionic
conductivity between 100:0 and 75:25 ratio is explained
by the increase of PEO + LiTFSI tortuosity. For high molar
weight PEO ratios (50:50 and 0:100), the conductive
phase forms droplets that hinder efficient Li* motion.
The phase inversion from a PEO + LiTFSI matrix to a PP
matrix, due to the higher viscosity of the PEO phase
compared with PP (Figure S7 of the supplementary
material), is visible in SEM images between the 75:25

Table 1. (a) Carman Model (b) Weissberg theory.
Equation 1:

Equation 2: Weissberg's o lonic conductivity of the

Carman model theory electrolyte
oy lonic conductivity of the
conductive phase
&: Volume fraction of the
o= 20¢ T=1—pxIn(e conductive phase
T 7: Tortuosity of the

conducting phase
p: Parameter of the model

and 50:50 weight ratios (Figure 4). It explains the differ-
ences in ionic conductivity between the low (100:0 and
75:25) and high ratios (50:50 and 0:100).

Fine-tuning PEO mass fractions and viscosities to
obtain a co-continuous morphology - As demon-
strated, SPE morphology, influenced by the three afore-
mentioned parameters, has a huge impact on ionic
conductivity because the PP phase is not involved in
Li* conduction. Continuity of the conductive phase
(PEO + LiTFSI), with as low tortuosity as possible is
necessary to obtain efficient pathways for Li*
However, the continuity of the mechanical phase (PP)
is also targeted to ensure enough mechanical reinforce-
ment for the 3D printing. Thus, conditions to obtain a co-
continuous morphology with low tortuosity have been
studied. Potschke et al. [26] have reviewed existing
empirical models (fine dotted lines in Figure 5) which
describe co-continuity conditions for an immiscible
extruded polymer blend, depending on the viscosity
ratio and the volume fraction of each phase. In our
study, conductive phase viscosity is influenced by the
plasticising effect of LiTFSI and the PEO molar weight,
whereas volume fraction is linked to the PEO:PP
weight ratio. The viscosity of several extruded samples
of different formulations has been investigated to
place them on the morphology diagram, and SEM obser-
vations were performed to determine the cross-sectional
continuity of each phase (Figure 5). Formulations in
green are composed of a PEO/LITFSI matrix with
entrapped droplets of PP. In this region, the low
tortuosity does not decrease the global ionic
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Figure 2. Tortuosity calculated with the Carman model (ionic conductivity measured by EIS) and Weissberg theoretical model. Results
are coupled with cross-section SEM images in Back Scattered Electron (BSE) mode, (white: PEO + LiTFSI, black: PP confirmed by EDS
(Figure S5 of the supplementary material)).
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Figure 3. Arrhenius plot of ionic conductivity for several O/Li* molar ratios (20:1, 15:1, 10:1, 8:1, 5:1) in SPE with PEO:PP = 50:50 wt%
and PEO100K:PEO5M = 50:50 wt%, as function of temperature (expressed in 1000/T [K™"] for the bottom axis and T [°C] for the top
axis), and PEO crystallinity measurements from DSC curves (Figure S4 of the supplementary material), with AHgys, 100% crystalline = 194.6
J.g7" [24, 28].
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Figure 4. Arrhenius plot of ionic conductivity for several PEO molar weight % ratio (PEO100K:PEO5M = 100:0, 75:25, 50:50, 0:100) in
SPE with PEO:PP = 50:50 wt% and O/Li* = 20:1, as function of temperature (expressed in 1000/T [K™"] for the bottom axis and T [°C] for
the top axis), coupled with cross-section SEM images, BSE, 10 kV, x300.

conductivity. On the opposite side, in blue, the conduc-
tive phase is entrapped in the PP matrix which is harmful
for the ionic conductivity. Between these two regions,
SEM pictures showcase targeted co-continuous struc-
tures between PEO and PP. If PEO + LiTFSI viscosity is
lower than PP viscosity, co-continuity is obtained for
low content of PEO. Conversely, if PP viscosity is lower,
co-continuity is obtained for a high content of PEO. It
gives a linear domain in orange favourable to co-conti-
nuity formation with our process parameters (T=170°
C, 50 RPM, residence time =10 min). SEM pictures for
all the points are summarised in Figure S8 of the sup-
plementary material.

All aforementioned effects of the three studied par-
ameters on the global ionic conductivity can be
explained with the Carman model. An increase in the
LiTFSI and PP proportion has a positive impact on the
bulk ionic conductivity (o) through conductive phase
crystallinity decrease and cation concentration modifi-
cation. Besides, the three parameters have interdepen-
dent effects on the blend morphology which must be
tuned to ensure co-continuity.

Formulation optimisation toward FFF 3D
printing

The effects of the above parameters on the polymer
electrolyte conductivity have been deeply investigated.
However, improving the ionic conductivity is in conflict
with improving the printability. That is why optimis-
ation of filament formulation has been performed to
manage to 3D print a polymer electrolyte using FFF.
In this part, all electrolyte samples have been

characterised on printed disks. The different compo-
sitions are summarised in Figure S9 of the supplemen-
tary material.

Electrolyte 3D printing - Starting from the ideal for-
mulation in terms of ionic conductivity at 25°C as deter-
mined in the first part, the aim was to modify parameters
until obtaining a 3D printable electrolyte with a com-
mercial set-up. To evaluate the printability, various
samples have been extruded under the shape of 1.75
mm of diameter filaments to feed a Prusa 3D printer
with a 0.4 mm nozzle. A filament was considered 3D
printable if a one-layer thick disk (200 um) (Figure 6e
and f) could have been successfully printed on this set-
up several times following a test procedure (Figure S10
of the supplementary material). Figure 6 displays the
design of the experiments to optimise the formulation.
The four PEO:PP polymer weight ratios, 80:20, 70:30,
60:40, and 50:50, where PEO is mainly continuous,
have been investigated. Four O/Li" ratios from 20:1-8:1
and various contents of PEO molar weight were also
tested. Red cases symbolise non-printable formulations
whereas green ones symbolise formulations suitable
for 3D printing. In the case of a non-printable sample,
four main defaults happen; filament buckling before
the feeding head (Figure 6b and <), filament crushing
(Figure 6a) inside the printing head, filament breaking
inside the Teflon tube (Figure 6d), and nozzle clogging
due to a sticky behaviour.

Formulations with PEO:PP weight ratios equal to
80:20 and 50:50 have been discarded. Indeed, 20 wt%
of PP is not sufficient to strengthen the mechanical
behaviour, leading to non-3D printable filament
whatever the O/Li* ratios and PEO molar weights.
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Figure 5. PEO wt% (can be approximated as volume% due to close densities) vs. viscosity ratio diagram highlighting three types of
morphology: PEO continuity (green), co-continuity (orange), and PP continuity (blue), illustrated by cross-section SEM images, BSE, 10
kV, x300 SEM images. Fine black dotes lines represent all the empirical models describing the co-continuity of polymer immiscible

blends mentioned in [26].

Filaments lack stiffness due to the absence of PP conti-
nuity and present a sticky behaviour due to the huge
amount of PEO + LiTFSI. Conversely, 50 wt% of PP
gives enough mechanical reinforcement to 3D print
the electrolyte with all O/Li* ratios and PEQ molar
weights. However, such high PP wt% induces a high tor-
tuosity for all samples thus limiting the ionic conduc-
tivity at 59x107° Scm™' at 25°C for the best
formulation (O/Li*=8:1 and 60 wt% of PEO5M) as
described previously.

For 30 and 40 wt% of PP, filament printability
depends on the amount of lithium salt and the molar

NON-PRINTABLE ZONE

weight of PEO. 30 wt% PP only permits printing of
lightly-loaded in Li salt filaments (maximal O/Li*=
15:1). A filament has been successfully printed with O/
Lit=15:1 and at least 60% PEO5M in the PEO matrix,
giving the best ionic conductivity at 75°C (3.3x107*
S.cm™"). However, it gives a lower one (5.7x107°
S.cm™") at 30°C because the PEQ is still semi-crystalline
in these conditions. Moreover, this formulation would
not be in the co-continuous zone (Figure 5), explaining
a lack of reproducibility during the printing. Thus, the
best compromise was found for 40 wt% of PP, which
permits to reach printability with the optimal ratio of

16 mm

Figure 6. Printability tests and experimental design according to the three main parameters. Examples of failed printing tests are
illustrated with inside pictures of the 3D printer (above the heating block figure (S10)): (a) Filament crushing by the rolls linked to
a soft and sticky behaviour, (b and c) filament bending linked to a lack of stiffness, (d) filament breaking and blocking inside the
Teflon tube of the printer linked to a lack of flexibility. Successful tests are illustrated by 200 um thick printed disks of polymer elec-

trolyte without under extrusion (e and f).
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Figure 7. SEM of the printed optimised electrolyte formulation (PEQ:PP 60:40 wt%, O/Li *20:1, PEO100K:PEO5M 50:50 wt%). Cross
sections (a) parallel to the printing direction, (b) perpendicular to the printing direction, (c) top surface, (d) bottom surface; (e) Arrhe-
nius plots of the extruded optimised formulation, the same printed with different orientations, and the reference solvent cast mem-

brane without PP.

O/Li*=10:1. 50 wt% of heavier PEO is needed to coun-
terbalance the LiTFSI plasticising effect and obtain a for-
mulation located in the co-continuous area of the
viscosity/volume fraction diagram (* on Figure 5). The
electrolyte printed at 210°C with a bed temperature of
70°C provides an ionic conductivity of 1.5x 107>
S.cm™' at 30°C (Figure S11 of the supplementary
material). This is the highest ionic conductivity at 30°C
reported so far for a polymer electrolyte printed by
FFF, even, this value still may be too low for Li-ion
battery cycling at this temperature.

Optimised formulation characterisation - The best
compromise between printing quality and ionic conduc-
tivity at 30°C was found for the polymer electrolyte for-
mulation: PEO:PP = 60:40 wt%, PEO100K:PEO5M = 50:50
wt% and O/Li*=10:1. SEM images on printed discs
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underline a co-continuous morphology made of PEO/
LiTFSI and PP (Figure 7b). 3D printing acts as a second
extrusion that homogenises the blend and induces ani-
sotropic structures. Indeed, oriented thin domains of PP
are visible along the printing direction (in dark in Figure
7a). Thus, the tortuosity of Li* pathways is lower along
the direction of extrusion giving an improved ionic con-
ductivity at all temperatures along the printing direction
versus across the printing direction (Figure 7e). This is a
key point to further consider for the 3D architecture of
full-cell printing to improve their performance. In
cross-section, printed electrolytes can be seen as an
assembly of deposited strands (Figure S12 of the sup-
plementary material). Inside the latter, the co-continu-
ous domain structuring occurs concentrically on the
outer edges of the deposited strands. This morphology
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Figure 8. (a) 2nd Cycles at C/20 of the optimised printed electrolyte at 80°C (1.04 mAh/cm?) and 40°C (0.53 mAh/cm?), and a solvent
cast membrane PEO-LiTFSI O/Li* = 20:1 at 80°C, in LFP/Li® cells with a polymer cathode membrane based on LFP/C45/PEO(MW~105);
with corresponding dQ/dE to quantify differences in polarisation (PEO membrane thickness = 320 pm and 3D printed electrolyte thick-
ness = 230-250 um); (b) Cycles of optimised printed electrolyte at 80°C and 40°C in LFP/Li° cells with the polymer cathode membrane
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increases the tortuosity for Li* cross-sectional pathways
which can explain the lower ionic conductivity for the
3D-printed electrolyte compared to extruded samples
(Figure 7e). Finally, considering the gap in polymer
melting temperatures (Tpgo =50 °C vs Tpp= 140 °C), the
printing temperatures (T,ozz1e = 220 °C and Tpeq =70 °C)
could have led to polymer phase segregation with the
help of gravity. This is not the case because both
phases are equally visible on the top (Figure 7¢) and
the bottom (Figure 7d) surfaces, confirming
that the printing process does not induce inhomogene-
ities between the top and the bottom of the printed
part.

Electrochemical tests - Beforehand, the best-
printed polymer electrolyte (PEO:PP 60:40 wt%, O/
Li *20:1, PEO100K:PEO5M 50:50 wt%) has been tested
in Li°||Li® symmetric coin cells at several temperatures
and current densities to investigate polarisation
(Figure S13). It enabled to assess of the maximal
current densities to apply, and thus the appropriate
theoretical areal capacity of the cathode in LFP/Li°
cells. Afterward, this electrolyte/separator was inserted
into a half-coin cell consisting of an LFP, C45, and PEO
(MW~105) cathode solvent cast onto a stainless-steel
disc and a lithium foil. Cells were successfully cycled
at 80°C (1.04 mAh/cm®) and 40°C (0.53 mAh/cm?)
and performances were compared with those of refer-
ence cells containing a pure solvent cast PEO:LITFSI
(20:1) electrolyte membrane. At 80°C, the optimised
printed electrolyte does not create short circuits
upon cycling, unlike pure PEO-LIiTFSI reference mem-
brane. PP highly improves the mechanical stability of
the electrolyte: the pure PEO-LITFSI membrane loses
up to 98% of its initial thickness against less than
30% for the printed electrolyte under 6N and 100°C
for 30 min. Thus, a ring of mylar was used to avoid
creeping the pure PEO:LITFSI electrolyte as mentioned
in the setup (Figure S13 of the supplementary
material). Cycling results of LFP/Li° cells showcase a
higher polarisation for the printed samples than the
reference  membrane (140 mV/190 mV against 50
mV) (Figure 8a). This can be explained by a lower
ionic conductivity and a lower thickness loss for the
printed electrolytes. Despite the gap of ionic conduc-
tivities for the printed SPE at 40°C and 80°C, differ-
ences in polarisation between 80°C and 40°C have
been limited by the use of adapted areal capacities
at each temperature. For both temperatures, a
decrease in discharge capacity at C/5 is visible but
the initial capacity comes back at C/20 (Figure 8b).
This shows that the capacity loss is not linked to irre-
versible degradations. It can come from too high
current densities at C/5 that increase the polarisation,

combined with the absence of lithium salt in the
polymer cathode formulation. Capacities are lower at
40°C than those obtained at 80°C for the same
reasons.

Conclusion

This work reports a novel solvent-free polymer elec-
trolyte, achieved by FFF 3D printing in a view to in-
space 3D printing of Li-ion batteries. The mechanical
properties of a PEO + LiTFSIl-based conductive electro-
lyte were strengthened by adding an immiscible
polymer phase of PP via a full solvent-free extrusion
process. A fine-tuning of the PEO/LIiTFSI viscosity
and crystallinity has been performed by studying
the influence of three parameters: PP content, LiTFSI
content, and PEO molar weight. Thanks to this, a
co-continuous morphology has been obtained to
maximise the ionic conductivity and the 3D printabil-
ity by FFF. The best formulation with 40 wt% of PP,
O/Li*=10:1, and a mix of two PEQO with different
molar weights, has been successfully 3D printed on
a commercial printer. This 200 um thick disk displays
the highest ionic conductivity reported so far for
polymer electrolyte 3D printed in one shot by FFF
with 1.5x 107> S.cm™" at 30°C. The ionic conductivity
is higher than that of a classical PEO/LITFSI at 30°C
but still lower than that of a classical system at T°C
> 50°C. The 3D-printed electrolyte has been success-
fully cycled in an LFP/Li® metal coin cell at 80°C
(1.04 mAh/cm? and 40°C (0.53 mAh/cm?). PP brings
mechanical stability that limits the creeping and
avoids short circuits compared to a pure PEO/LITFSI
electrolyte. LFP/Li® metal cells offer encouraging per-
formances that still could be improved because the
ionic conductivity (1.5x10™> S.cm™' at 30°C) and
the thickness (200 um) of printed electrolyte lead to
polarisation that impacts cycling performances at a
high C rate. Nonetheless, this one-shot printed elec-
trolyte opens the way towards replacing the printed
separator to 3D print the entire Li-ion battery
without any post-treatment. In the case of full-cell
printing, electrolyte layer thickness can be decreased
up to 100 um, and an optimised 3D architecture
can increase the area-to-volume ratio resulting in
improved electrochemical performances. Composite
polymer electrolyte seems to be a promising answer
to enhance the ionic conductivity for low-temperature
applications. Ceramic particles can bring mechanical
reinforcement and disturb the crystallinity to reduce
the need for high molar weight PEO or PP. It could
also increase conductive phase viscosity to reach co-
continuity with a lower content of PP, and it could



offer a new pathway for Li* in the case of ionic con-
ductive particle addition.
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