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Additive manufacturing has the potential to revolutionize the fabrication of lithium-ion batteries for a
diversity of applications including in portable, biomedical, aerospace, and the transportation fields.
Standard commercial batteries consist of stacked layers of various components (current collectors,
cathode, anode, separator and electrolyte) in a two-dimensional manner. By leveraging the latest
advances in additive manufacturing and computer-aided design, an improved geometric and
electrochemical configuration of these batteries can maximize energy efficiency while allowing design
optimization to reduce dead space for a given application. In this work, a composite UV photosensitive
resin was prepared and used as feedstock in a vat photopolymerization system. The resin was loaded
with LiCoO, acting as electrochemically active material for the cathode of a lithium-ion battery, and was
further improved with the addition of conductivity-enhancing carbonaceous additives. Challenges to
additive manufacturing arise from the opacity and high viscosity of the composite nature of these
electrochemically-active resins, which cause light refraction during selective UV curing. Subsequently,
items were printed and subjected to a thermal post-processing step to obtain an adequate compromise
between electrochemical performance and mechanical integrity. Both sintered and green state 3D
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printed cathodes were assembled into half-cell lithium-ion batteries using lithium metal as a reference

and counter electrode. Electrochemical cycling of these batteries yielded satisfactory results

approaching commercial LiCoO, cathodes’ performance, with the potential advantages of additive
manufacturing — high surface area anode—cathode configurations for power performance as well as
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1. Introduction

Lithium-ion batteries are vital and abundant components in
everyday electronics. Since their commercialization in the
1990s, the composition of batteries has remained relegated to
the geometry of consecutive two-dimensional stacks of anodes,
separator/electrolyte, cathodes, and current collectors. These
stacks are assembled to fit coin cells, pouch cells, and cylind-
rical batteries."? The functioning principle of batteries is based
on lithium intercalation/deintercalation from the cathode to
the anode by migrating through the electrolyte into the porosity
of the electrodes, for the charge, and the inverse process for the
discharge. The electron flow through the external circuit
between the anode and the cathode enables the conversion of
chemical energy to electrochemical energy.** This work focuses
on a cathode material, LiCoO,, the preferred choice for
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batteries targeting consumer portable electronics, due to its
high specific energy.’

In order to store more energy from existing battery chemis-
tries, a substantial effort has been recently focused on manu-
facturing intricate 3D anode-cathode architectures, thus
increasing the power density by increasing the specific surface
area and promoting 3D lithium ion diffusion across the elec-
trodes with increased surface area.®'® The limitation of this 3D
approach remains in the manufacturing, which is often spa-
tially complex and difficult, if not impossible, for mainstream
methods. Additive manufacturing appears in this context to be
an exceptional tool to comply with the requirements of 3D
battery production by providing complex geometries and tool-
less manufacturing.'*™® Among the various additive manufac-
turing processes, material extrusion using either thermoplastic
filaments'"">'772° or inks®>' > as material feedstock for the 3D
printer have been previously studied to manufacture battery
components. On the other hand, vat photopolymerization
(VPP), another additive manufacturing subcategory, is particu-
larly promising for energy storage applications as this process
can provide resolution ranging from as high as 100 pm down to
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as low as 100 nm,>>° but has often been disregarded for the
printing of the electrodes. VPP is a layer-by-layer curing
approach that solidifies a liquid UV-photosensitive resin
composed of a mixture of polymers and photoinitiators. In
order to produce an electrochemically-active structure, solid or
soluble battery materials must also be added.””*® Solid parti-
cles, especially those within the nanometric scale, may scatter
or prevent the absorption of the UV light used to cure the
composite resin.”® Therefore, layer thickness, exposure time,
temperature, and brightness of the UV light are variables that
should be optimized for each composite resin,*>*" particularly
important to simultaneously provide electrochemical function-
ality while maintaining printability.

Most 3D printing commercial systems have pre-programmed
process parameters specifically optimized for their own commer-
cial resins. Consequently, when new custom composite resins are
developed, research must be completed to identify the most
appropriate set of printing parameters. This work investigates, in
a first instance, the best suited printing parameters for obtaining a
dimensionally-accurate green state structure containing LiCoO, (a
well-known active material for the positive electrode in commercial
lithium-ion batteries) and conductive carbon additives, followed by
an appropriate thermal post-processing step. Secondly, the study
will demonstrate the proof-of-concept cycling of such cathodes
inside a half-cell lithium-ion battery, by comparing the perfor-
mance obtained from the green state LiCoO, cathode, to its
sintered counterpart. In this work, for the first time, VPP additive
manufacturing of lithium-ion battery electrodes using composite
resins as material feedstock directly containing solid particles of
electrochemically-active material (here LiCoO,) and conductive
additives, is reported and serves to provide the foundations for
the additive manufacturing of a multi-material lithium-ion battery.

2. Materials and methods
2.1. Design

Planar discs measuring 12.7 mm in diameter and 0.5 mm in
thickness were created using the CAD software, nTopology
(nTopology, New York). To further increase porosity and com-
plexity, an additional design with the same dimension was made
using a 90% infill with a tetrahedral octagonal vertex centroid
lattice. The CAD files were converted to Standard Tessellation
Language (STL) files utilizing a mesh from an implicit body in
nTopology. These files are a composition of colorless triangles to
describe the surface of the geometry created*> and were sliced by
the printer software to project 2D UV light images directly to the
resin for solidification. Finally, a more complex 3D structure was
created also using nTopology. This disc measuring 12.7 mm in
diameter and 3 mm in thickness was infilled with a gyroid lattice
that had a beam thickness of 1.2 mm.

2.2. Resin preparation and additive manufacturing

In this work, three different UV-photocurable composite resins
have been developed to be used as material feedstock in a vat
photopolymerization 3D printer:
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The first resin, referred to in the text as “control” composite
photosensitive resin, was prepared by mixing a commercially
available Genesis base resin (Tethon 3D, USA) and LiCoO,
(99.8%, Sigma Aldrich) in a 85:15 wt% ratio. This resin (as well
as the two other subsequent composite resins) was employed as
feedstock material and tested with the direct light processing
(DLP) technique on a Bison 1000 printer (Tethon 3D, USA)
equipped with a 405 nm wavelength. The ‘“control” resin was
specifically developed with the aforementioned ratio to ensure
good printability. Indeed, a compromise must be reached
between the printability (provided by the acrylate base resin)
and the electrochemical performances (provided by the LiCoO,
loading). A too high amount of LiCoO, will have a detrimental
effect on the printability. It is important to note that the
resulting printed electrode from this “control” resin is not yet
functional as a cathode due to the lack of conductive carbon
black additives. Printing parameters were deduced according
to the material’s properties as follows: UV light brightness
400 mW cm 2, initial and basic exposure time 45 s, and layer
thickness 100 microns. The heat feature was not utilized.

The second resin, referred to in the text as “primary” composite
photosensitive resin, contains Genesis base resin and a mixture of
LiCoO, with conductive carbon black Timcal Super C45 (BET =
45 m* g ' and 20 nm particle size, MSE Supplies); in a
70:28:2 wt% ratio. The conductive additives were premixed with
LiCoO, in a mortar prior to introduction into the base resin to
ensure thorough mixing. The loadings of LiCoO, and conductive
carbon black were here maximized to allow printing of flat patterns
while also demonstrating acceptable electrochemical performances
for the green state electrodes (without additional thermal post-
processing step). Printing parameters on the same DLP printer
were set as follows: UV light brightness 750 mW cm™ 2, initial
exposure time 250 s, basic exposure time 70 s, and layer thickness
100 microns. To account for the material’s high viscosity, the heater
was set to maintain the printer in a range from 35 °C to 50 °C.

Finally, the third resin, referred to in the text as ‘“‘experi-
mental” composite photosensitive resin, was prepared by mixing
Genesis base resin, LiCoO, and C45 in a 95:4.7:0.3 wt% ratio.
Here again, the conductive additives C45 were premixed with
LiCoO, in a mortar prior to introduction into the base resin to
ensure thorough mixing. This resin was specifically developed to
allow the printability of complex 3D structure (thanks to a higher
loading of Genesis base resin polymeric matrix), and at the
detriment of the electrochemical performances (due to the lower
amount of LiCoO, active material and conductive additives). The
printing parameters on the DLP printer were set as follows: UV
light brightness 730 mW cm ™2, initial exposure time 70 s, basic
exposure time 65 s, layer waiting time 75 s and layer thickness
100 microns. The heat feature was not utilized.

Prior printing, all composite resins were stirred at room
temperature in a hot plate for 1 hour, in order to ensure homo-
geneity and limit the stratification of the fillers within the resins.

2.3. Materials characterization

Thermogravimetric analysis-mass spectrometry (TGA-MS) was
executed by means of an STA 449F3 instrument (NETZSCH,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Germany) placed inside an argon-filled glove box (O, and
H,0 < 0.1 ppm, Jacomex). The experiments were performed
from 25 to 900 °C at a rate of 10 K min~* under Ar flow. X-ray
powder diffraction (XRD) diffractograms were acquired with an
Empyrean-2 X-ray diffractometer (Malvern Panalytical, UK)
using Cu Ko radiation (A = 1.5418 A), 45 kV of accelerating
voltage, and a current of 40 mA. Data was recorded from 10 to
90° 2theta with a step size of 0.013° and scan rate of 8° min~".
Images of the 3D printed items were obtained using an S-4800
(Hitachi, Japan) field emission scanning electron microscope
(SEM) operating in high vacuum mode. Secondary electron
images were recorded at a maximum 15 kV of acceleration
voltage. The green state cathode electrode was frozen on liquid
N, to obtain a clean cut for the cross-sectional images.

2.4. Lithium-ion battery testing

Green state or sintered 3D-printed cathodes were placed as
working electrodes for power performance battery testing. Coin
cells were assembled inside an argon-filled glovebox (H,O <
0.1 ppm, O, < 0.1 ppm) using lithium metal (0.38 mm thick
ribbon, 99.9% purity, Sigma Aldrich) as a counter and reference
electrode. A fiberglass separator (Whatman GE Healthcare)
impregnated with 150 pL of 1 M LiPF, in ethylene carbonate
and dimethyl carbonate (EC:DMC 1:1 wt, Sigma Aldrich) was
used as a separator/liquid electrolyte. The resting time to allow
electrolyte impregnation was 13 h. The cells were galvanostati-
cally charged and discharged in a potential window of 2.5-4.3 V
vs. Li/Li" for five cycles at C/50, C/20, C/10, and 10 cycles at C/50
(5.48, 13.7, 27.4 and 5.48 MA h gricoo, ', respectively), by
means of a LBT galvanostat (Arbin, USA). The current densities
were calculated considering total lithium extraction (i.e. x=1in
Li; _,C00,).

3. Results and discussion

All composite photocurable resins presented dark coloring
typical of the powder materials which blocked UV rays from
permeating the resin, thus hindering the increase of the thick-
ness of the objects as well as making harder to adhere to the
build plate. Another consequence from the presence of a high
powder loading was the increased light scattering. This implies
that the UV-light paths were constantly interrupted by the
particles thus slowing the photopolymerization process, caus-
ing failure to stick to the build plate, undesired macro porosity
and defects on the prints. The printing parameters were set to
effectively minimize the effect of these issues that are known to
prevent the printing of highly loaded resins. It was also
observed that when the resins were left untouched, they pre-
sented solids sedimentation on the resin tank. To minimize
this effect and ensure the correct solid loading was present on
the prints, the resins were used immediately after agitation
during 1 hour, and the printing of the discs described in the
Materials and Methods section did not exceed 7 minutes
for the control and primary resins, and 30 minutes for the
experimental resin.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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During the printing process, the control resin (loaded exclu-
sively with LiCoO, and without any carbon additives) success-
fully adhered to the build plate, achieving a maximal thickness
of 230 pm. The LiCoO, particles employed exhibit diameters
between 5-15 um. Upon the addition of nanosized carbon black
C45 (primary resin), the UV light permeation is worsened and
consequently the adhesion of the initial layers to the build plate
is more complicated. Indeed, the discs printed with the primary
resin required an increase to the vat temperature, brightness,
and initial and basic exposure times to produce adequate prints
(Fig. 1a and b).

On both printed discs with different infill, the side of the 3D
printed layer facing the tank’s film always presented different
surface morphology in comparison with the opposite side. In
essence, the first layer appeared smoother than the last and
important microporosity can be observed on the vat-facing
surface (Fig. 2a and b). The surface rugosity became more
evident when the cross-section was examined by SEM
(Fig. 2c), as some particles appeared almost detached from
the print. It is relevant for 3D printed battery components to
study these surface features since a low contact rate between
the electrodes and the current collector, and a high interfacial
rugosity between electrodes and electrolyte (especially when
using solid electrolytes) will increase the contact resistance and
thus battery impedance.**?* The particles are mainly located
on the bottom part (vat-facing print surface), whereas the
polymer is more visible closer to the plate-facing print surface.
This is due to the effect of gravity on the particles within the
resin. As it is undesirable for this application to include
viscosity-stabilizer additives into the composite resin because
of their potential electrochemical activity, it would be interest-
ing to study the effect of a microgravity environment on the
printing of highly-loaded additive-free composite resins, as it
has been done before for material extrusion,®® but never
for VPP.

On the other hand, the microporosity observed on the vat-
facing side is a beneficial feature due to faster electrolyte
impregnation when employing liquid electrolytes (the case of
this work). Therefore, it was decided that for battery testing the
smoother side would face the current collector, whereas the
rougher side would face the separator/electrolyte.

a) b)

5mm 5mm

Fig. 1 (a) Picture of the actual 100% infill printed disc from the primary
resin and (b) of the 90% infill. The diameter corresponds to the size of a
coin cell battery used for electrochemical characterization.
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Fig. 2 Top-view SEM images of a green state electrode from (a) the side
facing the building plate, and (b) side facing the vat. (c) Cross-sectional
view of the printed LiCoO, electrode.

In spite of the thermal post-processing profiles for battery
materials previously published,'*® previous profiles cannot be
applied to this composite resin because: (i) the composition of
the polymeric matrix is not the same, so the debinding step
should change, (ii) the sintering temperature is dependent
upon the interactions between the solid particles of the mix-
ture, and (iii) it may occur that the solid particles act as
retardant/accelerator of the thermal reaction. For this reason,
TGA-MS and XRD were used to determine the best thermal
profile that eliminates the electrochemically inactive polymeric
material, and that at the same time does not alter the crystal-
line phase of LiCoO,.

TGA-MS analysis of a green state 3D printed piece (from the
primary resin) was performed in air from 25 °C to 900 °C and is
shown in Fig. 3a. A mass loss of about 60% occurred from
200 °C to 470 °C with two exothermic DTG peaks centered at
340 °C and 415 °C, and a simultaneous production of CO, and
H,O gasses as observed in the MS graph. This is associated with
the combustion of the polymeric resin in two steps, as it can be
seen in the thermal TGA-MS of pure Genesis base resin
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(Fig. 3b). By comparing both graphs, it can be deduced that
the presence of solid particles in the base resin did not greatly
affect the decomposition temperatures, contrary to what was
observed before by Martinez et al.'* when using reactive pre-
cursors within the resin. Since the precise chemical composi-
tion of the commercial Genesis base resin is a commercial
secret, the two other thermal decompositions that occurred at
500 °C and 560 °C can be attributed to the combustion of
residual resin products that evolve CO, and H,O gasses, and a
part of CO, gas stemming from the partial oxidation of the
carbon black C45. The green state sample weight did not
change after 650 °C, indicating that the polymer combustion
was completed by this temperature. The remaining mass was
26%, which corresponds very closely to the amount of LiCoO,
that was added within the primary resin (28%). The slight
difference might come from the homogeneity of the resin and
sedimentation problems that the printer can face.

XRD analysis of the resulting sintered cathode corroborated
that the LiCoO, material kept its pure composition and did not
undergo lithium volatilization (Fig. 4a). Based on these ana-
lyses, a thermal post-processing profile was designed (Fig. 4b).
It consisted of heating at a rate of 1 °C min~" until 300 °C to
remove residual water, immediately followed by heating at
0.2 °C min~" until 400 °C (matching the DTG peak) and holding
for two hours to prevent cracks formation during the polymer
combustion. Then the temperature was increased at the same
speed until 550 °C and then until 600 °C (matching the broad
DTG peaks in the 500-600 °C zone that corresponds to the
polymer derivatives degradation), where the temperature is
held for two hours and one hour, respectively. Finally, the
temperature was increased at the fast rate of 4 °C min™* and
held at 750 °C for four hours to promote particle sintering. Note
that by the end of the sintering profile integral sintered pieces
were difficult to obtain because a solid loading below 50%
usually presents excessive shrinkage and delamination issues
during debinding and sintering steps.*’

A closer SEM view to the surface microstructure of the green
state electrode printed from the primary resin and the

b) o f————
—~ AN
£ -20- / \
< . 560°C
5 340
= -40 1
[
[%]
2 .60 \
[
[2] .
«© Genesis
= -804 i
base resin as°c
Air, 10 K.min! 455 °C 0% mass left
-100 1/ . : . : ; -

:

s

A\

M"’w

300 400 500 600 700

Temperature (°C)

(a) TG (top) and MS (bottom) analysis of the composite resin containing LiCoO, and carbon black C45 materials in the green state (before thermal

post-processing). (b) TG (top) and MS (bottom) analysis of the Genesis base resin.
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corresponding sintered electrode, revealed that surprisingly the
green state electrode (side facing vat) presents microporosity
desired for battery function (Fig. 5a). Most importantly, the
thermal post-processing step kept this microporosity (Fig. 5b),
while also having little effect on the sintering of the particles,
which is important to control so that the channels for electro-
lyte impregnation are kept (Fig. 5¢ and d). A comparison with
the bare LiCoO, particles showed that the particles did not
change their morphology after heating at a maximum tempera-
ture of 750 °C during four hours, as it was also recently
observed by Valera-Jiménez et al.>® after the sintering at a
maximum temperature of 900 °C for six hours of a printed
item obtained via thermoplastic filament extrusion containing
LiCoO, particles.

The initial charge capacity of the green state sample printed
from the primary resin was 62 mA h gLiCOOZ’l in half-cell battery
configuration at a C-rate of C/50 (Fig. 6a). This capacity value is

Green state

Fig. 5 (a)-(d) SEM images of the printed pieces in the green (side facing
vat) or sintered states.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) XRD diffractogram obtained from the residues left from thermal post-processing. The reflections of LiCoO, are indicated in parentheses.
(b) Thermal post-processing profile including debinding and sintering steps.

surprisingly high since the amount of electrochemically inactive
resin is high (70 wt%). Nonetheless, it is still far from the
practical capacity of LiCoO, electrodes with an upper cut-off
voltage of 4.3 V vs. Li/Li": 155-165 mA h griceo, .>° The
discrepancy between practical and observed capacity can be
explained by the polymeric matrix resin which is not electrically
nor ionically conductive, and therefore creates a resistance that
prevents lithium and electrons conduction. The presence of a
polarization resistance in the green state electrode can also be
observed in the potential gaps between the main peaks on the
dQ/dv plot (Fig. 6b). Both curves in Fig. 6b exhibit a pair of main
redox peaks between 3.85-3.95 V vs. Li/Li", corresponding to the
first-order phase transition of LiCoO, upon lithiation and
delithiation. The other two redox peaks result from phase
transitions between ordered and disordered Li' arrangements
in the CoO, framework.*® The potential gap between the main
redox peaks is bigger in the green state electrode (~ 50 mV), than
in the sintered electrode (~20 mV); and the peaks of the green
state electrode are not as sharp and pronounced as for the
sintered electrode. This means that the green state electrode
presents higher polarization resistance to the flow of lithium
ions. An analysis of the specific capacity versus potential plots
also revealed that the charge and discharge curves of the green
state electrode do not present a clearly defined plateau around
3.9 V vs. Li/Li", typically attributed to polarization resistance
(Fig. 6¢). Upon further cycling at C/20 and C/10 that delivered low
specific discharge capacity values (32 mA h gLicooz’l and 19 mA
h gLiCOOZ_l, respectively), the initial capacity values at C/50 were
recovered partially from cycle #15 (40 mA h gi;co0, ')- The data
indicates that the green state electrode is capable of retaining
and delivering at least 65% of the initial electrochemical energy
in the presence of a high amount of inactive polymer for at least
25 cycles. In a future work, a flexible composite resin could be
designed to 3D print analogous battery electrodes, thus poten-
tially making them suitable for deployment in areas that require
flexibility, such as soft sensors and soft robotics.

In the literature, Maurel et al.'® also reported an adequate
electrochemical performance from a green state LiFePO,-based

Energy Adv., 2024, 3,1009-1018 | 1013
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cathode printed via fused deposition modeling. For the cathode
containing 33 wt% of polymers, they reported a specific dis-
charge capacity of 90 mA h g~ ! at C/20 (56% of the practical
capacity). From the same group, Maurel et al.*® recently reported
a green state TiO,-based VPP printed electrode exhibiting low
specific capacity when cycled versus Na/Na® (<10 mA h g™ ).
However, upon sintering in argon, high specific capacities of 60
and 115 mA h g~ ' versus Na/Na" and Li/Li', respectively were
achieved. In a related work, Valera-Jimenez et al.>*® demonstrated
the debinding and sintering of LiCoO,-based electrodes printed
via thermoplastic extrusion AM. For a LiCoO, electrode sintered
at 900 °C in N, and cycled at C/10, they reported an average
reversible capacity of 129 mA h g " (205 mA h cm ™ for the total
volume electrode), which corresponds to 81% of the practical
capacity of LiCoO,. These works demonstrate the importance of
thermal post-processing to improve the electrochemical perfor-
mance of printed electrodes.

After thermal post-processing, our LiCoO,-based electrode
exhibited higher specific capacities than the green state elec-
trode. Fig. 6a shows the electrochemical performance of the
sintered LiCoO,-based cathode that was sufficiently mechani-
cally stable to be tested in coin cell battery configuration. This
electrode delivered 160 mA h gLiCOOZ’l in the first discharge, a
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value close to the commercial performance of LiCoO,, and an
irreversible capacity loss from the first charge to the second of
only 7% (in comparison with 12% from the green state elec-
trode). The initial irreversible capacity is due to a combination of
the loss of lithium sites due to irreversible structural changes on
LiCo0,, the parasitic electrochemical reactions occurring on the
surface of the electrode with the electrolyte, and the slow kinetics
for lithium intercalation.** While the first two are irreversible,
the last is mainly dependent on temperature and current den-
sity. In 3D printed electrodes, the main cause for large initial
irreversibility is often the parasitic electrochemical reactions due
to the use of polymer matrices and thermal post-processing
steps that affect the purity of a printed electrode. Upon further
cycling, the discharge capacity decreased to 134 mA h gLiCOOZ’l
and to 123 mA h gLiCoo;l when cycling at C/20 and C/10,
respectively; but 128 mA h gLiCoo;l of discharge capacity were
still recovered at C/50 after 25 cycles (around 80% of the practical
capacity of LiCo0O,). Individual potential versus specific capacity
plots illustrating the charge and discharge profiles are shown in
Fig. 6d. In this case, the curves are more defined and clearer
plateaus can be observed around 3.9 V vs. Li/Li'.

The electrochemical results shown in this work (for the
green state and sintered cathodes obtained from the primary

© 2024 The Author(s). Published by the Royal Society of Chemistry
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resin) compare with the precursor approach that has been
recently used to develop a LiCoO, cathode for lithium-ion
battery application.'**> In this reported method, lithium and
cobalt precursor salts were dissolved into the photocurable
resin. The lack of solid particles in the feedstock material
benefited the printing process by avoiding particle light scatter-
ing and allowed the printing of more complex geometries.
However, disadvantages to this method correlate to the lack
of electronic conductivity as electrode materials are very often
poorly conductive oxides. As stated in this work, the addition of
conductive carbon in powder-based resins enabled the electro-
chemical cycling of a green state electrode (at the expense of
low capacity), whereas green state electrodes printed from
precursor resins simply cannot deliver electrochemical func-
tionality because of the absence of LiCoO, active material.

In a separate experiment, the total amount of solid loading
content of LiCoO, and carbon black C45 in the primary
composite resin was reduced from 30 to 4 wt% only; this
composite resin is called the experimental resin. The motiva-
tion behind this experimental resin is to allow the printability
of complex 3D structure or thicker cathode thanks to a higher
loading of polymeric matrix, but at the detriment of the
electrochemical performances due to the lower amount of
LiCoO, active material and conductive additives. Fig. 7a shows
the designed gyroid disc that was printed from the experi-
mental resin. As the total amount of solid particles within the
resin was decreased, thus resulting in reduced light scattering
during printing, the printability was facilitated and printing
parameters such as brightness, initial and basic exposure times
were reduced to ensure adequate print quality. Although elec-
trochemical properties were not tested for this printed elec-
trode, it is expected that lower capacity values would be
obtained because of the high amount of electrochemically
inactive polymer, when compared with the green state cathode
printed from the primary resin. This experiment shows the
necessity to find a compromise between printability and elec-
trochemical performance.

In retrospect, the issues related to particle sedimentation
and opacity can be minimized through four procedures: (i) the
modification of the resin formulation, (ii) the implementation
of a start-and-stop method for changing the resin within the
tank, (iii) the usage of an alternate printer, and (iv) printing
under a microgravity environment. The former includes using

Fig. 7
with a multi-material printer.
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viscosifiers, dispersants, and additives; but is not preferred
because of their potential electrochemical activity. The imple-
mentation of a start-and-stop method to change the resin is
particularly relevant for larger and vertically extended compo-
nents. Alternate printers equipped with a recirculation system
of the feedstock appear as a more fitting option to avoid
sedimentation issues. On the other hand, it is expected that
microgravity will improve the homogeneity of 3D printed
battery components and their resulting electrochemical perfor-
mances by benefiting both the head pressure and particle
distribution. The effect of gravity on particle sedimentation
during the additive manufacturing material extrusion process
has been studied on the International Space Station (ISS)
previously,®® however, it remains a challenge to further validate
for the VPP processes targeting battery functionality.

4. Future outlook

The development of complete complex battery architectures
using the software Fusion 360 was explored. With the aid of
computer visualization and design, innovative battery geo-
metries increasing in complexity can be created to analyze
the efficiency of the investigated parameters. An example of
explored geometries is shown in Fig. 7b, where three inter-
twined helices corresponding to cathode, anode and solid
electrolyte assemble together to form the complete battery. In
this design, it is envisaged that the current is collected by tab
collectors produced on the outside shape through ink writing.
Another option is the current being collected by a specific case
design containing metal parts that fit each electrode surface. It
is expected that in the near future a VPP multi-material printer
will facilitate the assembly of all battery components into one
single print.***® Ultimately, these 3D-printed batteries could
power actuators (i.e. shape memory alloys), for the fabrication
by means of additive manufacturing of fully printed soft
robots.”” ™ Printed batteries could also be seamlessly inte-
grated within the frame of various objects (i.e. smartwatches,
smart glasses, or satellites), to serve as structural batteries with
dual energy storage and load-bearing capabilities, utilizing the
space within objects that would normally go unused, such as
the space within the wristband of a smartwatch or frame of a
satellite, for housing the batteries.>”"*®

AL

¥ e
Solid Cathode Intertwined
electrolyte Anode battery design

(a) Gyroid thick cathode electrode printed from the experimental resin. (b) Example of envisaged multi-material structures that could be printed
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5. Conclusion

In this work, for the first time, the preparation and VPP additive
manufacturing of a composite UV photosensitive resin, loaded
with solid particles of active material and conductive additives,
and specifically designed to print a cathode electrode of a
classical lithium-ion battery, was performed. The resin was
loaded with LiCoO, acting as cathode electro-active active
material. LiCoO, cathodes were printed using a low-cost desk-
top DLP printer, in which the printing parameters were care-
fully selected considering that the opacity and viscosity of the
resins hinder the 3D printing. It was found that electrodes
printed from composite resins present certain inhomogeneity
that may impact the electrochemical results because of sedi-
mentation issues. Then, through an adequate thermal profile
deduced from TGA-MS data, a sintered electrode delivered
electrochemical specific capacity close to the commercial value
for LiCoO,-based batteries. Surprisingly, the green state item
also showed electrochemical activity, which we attributed to
the certain microporosity created during printing. Finally, this
work serves as a reference for future efforts to 3D print
composite materials with similar high loading of solid parti-
cles, and invites the research community to invest time in the
design, printing, and optimization of battery components
tailored with complex shapes, allowing the future direct incor-
poration of batteries within complex 3D objects.
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