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Additive Manufacturing of 3D Structural Battery Composites with Coextrusion

Deposition of Continuous Carbon Fibers

Aditya Thakur and Xiangyang Dong’

Mechanical and Aerospace Engineering, Missouri University of Science and Technology, Rolla,

MO 65409 6

Abstract
There is a growing interest in fabrication of structural battery compqg eve mass-less
energy storage. Additive manufacturing would allow customizatiqgfof attery form factor to

fit specific needs. In this study, a multi-axis coextrusion & technique is proposed to

fabricate a 3D structural battery composite with continuouwr ibers coated by solid polymer

electrolyte (SPE). The SPE-coated carbon fib cgextruded with cathode doped matrix
& composites successfully power up LEDs.

materials. All the printed complex sty @

Further mechanical and electroghemicalgharacterization demonstrates the potentials of the
additively manufactured comp xectrical energy storage and load bearing.

Keywords: Additive maq a% Structural battery composites; Lithium ion battery;
Continuous carbon ( lid’ polymer electrolyte.
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1. Introduction
Growing needs of electric technologies in aviation, automotive, and consumer electronics require
further development of high energy storage systems [1,2]. One promising approach is to develop

multifunctional composite structures and materials [3—5] to enable mass-less energy storage for

investigated [4,6-10]. Among them, carbon fiber composites,

materials, show great potentials of being used as structural posites due to preferable
electrochemical properties of carbon fibers [11-13]. A maj multifunctional carbon fiber

composites are based on a laminated composite st d are fabricated through conventional

lay-up processes [3,7], which involve hg ation costs and long development cycles for
components with complex geometries.

On the other hand, additivéQganufacturing (AM) methods allow flexible design of shape
and size, which would furthefga battery form factor to be customized for improvement of
energy storage or to fi v@zroduct design [14—16]. In particular, AM techniques have been
recently develo fabricate carbon fiber reinforced thermoplastics based on extrusion
deposition groc =20]. However, their applications in multifunctional composites are limited
[21-%]. studies focused on optimization of their mechanical performance [25,26]. Thus,
it will be Mecessary to develop AM techniques to explore applications of carbon fiber composites
in structural power composites.

In this study, a multi-axis coextrusion deposition method is proposed to additively

manufacture a 3D structural battery composite structure with continuous carbon fibers.



Electrocoating is first used to produce solid polymer electrolyte (SPE) onto each individual carbon
fiber. Polylactic acid (PLA), a commonly used thermoplastic material for 3D printing, is infused
with active and conductive materials to prepare cathode doped matrix materials that are further
used to fabricate the structural battery composites with various geometries. It is worth noting that
as previous studies [24] suggested the doped cathode materials would hinder theguri ess of
photopolymer binders, we propose a new 3D printing process using thermoplastiCs R ock in
order to increase loadings of cathode materials. Both electrochemical and @ cal properties

are characterized to demonstrate the potentials of the proposed A \ @

2. Experimental Procedure ,
2.1 3D structural battery architecture

A concentric 3D structural batte &arc itecture in Figure 1A was implemented
in this study. Carbon fiber works as b@ and current collector. A solid polymer electrolyte
individually coated on each carbogiber is used as electrolyte and separator. SPE-coated carbon
fibers are embedded in catho% matrix materials that are further assembled with current
collector. Dispersed i tho®ydoped matrix, individually SPE-coated carbon fibers formed a
network of micro4uatt® cells. Due to high surface area between coated fibers and active materials,

the obtainegd.st g batteries have potentials of achieving high energy density [4,27].



A. Active

Conductive
Cathode doped

matrix...

Current W o
collector

Aluminum metal
(Counter electrode)

Lithium metal
(Reference electrode)

Figure 1. Schemagg the®D structural battery composite architecture: A. shows the 3D
structural ba Kign; B. shows the electrocoating process to produce solid polymer

electrolO inuous carbon fiber; C. and D. show a direct comparison of uncoated and

SPE-coated carbon fibers.

SPE coatings [28] were prepared using a three-electrode electrocoating assembly in Figure
1B inside a glove box in an Argon atmosphere (<1 ppm oxygen content and moisture). A carbon

fiber tow in Figure 1C with a total length of up to 300 mm could be electrocoated (Figure 1D) to



facilitate 3D printing of various structural battery composite samples. It should be noted that
although longer coated carbon fiber length is possibly achieved, correspondingly increased heat
generation and thermal induced stress during electrochemical cycling may lead to mechanical and
electrical failure [29]. In this study, Polyacrylonitrile (PAN)-based carbon fibers (Toray TSOOHB,
12000 filaments per rowing) were selected (dried in a vacuum oven at 120 °Cgfor t four
hours to remove moisture) to facilitate printing process for the structural baftcRg.c osites,
together with their favorable electrochemical and mechanical properties [13, worth noting

LiClOy4 (less sensitive to the atmospheric moisture [27]) in olyethylene glycol (350)

that the fiber bundle size may also affect structural battery peer e solution with 1M
monomethacrylate (SR550) monomer was dissolved in I)}l ormamide (DMF by Sigma-
Aldrich) with a monomer-to-solvent ratio of 1:2 ume) and used in the electrocoating
process. The SPE coating was polymeri c&he solution, leaving grafted polymer on each
individual carbon fiber. A SPE coatinngt 2 um thickness in Figure 1D was obtained with a
polarization time of 400 s. The Nﬁting thickness was estimated via the scanning electron
microscope (SEM) images of {e, ted and coated fibers, by characterizing their cross sections
using the FIJI image apglyses Mackage.

The cath d matrix materials need to have a high electrical conductivity and a high

ionic cond mmercial graphene infused PLA pellets (by Blackmagic3D) with an

elec yity of 1 Q-cm were used, where graphene worked as conductive materials, and
PLA woul serve as binder material to facilitate the proposed AM method. Lithium iron phosphate
(by Sigma-Aldrich), commonly used for electrodes of lithium ion batteries, was selected as active

material for its high theoretical specific capacity. The pelletized cathode doped matrix materials

were then prepared following through dissolving, curing, and drying. While PLA is a commonly



used 3D printing material, a major challenge in the structural battery composites is its very poor
ionic conductivity. It was thus converted into an ionically conductive matrix through post cure
swelling of printed samples by infusion with liquid electrolytes. A 1:1 (by volume) solution of
ethyl methyl carbonate (EMC) and propylene carbonate (PC) with 1 M LiClO,4 was used since it
was shown to promote stable ionic conductivity and retain mechanical int rit%fused
polymers over a long period of time [31]. In this study, all printed samples were' 11'%gs 50 °C

for 24 h and aged for another 24 h prior to testing.

2.2 Experimental setup K
To fabricate the proposed 3D structural battery ar re, a coextrusion deposition
method in Figure 2A was proposed to additively m re the 3D structural battery composite

materials. It included a single-screw ¢ &1 1ts movement controlled by a multi-axis
machine, thus allowing drawing toolpa ree-dimensional space. The extruder rotation speed
was used to control the material Mon rate during printing process. The cathode doped PLA
pellets were fed through the d§t opper and melted by the heater before being extruded out
through the coextrusi 0z (4 mm inner diameter). Meanwhile, a continuous SPE-coated
carbon fiber bun impregnated through the extrusion nozzle [20] and coextruded with the

cathode doped It before being deposited on the print bed layer-by-layer, in an ambient air

pres ahperature. It should be noted that drawing forces during the proposed printing
process tdd to place the SPE-coated carbon fibers near the top region of each deposition layer in
Figure 2B. This would hinder the fiber impregnation into the cathode doped matrix materials. The

resulting voids and fiber clumping would severely limit the electrochemical performance of the

printed battery samples. Moreover, the coextrusion nozzle may scratch away the SPE coatings.



Any exposed carbon fiber would be in direct contact with the cathode matrix materials and cause
short circuiting of the printed structural battery cells. Thus, a 5-axis printing process (with the
extruder in Figure 2 mounted on a 5-axis machine) was implemented. The rotational A axis and B
axis were adjusted to maintain a constant tilt angle (Figure 2C) between extruder and deposition
bead following the printing toolpath. In this study, a tilt angle of 15° was uscg w3 elting
temperature of 175 °C, a print speed of 40 mm/min, and a layer thickness of 2.5 A eated
temperature of 45 °C on the print bed was also used to facilitate deposit @ ess. With an

extruder rotation speed of 22 RPM, a material output rate of 280 g as achieved with a

typical deposited sample shown in Figure 2D. It is worth Wther optimization of these
printing parameters may help improve the performance of}1 tructural battery composites,

the effects of which will be investigated in future st
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Figure 2. Schematics of the proposed AM method to print structural battery composites
with SPE-coated continuous carbon fibers: A. shows the experimental setup, where the extruder
is mounted on a 5-axis machine; B. and C. demonstrate the implemented multi-axis printing

process; D. shows a typical printed structural battery composite sample.

3. Results and Discussion 6

To maximize energy capacities, the ratio of active material to conducerial was first
Qm emical Impedance

ference 600+ potentiostat

optimized to achieve highest ionic conductivity in Figure 3A
Spectroscopy (EIS) measurements were performed using a
over a frequency range of 1 MHz to 10 Hz at 100 mV pp. ? resistivity measurement was
made using a Signatone Pro4-4000 Four Point jvity System with a Keithley 2400
Sourcemeter. At a fixed percentage of P ) &an active material to conductive material ratio
of 20:80 yielded a highest ionic cond y of 1.2 mS/cm. The need to use a relatively high
amount of conductive materials attributed to the presence of high volume of PLA binder,

which hindered the -electridpl ct between active and conductive materials [31]. A

corresponding electric isgty of 4 QQ-cm was measured for the cathode doped PLA matrix

the additio i aterial as well as additional post processing in preparing cathode doped

pell
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Figure 3. Characteriz 0 rinted samples: A. shows optimization of cathode doped

matrix materials; 0 apacity and Coulombic efficiency of the printed structural battery at
a current deggity @1 PmA/cm? at C/2 for 10 cycles; C. shows flexural strength and modulus

measur gh 4-point bending tests in comparison of printed cathode matrix and structural

battery composite samples (80 mm % 10 mm % 5 mm).

The electrochemical performance was characterized through specific capacity measured

by a Gamry Reference 600+ potentiostat. The electrochemical performance for full battery cells



was performed within a cutoff voltage range 6.0—1.0 V. The capacity was normalized to the mass
of anode active material (i.e. carbon fiber). Figure 3B shows the charging-discharging capacities
of rectangular structural battery samples (80 mm % 10 mm X% 5 mm) for 10 consecutive cycles with
a current density of 10 mA/cm? at C/2. The specific capacity of graphite (372 mAh/g) was used to
calculate the C-rate. An obvious drop in charging capacity was observed, decr in%l 19.9
mAh/g to 25.5 mAh/g after 10 cycles when it tended to stabilize. The large irre b 1@ apacity
loss was attributed to the formation of solid electrolyte interphase [31-33] & c ed lithium in
the carbon fiber structure [34]. The discharging capacity of the bat also notably higher
than that of a single print PLA battery by fused filament faby ' ]. It is worth noting that
this was mainly attributed to higher loadings of conductiy tive materials in the cathode
doped matrix materials as enabled by the proposed thod. Pellet-based extrusion processes
typically exhibit better printability for giy, itions, which would otherwise lead to clogging
or brittle filaments that become too to handle based on filament fusion fabrication.
Meanwhile, the improvement wa ected to be related to the introduced SPE-coated carbon
fibers, which showed high emical performance [28] and would also promote the

mechanical performa f tiyprinted structural battery composite samples. On the other hand,

for the 10 consecwg cles, the battery cell yielded an average charging capacity of 42.9 mAh/g

and dischargi ity of 23.4 mAh/g, showing an average Coulombic efficiency of nearly 68%
s. The energy density was 7.6 Wh/kg with an average battery cell voltage of 1.8
V calgulZd over the discharge cycle [31]. These values are substantially lower than energy
densities of typical lithium-ion full battery cells [28,35]. The low values were attributed to the

relative thick SPE coatings as well as high percentage of PLA binder used to maintain good

10



printability of the cathode matrix materials, which limited the contact between active and
conductive materials.
The mechanical properties of both cathode doped matrix and structural battery composite

samples were measured using 4-point bending tests with a support span of 40 mm and a load span

of 20 mm at a cross-head speed of 1 mm/min. Three samples of each composijg
measure the mechanical properties in Figure 3C with the error bars showing the
measured strength and modulus. The transverse modulus of the composite s @ as measured

of cathode doped matrix

in this study. With the introduction of 15 vol.% continuous fiber reggf @ ts, 39% in flexural
strength and 66% in flexural modulus were achieved compar K

materials. These well demonstrated the potentials of the prin on fiber structural batteries in

load bearings while working as batteries to store 1 energy. Meanwhile, the mechanical

properties were lower than conventional &composites, which are believed to be related
to the proposed AM process. The dope ode materials are expected to increase the viscosity

of PLA matrix materials, thus low¢e fiber impregnation quality and possibly leading to a higher
void fraction, which will be e in follow-up studies.

The capability, @ the Wgpposed AM method was further demonstrated through printing
structural battery &ite samples of various geometries in Figure 4. As the AM method was

able to fabpicat®g full structural battery cell in one print, the obtained samples just needed to be

asscgle luminum current collector before being charged to power up LEDs.

11



Aluminum Cathode doped
current collector ¢ matrix

Carbon fiber bundle

Figure 4. Printed structural battery composites illuminativL W With a ring-shaped structure
shown in A and the schematics of its full batte y shown in B. A similar full battery

assembly process has been used for a gg peqgtructure in C, a triangle structure in D, and a

star-sN@ed structure in E.

4. Conclusion

A coextrusio method was proposed to additively manufacture a 3D structural

battery compositc WithNgntinuous carbon fibers. Cathode doped matrix materials were coextruded

with soli ctrolyte coated carbon fibers. The structural battery cells fabricated in single
print Wgre to successfully power up LEDs. The implemented pellet-based extrusion enabled
high gs of active and conductive materials and promoted the obtained electrochemical

performance. The introduced SPE-coated carbon fibers not only enabled electrical energy storage
but also promoted the mechanical performance of the printed structural battery composites. With

individually SPE-coated carbon fibers dispersed in cathode matrix working as micro-battery cells,

12



further improvement of the proposed AM method will help explore their potentials of achieving

high energy density.
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