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1 | INTRODUCTION

Abstract

Multifunctional materials facilitate lightweight and slender structural solutions
for numerous applications. In transportation, construction materials that can
act as a battery, and store electrical energy, will contribute to realization of
highly energy efficient vehicles and aircraft. Herein, a multicell structural bat-
tery composite laminate, with three state-of-the-art structural battery compos-
ite cells connected in series is demonstrated. The experimental results show
that the capacity of the structural battery composite cells is only moderately
affected by tensile loading up to 0.36% strain. The multicell structural battery
laminate is made embedding the three connected structural battery composite
cells between carbon fiber/glass fiber composite face sheets. Electrochemical
performance of the multicell structural battery is demonstrated experimentally.
High charge transfer resistance for the pack as well as the individual cells is
reported. Mechanical performance of the structural battery laminate is esti-
mated by classical laminate theory. Computed engineering in-plane moduli for
the multicell structural battery laminate are on par with conventional glass

fiber composite multiaxial laminates.

KEYWORDS

biomimetics, carbon fiber composites, fibrous materials, lithium-ion battery,
multifunctional materials, self-sustaining materials

approach is to add functionalities into a component, such
as embedding thin-film batteries within composite
laminates.>™> The obtained multifunctional sandwich

To combat climate change and environmental degrada-
tion in various sectors, ambitious targets have been set
out to restrict CO, emissions. Electric vehicles (EV) are
considered as one of the key solutions in reducing emis-
sions from the transport sector. Main challenges for EV
are cost and range. One solution to increase driving range
is decreasing the vehicle mass by incorporating many
functions in the same material.** In the literature, there
are two main courses of action to achieve combined
mechanical and electrical performance in structures. One

structure relies on optimized assembly of monofunctional
components. The resulting devices can be referred to as
multifunctional components.® The second approach is to
make a multifunctional composite material in which each
constituent has inherent multifunctionality, that is, a
multifunctional material.® Two types of such structural
battery composite materials have emerged over the last
decade.”™* The first type is a laminated device, in which
one lamina constitutes a structural negative electrode and
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FIGURE 1
structural battery laminate

(A) Structural battery composite cells manufacture;

a structural positive electrode, separated by an electrically
insulating separator ply.”'° The entire laminate is then
impregnated by a structural battery electrolyte. One such
structural battery composite material concept studied here
employs carbon fibers for mechanical performance and as
electrode, and uses a lithium (Li) ion conductive two-phase
polymer electrolyte matrix for mechanical load transfer
between fibers and for ion transport and electrical insulation
between electrodes. The second type of structural battery
composites is a micro-battery material utilizing a unidirec-
tional array of individually polymer electrolyte coated car-
bon fibers in a cathode doped polymer matrix.'"""* Dong
and co-workers recently presented structural micro-battery
devices manufactured by a 3D-printing technique.'*"*

and (B) Their connection, insulation, and installation in the multicell

System level benefits from using structural battery
composites in EV have been demonstrated by a recently
developed performance analysis framework." Life-cycle
assessment undertaken to evaluate cradle-to-grave envi-
ronmental impacts of structural battery composites found
that climate impact, ozone formation and abiotic deple-
tion in substantive quantities can be avoided."

Recently, Asp et al. demonstrated a laminated structural
battery composite cell, employing a structural battery elec-
trolyte (SBE).” Its multifunctional properties surpassed all
previous structural battery materials reported in the
literature.*** The structural battery composite material had
an energy density of 24 Wh kg™ ! (relative the total mass of
the cell) and an elastic modulus of 25 GPa. To date, other
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attempts to make laminated structural batteries have
resulted in significantly lower elastic modulus.*'° Pappas
et al. showed an increased longitudinal modulus for the 3D-
printed batteries, but with low cell capacity.'?

In spite of these recent achievements, numerous
research questions and challenges remain to be addressed
to further increase the material's performance and technol-
ogy readiness level. One of the most important features of
structural batteries is the retention of electrochemical per-
formance after mechanical loading, and vice versa. To uti-
lize structural battery composites in structural load paths,
maintained electrochemical functionality after repeated
mechanical load must be guaranteed. The stiff SBE restricts
expansions of the active materials, that is, the carbon fibers
and lithium iron phosphate (LFP) particles, that occur dur-
ing a charge cycle.”'*'®'” It may therefore be damaged
during electrochemical cycling, jeopardizing the electro-
chemo-mechanical performance of the material.’® Data to
demonstrate electrochemical performance retention after
mechanical loading of structural battery composites with a
SBE matrix have not yet been presented. Here, electro-
chemo-mechanical performance retention of the structural
battery composite is demonstrated. For this purpose, a
structural battery composite cell is designed and character-
ized, where mechanical tensile load cycles are alternated
with galvanostatic charge/discharge (GCD) cycling.

When the electrical load requirement from a battery cell
is greater than its output voltage or capacity, a combination
of cells is required to serve the desired load. To date, no
studies addressing multifunctional performance of struc-
tural battery composite devices made from multiple cells
have been published. Multicell device performance is
strongly affected by structural battery composite cell vari-
ability, connectivity, and power management solutions. The
purpose of this work is to demonstrate the design and oper-
ation of a multicell structural battery composite laminate,
with three cells connected in series. The current study
extends from single battery cell scale, via connected multi-
ple cells to encapsulated laminate scale as schematically
illustrated in Figure 1. The total voltage of the system is the
sum of the individual cell voltage, so that applications hav-
ing higher voltage requirement can be operated. For batte-
ries in serial connection, herein referred to as multicell
structural battery laminate or structural battery pack, small
differences in capacity among cells appear due to produc-
tion tolerances. These differences tend to increase with each
charge/discharge cycle. The battery self-discharge is another
phenomenon considered in terms of contribution to an
imbalance. When weaker cells are charged along stronger
ones, the weaker cells become overstressed, which further
increases the imbalance. This continuing imbalance causes
an anomaly in capacity, until the weakest cell eventually
fails. The need and approach for balancing cells to avoid
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damage formation and reduction in life is demonstrated.
The structural battery composite cells and the multicell
structural battery laminate are fabricated as shown in
Figure 1. The composite laminae encapsulation of the struc-
tural battery composite cells is considered to calculate the
in-plane engineering moduli for the structural battery
laminate.

2 | RESULTS AND DISCUSSION
2.1 | Multifunctional performance of the
structural battery composite cell

The structural battery composite cell tensile test speci-
men was designed to study the materials reversible bat-
tery performance following mechanical loading, and vice
versa. Tensile tests were performed outside the pouch
bag inside the glovebox. The specimen and test set up are
shown in Figure 2. The capacity retention was studied
via long-term cycling at 0.16 C. The long-term cycling
performance was tested over 125 galvanostatic charge/
discharge (GCD) cycles shown in Figure 2D. Prior to this,
the cell had a cycling history corresponding to that
reported by Asp et al., including preconditioning, cycling
at different C-rates, and additional cycles, in total exceed-
ing 100 cycles.” Hence, the cell shows high capacity
retention after 200 GCD cycles.

Initial GCD measurements were recorded, prior to
any mechanical loading, and then the battery compos-
ite specimen was mechanically loaded in tension to
0.18% strain, at which point the tensile testing was
stopped, the specimen was unloaded and removed from
the tester. The structural battery was placed back into
a pouch bag with additional liquid electrolyte, to com-
pensate for evaporation, and GCD cycling was per-
formed. Subsequently, the composite was loaded to
0.36% and 0.51%, with alternating GCD cycling. In
Figure 2E the effect of mechanical tensile loading on
galvanostatic cycling is shown. The battery's potential
is plotted versus specific capacity. The results show
that the capacity of the battery composite is unaffected
by tensile loading to 0.18% strain (blue solid line), but
a small increase in cell resistance as an internal resis-
tance (IR) drop can be observed. The discharge curve
following a tensile load to 0.36% demonstrates further
increase in IR-loss, while the capacity is only slightly
reduced (dashed red line). Figure 2F shows the stress—
strain curves of the discharged battery composite under
tensile load with GCD cycles between each tensile test,
respectively, with markers to indicate the terminations.
The tensile test results show excellent repeatability for
the tests with the slope of the curves coinciding. The
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FIGURE 2

Multifunctional performance of the structural battery composite cell specimen. (A) Schematic illustration of the cell design;

(B) Photograph of the manufactured sample; (C) The test specimen mounted in the Deben miniature test rig and schematic of the
mechanical and electro-chemical test set up inside the glovebox; (D) Long term cycling at 0.16 C (capacity normalized to the total weight of
the battery cell); (E) Galvanostatic discharge curves for the pristine cell and after subsequent mechanical load cycles: (F) Mechanical stress—
strain curves for the discharged structural battery composite, tested at increased strain levels following intermittent galvanostatic charge/

discharge cycles

tensile modulus of the battery composite in the fiber
direction is 16.8 GPa, calculated from the strain range
0.1%-0.3% for the tests terminated at 0.36% and 0.51%,
and 0.1%-0.15% for the test terminated at 0.18%. The
measured tensile modulus is slightly lower than that
reported by Asp et al. for the same cell type.” This is
explained by changes in the test method introduced to
allow for sequential mechanical and electrochemical
tests in the current study.

From these results it is evident that the structural bat-
tery composite cells maintain their multifunctional per-
formance capability also after being exposed to realistic

mechanical load levels (a typical allowable strain level
for carbon fiber composites is 0.4%).

2.2 | Multifunctional performance of the
multicell structural battery laminate

The multicell structural battery laminate was assembled
with three cells connected in series as illustrated in
Figure 1B. A video demonstrating the combined mechan-
ical and electrochemical function of the multicell struc-
tural battery laminate is presented in the Data S1.
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2.2.1 | Electrochemical performance

In Figure 3 the constant current constant voltage (CCCV)
charge/discharge of the structural battery pack without a
battery management system (BMS) is shown. Figure 3A
shows the voltage and current for the whole pack, and
Figure 3B depicts the voltage curves of the individual cells.
Since the cells are connected in series, the current through
each cell is the same as through the battery pack.

The maximum voltage of a single cell was set to 3.55 V.
Thus, in theory the maximum voltage of the pack can reach
10.65 V. However, for safety, since there was no balancing
circuit in this first setup, the maximum voltage limit of the
whole battery pack was set to 10.5 V. During the constant
voltage charge phase, the voltage of Cell 1 and Cell
2 decreases slightly due to the leakage current at high state
of charge (SOC). The voltage gap caused by the self-
discharge in these cells allowed Cell 3, which is the weak
cell, to continue to charge. In this way, the cells became bal-
anced without a BMS circuit. Although the balancing func-
tion of the leakage current was adequate, the set voltage
limit did not allow for the battery pack to be fully charged.
In fact, the charging procedure was stopped as soon as one
of the cells reached the cell cut-over voltage. As shown in
Figure 3B and Figure 3C, employing a safe voltage limit of
10.5 V, none of the cells reached 3.55 V. As further illus-
trated in Figure 3B, during discharge, the difference in

performance of the structural battery composite cells is sig-
nificant, where cell 3 first reached the cut-off voltage, 2 V,
and thus limited the usable capacity of the complete struc-
tural battery pack.

To mitigate problems caused by the variation in elec-
trical performance of the three structural battery compos-
ite cells a BMS utilizing passive balancing of the cells was
used. The implemented BMS allowed the structural bat-
tery pack to be fully charged. Schematics of the BMS set
up and connection of cells are presented in Figure 4.

The impedance of the structural battery pack at differ-
ent SOC, measured with an electrochemical impedance
spectroscopy (EIS) technique, is shown in Figure 5A. At a
high frequency, the battery system has a pure resistive
behavior (the imaginary part is zero). With the frequency
decreasing, the battery shows a capacitive character due
to the double layer capacitance. The double layer capaci-
tor and the charge transfer resistance form a parallelly
connected RC link (combination of a resistor and capaci-
tor in the electrical equivalent circuit representation) and
thus result in a semi ellipse in the impedance plot, as
shown in Figure 5A. The reason for the semi ellipse
shape instead of a semi-circle shape is that the double
layer capacitance is nonlinear. Impedance results for the
individual cell are plotted in Figure 5B. A significant dif-
ference in cell resistivity is evident. Figure 5C,D show
that the battery impedance increases as the frequency
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FIGURE 4

Schematics of the battery cells connected in series. (A) A four-wire measurement was used for the battery pack during

CCCV charging and auxiliary channels were used for each cell individually; (B) Setup with BMS using passive balancing with a voltage
reference regulator TL431 connected in parallel with dividing resistors R1 (=20 kQ) and R2 (=47 kQ); (C) Working principle of the passive

balancing in the BMS

decreases. The three cells have a similar impedance mag-
nitude at high frequency, whereas the impedance devi-
ates between the cells at low frequency. The capacitive
behavior of the structural battery pack and the individual
structural battery composite cells are depicted in Bode
plots in Figure 5E,F for the considered frequency range.
Furthermore, the impedance at high frequency is
related to the ionic resistance of the electrolyte and the
electronic resistance of the electrodes and current col-
lectors, which is independent from the battery SOC.
This is reflected in the measurement where the solid
lines and dashed lines are overlapped at the high fre-
quency points. On the other hand, the length of the
semi ellipse that reflects the magnitude of the charge
transfer resistance is affected by the SOC. Typically, the
charge transfer resistance at the lower SOC level is
higher than the resistance at the higher SOC level."
The results for the structural battery pack, as well as
the individual structural battery cells, show the same
trend as reported in the literature for conventional
cells. The measured surface impedance for the struc-
tural battery pack, considering a surface area of each
cell of 4.5 cm,? is in the range of 2700 to 4500 Q cm.”
This is high compared to high-performance commercial
lithium-ion batteries, which have a surface impedance
in the range of 16-32 Q cm” at high and low SOC,
respectively.” The higher surface impedance of the
structural battery pack stems from the lower ion con-
ductivity of the SBE compared to the liquid electrolytes

used in commercial batteries. Also, the lower electron
conductivity of carbon fibers compared to copper adds
to the electrical losses in the structural battery compos-
ite cells.

2.2.2 | Mechanical performance
The multicell structural battery laminate, and its layup,
is depicted in Figure 1B. The laminate consists of a
0.10 mm thick carbon fiber plain weave sub-laminate
[0/90], two glass fiber plain weave laminae (each
0.070 mm thick), placed on each side of the structural
battery cells in their pouch bags (bag thickness of
0.096 mm). The structural battery cell placed in the mid-
dle of the laminate has a thickness of 0.40 mm. The total
laminate thickness, H, was 1.07 mm. The multicell
structural battery laminate was approximately 370 mm
long and 120 mm wide. The elastic properties of the
individual material layers are presented in Table 1.

Given the large in-plane dimensions of the multicell
structural battery laminate no tensile tests could be per-
formed to measure its in-plane mechanical properties.
Instead, the effective elastic modulus, in the length and
width directions, as well as in-plane shear modulus are
estimated with classical laminate theory (CLT), using
material properties listed in Table 1.

We use general expressions based on CLT to esti-
mate the in-plane engineering elastic moduli of the
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Frequency [Hz]

Material layer (lamina) in-plane elastic properties. The elastic properties for the carbon fiber and glass fiber woven lamina are

provided by the suppliers. Subscripts L and T are parallel to the x- and y-directions, respectively. The properties of the pouch bag were

estimated based on its material composition and the properties of the structural battery cell were reported by Asp et al.”

Material layer E. [GPa]
Carbon fiber lamina 148

Glass fiber woven lamina 19.0
Pouch bag 1.50
Structural battery composite cell 18.3

multifunctional structural battery laminate, presented
by Farooq and Myler.*' The effective moduli are calcu-
lated from the components of the A-matrix. The com-
plete computations of the A-matrix (commonly
referred to as the extensional stiffness matrix) and
effective moduli are reported in the Data S1. The engi-
neering modulus along the multicell structural battery
laminate, E,, is calculated as

Er [GPa] Grr [GPa] ver [-]
9.65 4.55 0.30
19.0 4.20 0.13
1.50 0.57 0.32
2.96 2.30 0.30
— 1
=, 1
SO (1)
A
where an 2 (2)

CAnAy — A}

The resulting engineering modulus along the multi-
cell structural battery laminate, E,, is 26.9 GPa.
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The engineering modulus across the width of the
plate, that is, in the y-direction (c.f. Figure S1), is

— 1
E,=——, 3
- (3)
A
where az 1 (4)

CAnAp - A%

The resulting E), is 21.1 GPa.
Finally, the engineering shear modulus of the multi-

cell structural battery laminate, Gy, is calculated as

= 1
xy_aﬁﬁH’

(5)

1
a = — 6
o= (©)

where

The resulting engineering shear modulus of the mul-
ticell structural battery laminate, G,y, is 2.91 GPa.

The computed engineering moduli are reasonable for
a hybrid laminate, and the laminate is considered suit-
able as a construction material. However, it should be
recognized that the inclusion of pouch bags, with their
PET/PE outer and inner surfaces, is undesired and will
impair the mechanical performance of the laminate. In
particular, the interfacial shear strength and load transfer
is expected to be low at the structural battery cell/pouch
bag interface. Consequently, the interlaminar strength
and compression strength of the laminate are expected to
be low.>* Therefore, the pouch bags must be replaced by
thin structural barrier layer(s) in future devices. Such
barrier layers are still to be developed. For this reason, no
strength estimates are made for the multicell structural
battery laminate in the current study.

3 | CONCLUSION

Electrochemical performance retention of structural bat-
tery composite cells is demonstrated for repeated tensile
loading. The capacity of the structural battery composite
cell is found unaffected by the applied tensile loading at
realistic mechanical load levels. A multicell structural
battery laminate is realized embedding three structural
battery composite cells connected in series between car-
bon fiber/glass fiber composite face sheets. To mitigate
problems caused by a variation in charge transfer resis-
tance between cells a battery management system with a
balancing circuit is proposed. Electrochemical perfor-
mance of the multicell structural battery is demonstrated.
However, a significantly higher surface impedance is

observed for the structural battery pack compared to that
for commercial high-performance lithium-ion battery
packs. This calls for improved structural battery electro-
lyte solutions, reduced separator thickness, and improved
electron connector solutions. Finally, computed in-plane
engineering moduli for the multicell structural battery
laminate are on par with conventional monofunctional
glass fiber composite multiaxial laminates. To further
improve the mechanical properties thin structural barrier
layers, to replace the pouch bags, must be developed.

4 | EXPERIMENTAL SECTION

41 | Materials

As negative electrode, an ultra-thin unidirectional PAN-
based carbon fiber spread tow was used. Oxeon AB,
Sweden, supplied the T800SC-12 k-50C carbon fiber spread
to approximately 15 mm in width with a linear weight of
0.52gm™'. For the positive electrode, Lithium-Iron-
Phosphate (LFP) single-sided coated electrode foil (with a
specific capacity of 150 mAh g ') was purchased from Cus-
tom Cells Itzehoe GmbH, Germany. A glass microfibre sep-
arator (Whatman GF/A, 260 pm thickness) was used. The
bi-continuous structural battery electrolyte (SBE) includes
the following constituents: for the polymer material part
Bisphenol A ethoxylate dimethacrylate (M,,: 540 g mol ")
was supplied by Sartomer Europe; for the liquid electrolyte
part propylene carbonate (PC) (PC >99%, acid <10 ppm,
H,0 < 10 ppm) and ethylene carbonate (EC) (99% anhy-
drous) supplied by Sigma-Aldrich were used. Furthermore,
for the SBE lithium trifluoromethanesulfonate (LiTf)
(99.99%), Lithium bis(oxalato)borate (LiBoB) and 2,2'-
azobis(2-methylpropionitrile) (AIBN) purchased from
Sigma Aldrich were used. All materials were used as
received. Copper foil and aluminum foil were used as cur-
rent collectors of the negative and positive electrode,
respectively. While PELCO® conductive silver paint was
used to connect the copper foil to the fibers.

4.2 | Structural battery composite cell
preparation

The structural battery composite cells were manufactured
as schematically illustrated in Figure 1. Two types of cells
were made. Firstly, structural battery cells were prepared
for use in the multicell structural battery laminate. These
structural battery composite cells were identical to those
previously reported by Asp et al.” In these cells the elec-
trodes were cut in dimensions of 30 mm x 10 mm. This
corresponds to approximately 19 mg of carbon fibers and
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38 mg of LFP particles in the complete battery cell. Sec-
ondly, structural battery composite cells were made for
sequential electrochemical and mechanical tensile tests.
Slender tabbed test specimen dimensions were adapted to
fit the test equipment, with the dimensions
23 mm x 5 mm x 0.3 mm (length x width x thickness).

All cells were prepared the same way. The battery
cell constituents were placed inside a pouch laminate
bag (PET/AL/PE, 12 pm/ 9 pm/75 pm thick) to avoid
any exposure to air and moisture. Copper foil and alu-
minum foil were used as current collectors of the nega-
tive and positive electrode, respectively. While
PELCO® Conductive Silver Paint was used to connect
the copper foil to the fibers, the aluminum foil was
connected to the LFP foil solely by applying pressure
during manufacturing. The separator was, cut slightly
larger than the two electrodes to prevent short circuit.
The structural battery cell constituents were impreg-
nated with the SBE solution using a pipette before vac-
uum heat-sealing the pouch-bag. The SBE solution was
made by mixing 50:50 wt % of (i) a liquid electrolyte
solution made from the mixture of LiBoB and LiTf at
concentrations of 0.4 and 0.6 M, respectively, in EC:PC
1:1 w/w (50:50 wt %) and (ii) monomer bisphenol A
ethoxylate dimethacrylate and the thermal initiator,
AIBN (1 wt % of the monomer weight). The SBE solu-
tion was prepared in accordance with the procedure
described by Asp et al.” To achieve a homogeneous
solution, the SBE mixture was stirred using a vortex
before it was added to the battery cell. Once the pouch-
bag was vacuum heat sealed it was transferred to a
preheated oven outside the glovebox and thermally
cured at 90°C for 60 min. During thermal curing pres-
sure was applied on the cells using clamps.

Three structural battery composite cells were man-
ufactured and introduced in the multicell structural
battery laminate. In addition, two structural battery
composite cells aimed for electrochemical retention
tests, following intermittent tensile tests, were man-
ufactured. The retention test specimens were tabbed
using glass fiber composite tabs, as illustrated in
Figure 1. The tabs allow the specimens to be gripped in
a tensile tester, Deben UK micro-tensile tester.
DeltaPreg AX003 epoxy adhesive was used to adhere
the materials between the tabs. On one end of the spec-
imen, Cu current collector, carbon fiber tow, separator,
and LFP-foil. On the other end, CF tow, separator and
LFP-foil connected to an Alu current collector,
Figure 2A. The resulting specimens were heat-cured at
90°C for 60 min and dried overnight at 50°C under vac-
uum before placed in an argon filled glovebox. SBE was
added to the specimen and the electrochemical cell was

vacuum sealed in a pouch bag and cured following the
procedure as described in the previous paragraph.

4.3 | Multicell structural battery
laminate preparation

The preparation of the multicell structural battery laminate
was made in two steps, as illustrated in Figure 1. In a first
step, the three electrochemically conditioned structural bat-
tery cells connected in series using copper strips were lami-
nated between two layers of woven glass fiber fabric using
wet layup with low temperature curing epoxy (NM Infusion
664, supplied by Nils Malmgren AB, Sweden) and cured
under vacuum at room temperature for 24 h. The purpose
of glass fiber composite laminate is to ensure electrical insu-
lation of the cells and the connections, which is the reason
why a follow-up check of leaking currents was carried out.
In the next step, the glass fiber composite laminate with the
encapsulated structural battery cells was laminated between
two layers of low temperature curing carbon fiber LTC102
prepreg, supplied by Oxeon AB. The multicell structural
battery laminate was cured under vacuum at 50°C for 24 h.

44 | Multifunctional performance tests
of the structural battery composite cell

The specific capacity of the structural battery cells was mea-
sured by means of repeated galvanostatic charge and dis-
charge (GCD) cycles using a Neware CT-4008-5V10mA-164
battery cycler. The cells were cycled between 2.00 and
3.55 V. Between each charge and discharge cycle a resting
time of 60 min was used to allow ion-concentration gradi-
ents to relax. The capacity retention of the structural battery
composite cell was studied via long-term galvanostatic
charge/discharge (GCD) cycling at a current density of
3.51 mA g~ ' corresponding to 0.16 C. Prior to the long-term
cycling performance test, the cell has a cycling history
corresponding to what was reported by Asp et al., including
preconditioning, cycling at different C-rates and additional
cycles, in total exceeding 100 cycles.” Tensile tests were car-
ried out on the tabbed structural battery composite speci-
mens at discharged state inside the glovebox. The structural
battery was removed from the pouch bag and mounted in a
micro tester for mechanical characterization. Here, a Deben
2 kN tensile stage was used. The used set up does not pro-
vide the possibility of using conventional techniques for
measuring strain. For that reason, the applied strain is
obtained directly form the tester crosshead displacement of
the micro tester. Tensile tests were performed under dis-
placement control at a rate of 0.1 mm min ™.
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4.5 | Electrochemical tests of the
multicell structural battery laminate

The electrochemical performance of the multicell stru-
ctural battery laminate was characterized using a GAMRY
Reference 3000. A four-wire measurement setup was
implemented to exclude the impedance from the current
carrier cables. To assess the performance of each cell indi-
vidually, auxiliary channels were used, as illustrated in
Figure 4A. The voltage range of a single cell is 2.0-3.55V
and the upper voltage limit of the multicell pack is 10.5 V.
The multicell structural battery laminate pack was charged
with the constant current constant voltage (CCCV) proce-
dure and discharged with a constant current. Besides the
cycling test, the electric impedance was investigated to eval-
uate the power capability of the battery system. The struc-
tural battery system is a nonlinear system, meaning the
battery impedance is changing with the frequency. There-
fore, the electrochemical impedance spectroscopy (EIS)
technique was used in this work where the impedance
response at each frequency can be observed separately. The
EIS measurement was applied at different states of charge
(SOC) to analyze the impedance of the multicell structural
battery laminate pack, as well as the individual cells.

4.6 | Battery management system

The cells were manufactured manually in a lab environ-
ment, and thus there was a significant variation between
samples, both in terms of the capacity and the internal
impedance, as shown in the cycling graphs in Figure 3B.
Since the cells are connected in series, the current passing
through the cells is the same, while the impedance and
capacity difference will cause different terminal voltages for
each cell. During charging, the cell with the lowest capac-
ity/largest impedance will reach the cut-off voltage first.
Without a battery management system (BMS), the charge
event is limited, and the other cells cannot be fully charged.
Therefore, a setup with a BMS was found to be necessary in
this work to balance the cells during charging.

In this work, passive balancing is utilized with a volt-
age reference regulator TL431 connected in parallel with
dividing resistors, Figure 4B. The reference voltage of
TLA431 is 2.5 V and the output voltage is set to be the max-
imum voltage of the cell 3.55 V. The dividing resistors R1
and R2 were chosen to be 20 and 47 kQ according to

(Ri1+R>)

V. =
out Rz

: Vref (7)

Theoretically the resistors can have any value if
Equation (7) is fulfilled. In practice, the resistors are

preferred to have a higher value to limit the current and
reduce the power loss.

When the battery pack is charged with this circuit,
there is no need to use a dedicated potentiostat.
Instead, a regular 15V power supply is connected
directly to the circuit. The voltage reference TL431 will
regulate the voltage over the structural battery compos-
ite cells to be 3.55V constantly, therefore any power
supply with an output above 10.65V can be used for
charging. There is a 5 kQ resistor at the power supply
set to take the excess voltage.

During charging, each cell is applied with a constant
voltage once the voltage over an individual cell reaches
its maximum, and the charging current is naturally lim-
ited by the internal impedance of the cell itself. When the
voltage of a single cell reaches 3.55 V, the regulator will
bypass the current to prevent the output voltage from
exceeding the limit. This will not affect the remaining
cells but eventually allow all the cells in the battery pack
to become fully charged.
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