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ABSTRACT

In electric transportation there is an inherent need to store electrical energy while maintaining a low vehicle weight. One way to decrease the weight of the structure
is to use composite materials. However, the electrical energy storage in today's systems contributes to a large portion of the total weight of a vehicle. Structural
batteries have been suggested as a possible route to reduce this weight. A structural battery is a material that carries mechanical loads and simultaneously stores
electrical energy and can be realized using carbon fibers both as a primary load carrying material and as an active battery electrode. However, as yet, no proof of a
system-wide improvement by using such structural batteries has been demonstrated. In this study we make a structural battery composite lamina from carbon fibers
with a structural battery electrolyte matrix, and we show that this material provides system weight benefits. The results show that it is possible to make weight

reductions in electric vehicles by using structural batteries.

1. Introduction

With a growing demand for electric transportation, there is a need
for lighter and thus more energy-efficient vehicles [1]. Electric trans-
portation requires the storage of electrical energy onboard the vehicle.
Today, the balance between weight and energy storage is a compromise
between the conflicting requirements of making the vehicle more en-
ergy efficient and having a longer range. One path towards reducing the
weight of electrical vehicles while storing the same amount of energy is
to exchange the vehicle structure with structural batteries. Structural
batteries are materials that intrinsically store electrical energy while
being part of the load carrying structure itself. The concept has been
investigated in different ways [2-7] but has not yet been shown to
provide a systems level improvement over the separate structure and
battery constituents.

In order to fulfill requirements of low weight and energy storage at
the same time all different parts of the structural battery must work
together. It has previously been found that carbon fibers are a good
candidate as a main component, since the fibers perform very well at
carrying load and at the same time can intercalate lithium ions in the
same way as the negative electrode in a commercial lithium ion battery
[8,9]. Lithium intercalation is one of the major factors for a lithium ion
battery to function, which means that one possible route for structural
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batteries is to use carbon fibers as both reinforcement and battery
electrode. Another equally important property of a lithium ion battery
is the ion conductivity between the electrodes of the battery. The
conductivity of ions is generally obtained by a liquid electrolyte.
However, for carbon fibers to have any structural use, they need to be
combined with a solid electrolyte matrix that can transfer mechanical
loads [10]. In order to achieve both ion conductivity and good struc-
tural properties, a new structural battery electrolyte (SBE) has recently
been developed [11]. This SBE is a two-phase percolating network, with
a bicontinuous phase of liquid electrolyte intermingled with a cross-
linked polymer. The initial mixture of the SBE components before
curing is fully homogeneous which allows the SBE to be used with
conventional vacuum infusion techniques used in composite manu-
facturing. The two phases are then formed during the curing step via a
reaction induced phase separation process. The solid phase provides a
structural backbone designed to transfer load in the composite as an
ordinary composite matrix material, while the liquid phase provides a
path for ion transport. A similar approach was taken by Shirshova et al.
[12] using epoxy resin and an ionic liquid with the aim to develop
structural supercapacitors. Reaction induced phase separation (or
polymerization induced phase separation (PIPS)), has also been used by
Schulze et al. [13] and McIntosh et al. [14] in making membranes with
good ion conductivity and mechanical integrity. A similar type of
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matrix system was also used by Yu et al [7] with aim of making a
structural negative electrode combined with carbon fibers. They ob-
tained a unidirectional (UD) carbon fiber lamina with high fiber volume
fraction and high longitudinal modulus (E;) but with low electro-
chemical capacity.

In this study we investigate the mechanical and electrochemical
properties of a composite lamina made from carbon fibers and an SBE
matrix that can act as a negative electrode in a lithium ion half-cell
battery, and at the same time provide mechanical load transfer. An
improved version of the SBE recently reported by Ihrner et al. [11] is
prepared and its mechanical and electrochemical properties are in-
vestigated. The lamina is manufactured by vacuum infusion of the SBE
into the carbon fibers. The lamina is then electrochemically cycled
(charged and discharged). Mechanical characterization is performed on
both cycled laminae and laminae that have not been cycled, providing
the orthotropic composite engineering constants of the UD lamina and
estimates of all five lamina strength properties. The morphology of the
laminae is also investigated using scanning electron microscopy (SEM)
in order to verify the SBE's bicontinuous and percolating network, and
the impact of electrochemical cycling on the SBE and SBE-to-fiber in-
terface characteristics.

Potential for system weight-reduction offered by the structural
battery lamina is evaluated by comparing multifunctional performance
to the specific performances of the monofunctional materials.

2. Material and methods
2.1. Materials

For the SBE preparation the following in-going materials were used:
Bisphenol A dimethacrylate, M = 364.43 gmol !, Dimethyl methyl-
phosphonate (DMMP), ethylene carbonate (99% anhydrous) (EC),
Lithium trifluoromethanesulfonate (LiTFS) (96%), 2,2’-(Ethylenedioxy)
diethanethiol (DODT) and Tris(N-nitroso-N-phenylhydroxylaminato)
aluminum (NPAL) were purchased from Sigma-Aldrich. 2,2-dimethoxy-
2-phenylaceto-phenone (DMPA) was obtained from BASF. Carbon fiber
tows (6k) of the type T8OOHB-6000-40B were purchased from Toray
Industries Inc. All materials were used as received.

2.2. Structural battery electrolyte (SBE)

A liquid formulation of the SBE was prepared by mixing Bisphenol A
dimethacrylate (56.35% w/w), a 1 M LiTFS solution of EC:DMMP (1:1
w/w) (39.5% w/w), DODT (3.5% w/w), NPAL (0.05% w/w) and DMPA
(0.6% w/w) while stirring and heating to 80 °C to form a homogeneous
low viscous solution. The mixture was prepared in a glovebox, under
argon atmosphere with dry conditions (< 1 ppm H,O, <1 ppm O,).
During manufacturing all the components were miscible with each
other, while upon cross-linking the solubility parameters of the polymer
change, inducing a phase separation between the polymer and the re-
maining components.

2.3. SBE curing

The SBE system reported by Ref. [11] has been modified by an
addition of a small amount of a dithiol monomer (DODT). The addition
of a dithiol to a free radically polymerizing dimethacrylate monomer
system affects several aspects of the system [15,16]. The thiol-metha-
crylate (thiol-ene) reaction is more rapid than the methacrylate
homopolymerization, meaning that the thiol-ene reaction will dominate
at early stages of the reaction [17,18]. Furthermore, the thiol-ene re-
action furthermore follows a step-wise polymerization mechanism
which delays the gelation point to a higher level of overall conversion,
which provides a longer period for the phase separation to occur before
the system is locked (with respect to conversion, not necessarily time).
Using a dithiol as a co-monomer will also lead to a more homogeneous
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as well as a slightly looser network structure. The flexible thio-ether
linkages will also decrease the stiffness of the SBE to some extent [19].
One drawback with thiol-ene systems is the high reactivity that gives
the SBE formulation a very short pot-life. This was addressed by adding
small amounts of inhibitor (NPAL) resulting in an induction time before
the polymerization commenced [20]. For UV initiation of the poly-
merization DMPA is added. It should be noted that the amount of di-
thiol in the present study is very small, while the effect on the prop-
erties compared to the previously reported SBE [11] can be considered
as fine-tuning.

2.4. Manufacturing of the lamina

The SBE formulation was cured both as a film by itself to determine
the SBE's intrinsic properties, and as laminae where the SBE was
combined with unidirectional carbon fiber tows using the same curing
procedure. The carbon fiber tows were spread in order to achieve a thin
and uniform composite UD lamina and copper current collectors were
attached to the carbon fibers with Electrolube silver conductive paint.
Carbon fibers with copper current collectors were enclosed with a va-
cuum bag, a peel-ply and a distribution medium on a glass plate. The
samples were then dried for 12 h in a vacuum at 60 °C before being
infused with the SBE in a dry Argon atmosphere (< 1 ppm H50) with a
vacuum assisted infusion (no external pressure used). The SBE was then
cured under UV-light (100 W Blak-Ray B-100AP 365 nm) for 3.5 min,
providing an intensity of 5.2 mW/cm? on the sample. The cured UD
composite laminae had approximate dimensions of 30 mm X 60 mm,
with a thickness of 0.044 = 0.007 mm for different laminae manu-
factured. Within a single lamina there was also some thickness varia-
tions due to imperfect spreading of the carbon fiber tows. This was
measured with a micrometer to be in the order of + 0.004 mm. The
composite is a single lamina and since it is very thin there are two
relatively thick resin rich layers on both sides. More even spreading of
the tow and the use of external pressure in addition to vacuum could
increase the fiber volume fraction somewhat. Making multiple layer
composites, as is expected when making structural batteries, the fiber
volume fraction is expected to increase by more than a factor of 2.

The fiber volume fraction is calculated by measuring the outer di-
mensions of the lamina and calculating the volume of the carbon fibers
in the lamina. The volume of the carbon fibers in the sample is calcu-
lated by the tow length, with known tow linear density and carbon fiber
density from the manufacturer.

Control samples made from the same carbon fibers and only the
structural polymer constituent of the SBE were manufactured and cured
using an identical method. This was done without liquid electrolyte and
thus provided a homogeneous polymer matrix material to be tested
mechanically as a reference.

2.5. Electrochemical testing

Electrochemical impedance spectroscopy (EIS) was used to measure
the ionic conductivity of the SBE. A Gamry Series G 750 Potentiostat/
Galvanostat/ZRA interface was used together with a four-point elec-
trode type cell with gold wires as electrodes, EIS testing was performed
as in Ref. [11] with the frequency range 1 Hz-120 kHz.

For electrochemical testing, the lamina was combined with a posi-
tive lithium metal electrode, thus completing an electrochemical bat-
tery cell. A glass microfiber filter separator (Whatman 260 pum glass
microfiber filter), saturated with electrolyte (1.0 M LiTFS in EC:DMMP
1:1 w/w), was used to ensure electrical insulation and ion conduction
between the electrodes. The pouch cell made were similar to those in
Ref. [6], with samples enclosed in a pouch bag with a nickel collector
for the lithium metal electrode. All work with lithium and the manu-
facturing of electrochemical cells were carried out in a dry argon at-
mosphere. To measure the electrochemical capacity, galvanostatic
charge and discharge was performed between 0.002 and 1.5 V vs. Li/
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Li™ for 10 cycles. The applied current was 18.6 mA per gram of carbon
fibers, resulting in a charging time of approximately 12 h. All samples
were cycled at a temperature of 25 * 1 °C.

2.6. Mechanical testing

Dynamic mechanical analysis (DMA) measurements were per-
formed to characterize the mechanical properties of the pure SBE using
a TA Instruments DMA Q800 in tensile mode, at a frequency of 1 Hz
with a ramping temperature of 3 °C/min between 25 and 150 °C.

In order to investigate the mechanical performance of the laminae,
all mechanical properties need to be determined. They include the full
lamina elastic properties (4 elastic constants Ej, E,, Gy, and v;5) and 5
strength properties (0; tension, 0; compression, o, tension, o, com-
pression and shear strength t;5,). The mechanical testing of the laminae
was performed on three types of samples; never-charged laminae (non-
cycled), electrochemically cycled laminae (cycled), and control samples
(control). The aim is to compare non-cycled to cycled samples in order
to investigate potential degradation in mechanical properties due to
electrochemical cycling. Also, the SBE is a phase separated matrix with
a stiff phase and a liquid phase. In order to investigate the mechanical
properties of the SBE, it is compared to control samples with homo-
genous matrix made from the same monomer without electrolyte. Due
to the size and thickness of the laminae, measuring mechanical prop-
erties of the laminae raises certain challenges, especially in the trans-
verse direction of the UD lamina where the failure load was found to be
about 1.5 N. Thus, conventional mechanical testing of composites such
as the testing standard ASTM D3039 [21], was found not to work for
the transverse properties of this material. Instead, an unconventional
method had to be adapted in order to measure the properties of the
lamina. This method consists of adhering the lamina to a substrate
material (0.13 mm PET film adhered with Reichhold Dion 9102) and
then bending this layered specimen in a Deben 300 N micro tester in a
three-point bending set-up, see Fig. 1. The size of the bending speci-
mens was approximately 10 mm X 5 mm.

The flexural properties of the substrate were first measured.
Subsequent tests were then done on the two-layer assembly to measure
the flexural stiffness. The unknown lamina properties of the carbon
fiber composite were then back-calculated using standard laminate
theory [22]. Furthermore, this method provides the opportunity to
measure the compressive material properties by turning the specimen
upside down so the bending translates to compression in the lamina.
The laminae were tested in longitudinal, transverse, and off-axis di-
rection (about 10°), to produce the orthotropic stiffness properties of
each set of laminae. The stiffness of the 10° off-axis specimens were

Substrate

Sample

a)
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used to calculate the in-plane shear modulus (G;2) [22].

The ultimate tensile and compressive strengths were calculated
from the data load-displacement curve, by identifying the first devia-
tion from linearity in the load-displacement curve. This deviation was
taken as the ultimate load, which was transformed to the ultimate stress
in the lamina by the specimen's bending stiffness and specimen geo-
metry. The shear strength was obtained from the calculated shear stress
at failure of the 10° off-axis specimens.

Testing was also carried out in pure tension for longitudinal speci-
mens, in order to verify the bending test method, using an Instron 5567
universal testing machine with a 5 kN load cell. The longitudinal and
transverse strains were measured with a Digital Image Correlation
(DIC) method (GOM Aramis 5M 2016) to calculate the longitudinal
modulus (E;) and the major Poisson's ratio (v12).

2.7. Fiber-matrix interface

Scanning electron microscopy (SEM) was used to investigate the
phase separation of the SBE and the failure surfaces at the fiber/matrix
interface. The laminae were broken and separated transversally and
dried (24 h in 50 °C vacuum) prior to coating with palladium using a
Emitech K500X sputter coater for 30 s in an argon atmosphere. The
SEM images were then produced with a Zeiss Leo Ultra 55 field emis-
sion gun scanning electron microscope with an accelerating voltage of 2
kv.

3. Results and discussion
3.1. Electrochemical testing

The conductivity of the SBE is measured as 3.21 x 10 S/
cm * 5.2% which can be considered as a very good conductivity in the
context of structural batteries.

The results for galvanostatic charging and discharging for one la-
mina are shown in Fig. 2, where the 1%, 2°9 and 10" cycles are shown.
Average data from all cells result in a capacity of 232 * 26 mAh/g.
There is a capacity loss after the first lithiation, which is a normal be-
havior for lithium ion batteries [23,24]. This loss results from lithium
ions being trapped in the carbon fiber structure and a solid-electrolyte
interphase (SEI) layer forming on the carbon fibers [6]. The voltage
profiles correlate well with what is expected from a carbon fiber elec-
trode cycled in state of the art liquid electrolyte [8], indicating that
there are no additional side reactions present due to the SBE. The cy-
cling demonstrates that the SBE allows for lithium ion transport to and
from the carbon fibers through the SBE matrix.

Sample and
Substrate

Fig. 1. a): Schematic description of substrate and sample bending testing. b): Deben 300 N micro tester with a three-point bending set-up, scale bars are 1 mm.
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Fig. 2. Electrochemical charge and discharge curves for a multifunctional
composite lamina (1%, 2™ and 10™ cycle).

3.2. Mechanical testing

Measuring the mechanical properties of the SBE with DMA results in
an elastic modulus (E,,) of 690 MPa at 25 °C, and the samples with only
the structural polymer constituent (control) of the SBE have an elastic
modulus of 2.5 GPa at 25 °C.

Representative 3-point bending load-displacement curves for three
longitudinal and three transverse specimens are shown in Fig. 3, where
an asterisk marks the deviation from linearity used for strength calcu-
lations. Even though the load-displacement curves are not perfectly
linear we chose the point where there is a clear shift in slope.

All results from mechanical testing are presented in Table 1, where
it can be seen that there is no statistical difference in mechanical
properties between non-cycled and cycled samples. This shows that
there are no losses in mechanical properties due to ion transport in the
SBE and SBE-to-carbon fiber interface. The moduli and strengths of the
control samples are slightly higher than those of the SBE laminae,
which is expected since the solid and homogeneous polymer without
electrolyte has a higher elastic modulus.

The values for longitudinal modulus (E;) may all seem low for a UD

10 B »
== |_ongitudinal samples ,‘:’
== Transverse samples ';:’

8 - #& '~—
-~
’ -
17 ¥
o/ ¢
z 6| s
—_ /' /
© o/,
®© 7,7
O ¢/,
a 4 /0
AL
/‘//' M"
2t e s
0 1 1 1
0 0.2 0.4 0.6 0.8

Deflection [mm]

Fig. 3. Load-displacement curves for bending of non-cycled samples, showing
results for longitudinal direction and transverse direction. First deviation from
linearity is marked by an asterisk (*).
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lamina; however, the volume fractions of fibers are measured to 18%
for both the SBE laminae and the control laminae. This volume fraction
is very low for a structural composite and are due to the current
manufacturing method creating two relatively thick resin rich layers on
both sides. Substantial increase in fiber volume fraction (more than a
factor 2) can be made by making multiple layer composites, as is ex-
pected when making structural batteries. Increasing the volume frac-
tion of fibers will also increase the electrochemical properties due to
shorter internal distances in the electrochemical cell. However, the
transverse properties of the UD laminae are not expected to change
drastically when increasing the fiber volume fraction since they are
matrix dominated properties.

Pure tensile testing in the longitudinal direction was also performed
(marked with an asterisk in Table 1) resulted in similar modulus E;,
thus verifying the results from the three-point bending. The shear
modulus is calculated using the stiffness of the 10° off-axis specimens,
the moduli E; and E,, and the value of v, obtained from the tensile
testing.

The strength values should be interpreted more as estimates rather
than quantitative numbers due to the testing setup. The ultimate tensile
strength (o07) differs quite a lot between the bending and tensile testing
due to intrinsic test limitations. In the bending test, the normal stress is
not constant over the thickness of the laminae and in the tensile test
there is a difficulty in evenly applying force to this single and very thin
longitudinal lamina, thus breaking some fibers before the whole lamina
is fully strained. However, the estimated strengths are still reasonable
considering the fiber volume fraction. The longitudinal tensile strength
is fiber dominated and is expected to increase with increased fiber
volume fraction. The tensile strength of carbon fibers has previously
been shown to be influenced by lithium intercalation [6], although the
effect was limited. Strength in longitudinal compression is assumed to
be most affected by SBE matrix stiffness properties. Most importantly,
the lamina exhibits relatively good transverse and shear properties,
which are both matrix dominated, and they appear to be unaffected by
electrochemical cycling.

3.3. Fiber-matrix interface

SEM images of a non-cycled lamina are shown in Fig. 4a and b, with
comparable images of an electrochemically cycled lamina shown in
Fig. 4c and d. SEM images of a control sample are shown in Fig. 4e and
f. The bicontinuous network and phase separation is very similar when
comparing the morphology of the SBE in bulk [11] and the morphology
of the SBE in the laminae (Fig. 4b). Thus, the formation of the SBE does
not seem to be influenced by the presence of carbon fibers, since the
SBE shows a phase separated network all the way into the carbon fiber
surface. It can also be seen that the SBE adheres well to the surface of
the carbon fibers by leaving matrix residue in most places for both non-
cycled samples (Fig. 4a) and cycled samples (Fig. 4c), confirming that
there is mechanical adhesion of the structural phase of the SBE to the
carbon fibers. This also confirms that the ability to transfer load be-
tween fiber and matrix is not lost due to volume expansions associated
with lithiation of carbon fibers as reported by Jacques et al [25].
Furthermore, this confirms that there is no degradation in mechanical
properties due to electrochemical cycling. If anything, the adhesion
between the fiber and matrix appears to be slightly improved after
electrochemically cycling. Additionally, the phase separated network of
the SBE at the fiber-matrix interface is present in both non-cycled
samples (Fig. 4a and b) and cycled samples (Fig. 4c and d); allowing for
ion transport as well mechanical load transfer between the fiber and
matrix. The control sample (Fig. 4e) shows polymer matrix residue on
the fiber, which further indicate that the polymer matrix adheres to the
carbon fibers. Also, the control sample has a different, homogenous
morphology in the bulk (Fig. 4f), without a phase separated network as
in the SBE samples (b and d).
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Mechanical properties for SBE laminae before electrochemical charging (non-cycled) and after electrochemical cycling (cycled). Compared to
properties for a control lamina consisting of the same polymer but without electrolyte (control). Results with asterisk (*) are measured with pure
tensile testing and DIC, all other results are produced with three-point bending.

Property and Unit SBE lamina Control lamina
Non-cycled Cycled

E; [GPa] 52 * 3 (47 = 5%) 52 £ 2 57 * 3(51 = 6%)

E, [GPa] 1.7 £ 0.3 1.9 £ 0.2 3.6 = 0.3

G2 [GPa] 1.5 £ 0.2 1.6 = 0.2 19 + 0.2

viz2 [] 0.36 + 0.01* - 0.44 = 0.04*

o, tension [MPa] 982 * 65 (680 + 88%) 965 + 134 1046 + 128 (640 + 89%)

0, tension [MPa] 121 £ 1.6 14.7 = 3.3 20.0 £ 7.4

0; compression [MPa] 997 = 59 849 = 106 1038 = 130

0y compression [MPa] 11.7 = 5.2 11.4 £ 1.5 24.3 £ 5.5

712 [MPa] 13.2 = 24 14.6 = 3.1 16.5 + 3.7

3.4. Multifunctional characterization

To compare multifunctional efficiency with the efficiency of sepa-
rate mono-functional constituents, a multifunctional efficiency graph
has been adapted to visualize the relationship, see Fig. 5a. The vertical
axis represents the electrochemical capacity of the lamina normalized
with the maximum capacity of the carbon fibers (290 mAh/g) when
electrochemically cycled in pure liquid electrolyte [8]. The horizontal
axis shows the structural efficiency for different elements of the or-
thotropic material properties, normalized with respective properties of
the control samples. Hence, a mono-functional liquid battery would be
situated in the top left corner, with maximum battery efficiency and no
structural efficiency. A mono-functional composite material on the
other hand would have no electrochemical efficiency but maximum
structural efficiency, situated in the bottom right corner. The multi-
functional material can now be mapped on such a multifunctional ef-
ficiency graph, with results above the diagonal representing properties

that outperform those of the separate mono-functional constituents.
The results show that the multifunctional efficiency outperforms that of
separate mono-functional constituents for all material properties.

To further investigate multifunctional performance, the same type
of analysis is made versus the best possible theoretical monofunctional
properties, see Fig. 5b. Now the electrochemical efficiency is normal-
ized with the maximum theoretical capacity for graphite (372 mAh/g)
and mechanical efficiency is normalized with the corresponding ma-
terial properties of a high performance UD carbon fiber epoxy prepreg
lamina [26]. As can be seen in the figure, the longitudinal ultimate
tensile and compressive strength (07) of the lamina are both above the
diagonal, and the longitudinal modulus (E;) is just at its boundary.
However, given the very low volume fraction of fibers in the laminae
produced in this work, the longitudinal modulus is most penalized,
which means that with increased volume fraction of fibers in the lamina
the longitudinal modulus structural efficiency will increase sig-
nificantly. However, all other structural efficiencies of the lamina are

Fig. 4. a): Non-cycled sample showing SBE matrix
residue sticking to carbon fibers that have been
broken off from SBE (40 k magnification). b): Non-
cycled sample showing SBE matrix with fiber imprint
(17.5 k magnification). c¢) Cycled sample showing
SBE matrix residue sticking to carbon fibers that
have been broken off from SBE (40 k magnification).
d): Cycled sample showing SBE matrix with fiber
imprint (20 k magnification). e): Control sample
showing polymer matrix residue sticking to carbon
fibers that have been broken off from the matrix (40
k magnification). f): Control sample showing homo-
genous polymer matrix with fiber imprint (20 k
magnification).
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1 1 Fig. 5. Efficiency graphs, a) showing elec-
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maximum capacity of the carbon fibers (290
2 ¥ x A 2 mAh/g [8]) and mechanical performance
% 0.75 g 0.75 N normalized with respective material prop-
= = erties of the control sample. b) showing
Ii(: Ii; vV @xo + d 0 electrochemical efficiency normalized with
o 1] + 5 - the maximum capacity of graphite (372
g 05 £ 050 mAh/g) and mechanical perf -
S ¥ 5 S o S ¢) and mechanical performance nor
5 o0& 5 & ojfension malized with respective material properties
g o Gi‘z _ 2 x zz::eo”:“’r';ssion of a standard UD carbon fiber epoxy pre-
S 0.5 * oo 8 0.25 ¢ U‘Comgression preg [26]. E; structural efficiency for mul-
i 3 ofcompressiun w X ri tifunctional cells from Ref. [7] are included
a,compression . E, ratio 1.5[7] for comparison.
X i D E o075
0 ‘ ‘ ‘ 0 - d ‘ >
a) 0 0.25 05 075 1 b) 0 0.25 05 075 1
Structural Efficiency Structural Efficiency

governed by the mechanical properties of the SBE (matrix dominated),
which is known to not be comparable with the properties of a standard
epoxy matrix used in normal carbon fiber composites (typically E,,
between 2.75 and 4.10 GPa and E; in the order of magnitude 10 GPa
[22]). On the other hand, in a multi-angle composite laminate the
longitudinal lamina properties are more important than the transverse
properties for the structural performance of the laminate. The dom-
inating elastic constant for the overall stiffness of a multi angle laminate
comes from the longitudinal modulus E;, as can be computed using
laminate theory [22]. Thus, low matrix dominated properties, like E,
and Gy, will not be detrimental to the overall properties of a laminated
structural battery.

Previous research on a UD composite lamina with multifunctional
properties is also added to the efficiency graph for comparison [7].
They report a longitudinal modulus (E;) of about 65 GPa and a stable
cycling capacity of about 10 mAh/g, for the liquid phase/epoxy mass
ratio of 1.5. Another mixture (0.75 liquid phase/epoxy mass ratio) had
E; at 146 GPa and a stable cycling capacity of less than 5 mAh/g.

3.5. Towards multifunctional batteries

A structural composite battery would combine the negative elec-
trode presented herein with a positive electrode. Generally, positive
electrodes are made with LiFePO, or similar lithium-based ceramics.
Recent research used a technique to coat LiFePO, particles onto carbon
fibers using a low fraction of PVDF as binder and a small amount of
carbon black [27]. The carbon black is needed to make the coating
electrically conductive. This results in a spread tow of carbon fibers
with the active electrochemical material coated to its surface which can
then be used as a structural positive electrode. The carbon fibers on this
side are not themselves electrochemically active but provide both
structural capacity and can be used as current collectors.

Such coated carbon fibers can then be laid up in a dry state together
with carbon fibers on the negative side, separated by a separator, to
form a 3-layer composite laminate. The assembly can then be infused
with the SBE used herein to form a structural battery. However, for
these multilayer assemblies UV curing of the SBE is likely not possible
to use and another initiation of the polymerization would be required,
e.g. heat curing.

4. Conclusions

This research builds towards the realization of structural batteries
by showing the possibility of system-wide improvement over the se-
parate mono-functional electrochemical and structural constituents.
The improvement shows that structural batteries could result in an
overall lighter system than having separate systems for structure and
energy storage.

A structural battery electrolyte (SBE) matrix has been used to
manufacture carbon fiber laminae with a vacuum infusion method
producing a carbon fiber UD lamina with multifunctional properties.
The lamina can be electrochemically cycled against lithium stably for
10 cycles with a capacity exceeding 200 mAh/g. No decrease has been
seen in mechanical properties when comparing non-cycled to a cycled
lamina. SEM shows that there is no significant difference in appearance
of SBE in bulk compared to SBE in the presence of carbon fiber, and that
the structural phase of the SBE adheres well to the surface of the carbon
fibers even after electrochemical cycling.

A low longitudinal modulus (52 GPa) is measured for the lamina,
which is directly linked to the low volume fraction of fibers (18%) due
to the manufacturing of a very thin UD lamina. Increasing the volume
fraction of fibers in the lamina would linearly increase the longitudinal
modulus. A higher fiber volume fraction would also have a positive
effect on the electrochemical properties due to shorter internal dis-
tances in the electrochemical cell. A higher volume fraction of fibers
could be achieved with further improvements of the manufacturing
method and the stacking of laminae into laminates.
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