CHAL

UNIVERSITY OF TECHNOLOGY

Experimental and computational characterization of carbon fibre based
structural battery electrode laminae

Downloaded from: https://research.chalmers.se, 2026-04-02 22:59 UTC

Citation for the original published paper (version of record):

Carlstedt, D., Rittweger, F., Runesson, K. et al (2022). Experimental and computational
characterization of carbon fibre based structural battery

electrode laminae. Composites Science and Technology, 220.
http://dx.doi.org/10.1016/j.compscitech.2022.109283

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



Composites Science and Technology 220 (2022) 109283

Contents lists available at ScienceDirect
COMPOSITES

SCIENCE AND TECHNOLOGY

Composites Science and Technology

" materilstoday

journal homepage: www.elsevier.com/locate/compscitech

ELSEVIER

t.)

Check for

Experimental and computational characterization of carbon fibre based ol
structural battery electrode laminae

David Carlstedt ™, Florian Rittweger b Kenneth Runesson®, Adriana M. Navarro-Sudarez ",
Johanna Xu?, Shanghong Duan®, Fredrik Larsson®, Karl-Ragmar Riemschneider ", Leif E. Asp?
& Chalmers University of Technology, Department of Industrial and Materials Science, 412 96, Gothenburg, Sweden

Y Hamburg University of Applied Sciences, Department of Information and Electrical Engineering, 20099, Hamburg, Germany
¢ Chalmers University of Technology, Department of Physics, 412 96, Gothenburg, Sweden

ARTICLE INFO ABSTRACT

Keywords:

Carbon fibres

Multifunctional composites
Electro-chemical behaviour
Electro-mechanical behaviour

In this paper, electrode laminae consisting of carbon fibres embedded in structural battery electrolyte (CF-SBE
electrodes) are characterized with respect to their multifunctional (i.e. combined electrochemical and me-
chanical) performance utilizing experimental and numerical techniques. The studied material is made from
commercially available polyacrylonitrile (PAN)-based carbon fibres and a porous SBE matrix/electrolyte, which
is composed of two continuous phases: a solid polymer skeleton (vinyl ester-based) and a Li-salt containing liquid
electrolyte. Experimental and numerical studies are performed on CF-SBE electrode half-cells, whereby a coupled
electro-chemo-mechanical finite element model is exploited. Results show that, similar to traditional batteries,
electrode thickness, transport properties of the electrolyte and applied current significantly affect electro-
chemical performance. For example, increasing the electrode thickness of the studied CF-SBE electrode from 50
pum to 200 ym results in a reduction in specific capacity of approximately 70/95% for an applied current of 30/
120 mA g~ ! of fibres, respectively. Further, Li-insertion induced longitudinal expansion of carbon fibre elec-
trodes are video microscopically recorded during charge/discharge conditions. In liquid electrolyte the total/
reversible longitudinal expansion are found to be 0.85/0.8% while for the CF-SBE electrode the reversible
expansion is found to be 0.6%. The fibre expansion in the CF-SBE electrode gives rise to residual strains which is
demonstrated numerically. We expect that the utilized computational framework and experimental data open a
route to develop high-performing, both mechanically and electrochemically, carbon fibre based battery electrode
laminae for future lightweight structural components with energy storage ability.

Biomimetics

[20], as well as autonomous robotics [10], unmanned aerial vehicles [9,
15] and satellites. In structural batteries, the carbon fibres can function

1. Introduction

A viable route to create efficient lightweight multifunctional com-
ponents for future electric vehicle and devices is to utilize structural
materials with ability to storage energy (e.g. work as battery) [1-11].
One such solution exploits electrode laminae consisting of carbon fibres
embedded in structural battery electrolyte (SBE). This type of material
can be used in lithium-ion (Li-ion) based structural batteries, i.e. bat-
teries with mechanical load-bearing capability [1,2,4-8,12-15], in
electrochemical actuators [16], or in energy harvesting and strain
sensing composites [17-19]. Due to the multifunctional character of
such material, it offers a promising material choice for innovative future
design of electric vehicles [6] and devices (e.g. laptops and phones)
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as combined active electrode material, current collector and mechanical
reinforcement. To allow for mechanical load transfer between the fibres,
while facilitating Li-ions transport inside the electrode, the fibres are
embedded in SBE [21,22]. The SBE consists of two phases: a solid phase
which corresponds to a mechanically robust porous polymer network
and a liquid phase which contains liquid electrolyte with Li-salt. The
liquid phase in the porous polymer network enables ion transport be-
tween the electrodes, while the solid phase makes it possible to
distribute mechanical loads. The SBE is a bi-continuous bi-phasic com-
posite that consists of a porous polymer network (vinyl ester-based) with
an open pore system saturated with the liquid electrolyte (1.0 M LiTf in
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EC:PC), as schematically illustrated in Fig. la. The porous polymer
network is formed via reaction induced phase-separation during the
curing process, as described in Refs. [21,22]. It should be noted that the
solid phase of the SBE in Fig. 1a corresponds to a numerically generated
nano-structure, from Tu et al. [23], representing an idealized fine-scale
geometry of the SBE (compare with SEM image in Fig. le). The char-
acteristic pore size of the polymer network is roughly in the order of
50-200 nm [22].

The internal structure of an electrode made from carbon fibres
embedded in SBE (referred to as CF-SBE electrode) and a conventional
graphite electrode are shown schematically in Fig. la and b for
comparison.

In the conventional graphite electrode, the electrode particles and
conductive additives (e.g. carbon black) are adhered to a copper foil
(current collector) using a polymer binder. Further, the porous structure
of the electrode is soaked with a liquid electrolyte to allow for ion
transport. Hence, the main differences of the CF-SBE electrode, as
compared to the conventional graphite electrode, are essentially three:

a)
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Liquid phase
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Current connector
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Current collector:
carbon fibres
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(i) The active electrode materials are fibres instead of particles; (ii) SBE
is used instead of liquid electrolyte; (iii) The carbon fibres work as
current collectors. This means that there is no need for polymeric binder,
nor conductive additives, in the CF-SBE electrode (i.e. the upper surface
of the fibre electrode in Fig. 1a does not need to be fully covered by
metal foil). It should however be noted that the electrical conductivity of
carbon fibres [24] is about three orders of magnitude lower than that of
copper. Hence, the ohmic losses in the studied material will be signifi-
cantly larger and will limit the electrode dimensions. In a recent study
Johannisson et al. [25] demonstrate how screen-printing technology can
be used to print current connectors (Fig. 1a) along carbon fibre based
electrodes. This does not resolve the issue, but by utilizing certain
printing pattern the electron transport along the fibres can be reduc-
ed/limited. Furthermore, it is noted that reported specific capacities and
diffusion coefficients for certain types of carbon fibres are similar to
those of commercially available graphite electrode materials [24,26,
27]. The electrode design, i.e. electrode dimensions (thickness, width
and length), transport properties of constituents, particle dimensions
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Fig. 1. Schematic illustration of (a) a CF-SBE electrode and (b) a conventional graphite electrode for comparison. The bold text represents the main differences
between the two types of electrodes. (c¢) Schematic illustration of the studied CF-SBE electrode half-cell. (d) Convention for charge/discharge conditions. (e) Hi-
erarchical structure: Photo of electrode (length scale: cm), SEM image of electrode cross-section (length scale: pm), SEM image of SBE (length scale: nm).
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and distribution, etc. are known to have significant effect on the elec-
trochemical performance of conventional battery electrodes [28-34].
Moreover, it is well known that the porosity and tortuosity of the elec-
trode significantly influence the performance of the cell [35,36]. Due to
the fact that the reported transport properties of the constituents in the
CF-SBE electrode are inferior to those of the conventional electrode,
these effects are expected to be even more pronounced for CF-SBE
electrodes. For example, the electrical conductivity of carbon fibres
[24] is significantly lower than that of copper, which is commonly used
as current collectors in conventional graphite electrodes. Moreover, the
ion conductivity of the SBE is in the order of 107* S em™! [21,22],
whereas the conductivity of conventional liquid electrolytes is signifi-
cantly higher, typically in the order of 1072 S cm™! [37] at room tem-
perature. In addition, the carbon fibres undergo significant expansion
when lithiated [16,38]. This means that the geometric and topological
characteristics of the cell, i.e. thickness of the electrode, transportation
properties of the constituents, etc., are expected to have significant ef-
fect on the electro-chemo-mechanical performance of CF-SBE
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electrodes. To the best of our knowledge, no study currently exists which
investigates these effects in structural batteries.

In previous work by the authors, a novel computational modelling
framework for studying the electro-chemo-mechanical properties of CF-
SBE electrodes was developed [39]. Further, numerical studies of
structural batteries have been performed previously [40-44]. However,
in these studies no experimental validations were done. Only recently,
Yin et al. [8] compared experimental and numerical results for modified
carbon fibre electrodes in conventional liquid electrolyte (i.e.
non-structural electrodes). The computational framework was based on
the battery modelling scheme originally developed by Newman and
co-workers [45-48] that presumes one-way coupling between the
electrochemical and mechanical processes. To date, no study exists
which combines a fully coupled computational framework with exper-
imental data to characterize CF-SBE electrodes (i.e. structural
electrodes).

In this paper, electrode laminae made from carbon fibres embedded
in SBE are characterized with respect to their multifunctional (i.e.
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Fig. 2. (a) Schematic illustration of the SBE sample: CF-SBE electrodes with different electrode thickness (heje) vs. Li-metal, with a separator immersed in the liquid
phase of SBE. (b)-(g) Fabrication process of the carbon fibre electrode half-cells utilizing SBE (SBE samples). The corresponding fabrication process of the reference

(LE) samples are presented in Fig. S6, in Supplementary information.
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combined electrochemical and mechanical) performance utilizing
experimental and numerical techniques. We summarize existing mate-
rial data from the literature and perform additional experiments in order
to compare numerical predictions with experimental results. We utilize
a previously developed computational modelling framework [39] and
perform experimental and numerical studies on CF-SBE electrode
half-cells (schematically illustrated in Fig. 1c). Two types of half-cells
are studied: (i) one type utilizing CF-SBE electrodes (referred to as
SBE samples, see Fig. 2a) and (ii) one type utilizing carbon fibre elec-
trodes in conventional LP40 liquid electrolyte (referred to as LE sam-
ples). The latter samples are used as reference samples to evaluate the
effects of embedding the fibres in the SBE. The electrode thickness and
applied current are altered to study how the electrochemical perfor-
mance of the cell is affected by these parameters. Further, Li-insertion
induced longitudinal expansion of carbon fibre electrodes is measured
in situ during charge/discharge processes using a Digital Image Corre-
lation (DIC) technique, which is based on previous video microscopical
electrode observations [49,50]. Expansion data for carbon fibres in
liquid electrolyte (i.e. “free” expansion of fibres) and CF-SBE electrodes
are recorded. Finally, the resulting residual strain levels, due to the
partly constrained fibre deformation for the electrodes utilizing SBE, are
evaluated numerically.

2. Material and methods
2.1. Materials

The carbon fibres are of the type intermediate modulus T800SC-12k-
50C PAN-based manufactured by Toray Composite Materials America,
Inc. The unidirectional fibre tows are spread to a width of approximately
15 mm by Oxeon AB (who kindly supplied the fibre tows). The thickness
of the provided fibre tow is approximately 25 ym which corresponds to
roughly 5 fibre diameters in the thickness direction and the linear tow
weight is 0.52 g m 1. These fibres have been characterized in terms of
their multifunctional performance by e.g. Kjell et al. [24] and Fredi et al.
[26]. The two phase SBE system is made from the following materials: (i)
Solid polymer phase: Bisphenol A ethoxylate dimethacrylate (Mp: 540 g
mol™!) and 2,2'-Azobis(2-methylpropionitrile) (AIBN), supplied by
Sartomer Europe; (ii) Liquid phase: Propylene carbonate (PC) (PC <
99%, acid <10 ppm, HoO <10 ppm), ethylene carbonate (EC) (99%
anhydrous), and lithium trifluoromethanesulfonate (LiTf) (99.99%),
purchased from Sigma Aldrich. The liquid electrolyte used for the
reference (LE) samples is a Lithium hexafluorophosphate solution made
from: 1.0 M LiPFg in EC:DMC 1:1 w/w (referred to as LP40), purchased
from Sigma-Aldrich. The separator is made from Whatman glass
microfibre filters (Whatman GF/A, 260 um thick) purchased from Sigma
Aldrich. The collectors are made from copper and nickel foil. The copper
foil is adhered to the carbon fibres using PELCO® conductive silver
paint. The collectors and the lithium metal foil are purchased from
Sigma Aldrich. The utilized pouch laminate bag material is made from
PET/Al/PE (i.e., an aluminium foil laminate with PET and PE polymer
on either side) with thicknesses: 12 ym/9 ym/75 ym. All materials are
used as received.

2.2. Structural battery half-cell preparation

The structural battery half-cells utilizing CF-SBE electrodes (i.e. SBE
samples) are manufactured as schematically illustrated in Fig. 2. The
fabrication process for the reference (LE) samples is presented in Sup-
plementary Fig. S6 (for comparison). The fibre tow is cut in dimensions
of 40 x 15 mm? which corresponds to approximately 21 mg of carbon
fibres. A copper foil current collector is adhered to the carbon fibres
using silver conductive paint to extract the current from the electrode
(Fig. 2b). The samples are made from one, two or four fibre tows (di-
mensions 40 x 15 mm?) placed on top of each other. The number of fibre
tows are altered to evaluate the effects of increased electrode thickness
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hele (Fig. 2a). As combined counter and reference electrode Li-metal is
utilized. To extract the current from the Li-metal a current collector
made from Nickel foil is used. The separator is made from Whatman
glass microfibre filter and is soaked in liquid electrolyte of the following
type; (i) for SBE samples: liquid phase of the SBE and (ii) for LE samples:
commercial liquid electrolyte. The carbon fibre tow and separator are
arranged inside a pouch laminate bag, which is used to protect the
electrochemical cell from air and moisture, as shown in Fig. 2c. For the
reference samples utilizing liquid electrolyte, the Li-metal is added at
this point (see Supplementary Fig. S6 for more information). The con-
stituents in the pouch bag are then impregnated with either LP40 liquid
electrolyte (LE samples) or SBE mixture (SBE samples), see Fig. 2d,
before the pouch-bag is vacuum heat-sealed (Fig. 2e). For the LE sam-
ples, 1.0 M LiPFg in EC:DMC 1:1 w/w (LP40 Sigma-Aldrich) electrolyte
is used and the manufacturing process is complete at this stage. For the
SBE samples, the SBE mixture is prepared in accordance with the pro-
cedure described in Ref. [22]. The SBE mixture is made by mixing 40:60
wt % of (i) a liquid electrolyte solution made from 1.0 M LiTf in EC:PC
1:1 w/w (50:50 wt %) and (ii) monomer bisphenol A ethoxylate dime-
thacrylate and the thermal initiator, AIBN (1 wt % of the monomer
weight). The properties of the SBE material are reported elsewhere [22].
The infused SBE mixture is thermally cured at 90 °C for 60 min (Fig. 2f).
After curing the pouch bag is opened inside the glovebox and Li-metal
foil and an additional separator, soaked in the liquid electrolyte solu-
tion for the SBE, are added on the side facing the carbon fibres (see
Fig. 2g). The pouch bag is then re-sealed and ready for testing.

2.3. Galvanostatic cycling

The battery cells are tested running galvanostatic charge and
discharge cycles. The cycling is performed using a Neware CT-4008-
5V10mA-164 battery cycler. The samples are cycled between 0.01 V
and 1.5 V using the following mass specific currents: 30, 60 and 120 mA
g~ ! relative to the mass of carbon fibres available in the battery cell.
These currents correspond to equivalent C-rates of 0.19C, 0.5C, and
1.2C, with respect to the measured specific capacity of the reference
sample (LE sample) made from one fibre tow. It should be noted that the
C-rate is related to the (dis)charge time, where the corresponding (dis)
charge times are 5.2 h, 2 h and 50 min. The cells are considered dis-
charged at 0.01 V vs. Li/Li" and fully charged at 1.5 V vs. Li/Li*. The
electrochemical capacities of the tested samples are estimated as the
electric charge delivered or received by the cell during the time for
charge or discharge, respectively.

2.4. Mobility coefficients of the liquid phase of the SBE

The dynamic viscosity (Y) of the liquid phase of the SBE is deter-
mined using a DMA 4500 M density meter from Anton Paar with a Lovis
2000 M micro-viscometer module. A steel ball (d =1.5mm, p=7.70g
cm ™) is used for dynamic viscosity measurements by the falling sphere
method. The capillaries (@ = 1.59 mm) are loaded inside the glove box.

The mobility coefficients 7, are then calculated from the Sto-
kes-Einstein relation as

1

- - 1
6 Y'ryNy @

Ny
where Y is the dynamic viscosity of the fluid, r, is the radius of the
spherical particle for species a and N, is the Avogadro constant.

2.5. Electrode expansion measurements

The longitudinal electrode expansion measurements are performed
utilizing an optical in situ observation method described in detail in
previous works [49,50]. This method uses Digital Image Correlation
(DIC) to track the deformation of the specimen from video recorded
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microscopical observations during electrochemical cycling.

2.5.1. Cell assembly

The electrodes used for the expansion measurements are manufac-
tured in accordance with the procedure described in Section 2.2. The
electrode dimensions for these samples are adjusted in order to fit the
windowed test cell. Hence, the fibre tow is cut in dimensions of
approximately 5 x 1.5 mm? which corresponds to approximately 0.26
mg of carbon fibres. To ensure a sufficient lithiation of the carbon fibre
electrode a plate of Li-metal is used as combined counter and reference
electrode. The fibre electrode and Li-metal is separated by a 220 um-
thick separator made of polypropylene fibre/polyethylene membrane
(EL-Cell GmbH, FS-5P). The fibre-separator-Li-metal stack is then placed
(under argon atmosphere) in a test cell with an optical window (EL-Cell
GmbH, ECC-Opto-Advanced) with the fibre electrode being visible
through the window. Finally, approximately 100 1 1.0 M LiPFg in EC:PC
1:1 w/w electrolyte solution (Sigma-Aldrich) is added.

2.5.2. Measurement setup

Electrical monitoring and measurement of currents and voltages are
performed with the potentiostat Ivium OctoStat 30. For charging as well
as discharging a constant-current-constant-voltage (CCCV) cycling
mode, followed by a 2 h rest time, is used. The cells are cycled in the
voltage limits of 0.01 mV and 1.5 V and the initial currents in the CC
modes are set to 20 A which corresponds to approximately 77 mA g~*
of fibres. The cut-off current is set to 2 yA. The camera setup consists of
the USB3-camera mvBlueFox3-2064C, the macro lens MV-OMC303-OE
(both MatrixVision) and an illumination ring with LEDs. Images are
recorded every 4 min.

2.5.3. Post-processing

Post-processing of measurement data to estimate the longitudinal
electrode expansion is performed within the MATLAB software envi-
ronment. Here, only major steps are addressed for simplicity. A detailed
explanation is given in Supplementary information. The length of the
fibre electrodes are obtain from a pixel-length-conversion using the
diameter of the window (10 mm) as reference object. To separate the
dark electrode from the bright underlying separator, the image infor-
mation is transformed from the RGB color space to the HSV represen-
tation to use the brightness channel as boundary indicator of the
electrode. Since the latter is a step-like function, its derivative yields a
maximum. The real space coordinate of this maximum is identified as
electrode boundary. The total longitudinal expansion of the electrode is
obtained from the boundaries on both ends. The relative expansion is
given by the ratio of the longitudinal expansion and the initial length of
the fibres.

2.6. Scanning Electron Microscopy (SEM)

The microstructure of the CF-SBE electrodes are studied using
Scanning Electron Microscopy (SEM). The electrodes are broken and
dried (24 h in 50 °C vacuum) prior to coating with palladium using a
Emitech K500X sputter coater for 30 s in argon atmosphere. The SEM
images are produced with a Zeiss Leo Ultra 55 field emission gun
scanning electron microscope with an accelerating voltage of 2 kV.

2.7. Tensile testing (mechanical performance)

The tensile tests are conducted in accordance with the experimental
procedure described in Ref. [1]. A Deben 2 kN tensile stage microtester
is used under displacement control at a rate of 0.1 mm min~!. The tensile
tests are performed in the fibre direction to measure the elastic moduli of
the CF-SBE electrode laminae. The electrodes are manufactured in
accordance with the procedure described in Section 2.2. This means that
the supporting (non-active) separator in Fig. 2a is included in the
specimen. For comparison, additional samples are prepared containing
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only the separator embedded in SBE. The dimensions of the test speci-
mens are approximately 30 x 3 mm? (length x width). The slender
specimens are produced by carefully cutting the electrodes to the desired
dimensions. The tensile tests are preformed on three samples per spec-
imen and are conducted on pristine electrodes (i.e. no electrochemical
cycling is performed prior to the test).

2.8. Model specifications

The utilized computational framework was developed in a previous
study by the authors [39]. Compared with previous work, the model
geometry now includes the separator phase while accounting for its
effective properties. Moreover, the electrode thickness and fibre volume
fraction are based on experimental data. A detailed description of the
computational framework, including time-continuous strong format and
modelling assumptions for the individual domains, interfaces and
boundaries, etc., is provided in Supplementary information. The
framework is based on some general modelling assumptions. Firstly,
isothermal condition is assumed. Further, all material phases are
assumed linear elastic (small deformations), linked to the mechanical
response. However, material nonlinearities are present in the electro-
chemical relations. Self-weight is ignored, i.e. no body load is present.
Finally, any piezoelectric effect is ignored, which means (in particular)
that stresses do not depend explicitly on the electric field.

In this study, the following model approximations for the chemical
potential of Li in the carbon fibres are used to evaluate their respective
correlation with the experimental results:

Modell : pi;; = —c} ..&" : 6(e, cui) + ul; + ROlog (fii(¢ui)ns) (2a)

ch

Model2 : i, = —ci! @
t6(e, ci) + py; + o[l —2¢15] + ROolog (fii (i )ewi) @b

Model3 : pi;; = —c} ,..@" : 6(€, cui) + A(CLi) (20)

Here we define the normalised mass concentration of Li in the fibre

ascy = ﬁ, where cy; is the mass concentration (molarity) and cr;, max

is the assumed maximum concentration of Li in the carbon fibre.
Further, a is a second order tensor containing the coefficients of the
insertion induced expansion of the fibres and ¢ is the (symmetric) stress
tensor which is a function of the (small) strain tensor £[u], expressed as a
linear operator of the displacement field u. Finally, y?; is the reference
chemical potential, R is the gas constant and 6, is the reference
temperature.

In Eq. (2a), the general/idealized expression for the chemical po-
tential is utilized as described in Ref. [39]. In Eq. (2b), the enthalpic
term ho[1 —2cy;] is added to account for particle-hole repulsion that
cause immiscibility of the Li and its host [51]. This is in line with the
expression for intercalation compounds proposed and utilized by Doyle
et al. [46]. Further, in Eq. (2¢), A(c1;) represents an arbitrary regression
model which is approximated by fitting the function to experimental
data. The activity coefficient fi; in Egs. (2a)-(2b) is chosen in accordance
with the definition for an ideal solid solution of non-interacting particles
on a lattice in Bazant [52]: fii(cLi) = ﬁ The reference chemical po-

tential for the Li atoms in the fibre is denoted y?;. It should be noted fi;
can be defined in different ways depending on the assumed interaction
between the ions and the host material. For example, extended/refined
constitutive models, as compared with Model 1 and 2, for intercalation
compounds are available in the literature, see e.g. Ref. [46]. However,
the basic understanding of the physics behind the insertion mechanisms
of Li-ion into carbon fibres is still lacking [26]. Finally, it should be
noted that utilizing an arbitrary regression model (i.e. Model 3), allows
for better agreement with experiments but lack generality. This type of
approximation is however commonly used in the electro-chemistry
literature (defined in terms of the open-circuit potential), see e.g. Refs.
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[8,53].

3. Results and discussion

3.1. Microstructure of CF-SBE electrode

The hierarchical structure of the studied CF-SBE electrode, illus-
trating the relevant length scales, is shown in Fig. 1e. The typical radius
of the fibres is 2.5 pm and the distribution of the fibres depends on the
fibre volume fraction, manufacturing process, etc. Further, the typical
pore size of the SBE is in the order of 100 nm and the porosity/pore size
depends on e.g. mixing ratio of monomer to liquid electrolyte, type of
monomer, etc. The properties of the SBE can be altered by modifying the
composition of the polymer/electrolyte mixture (e.g. using different
monomers or mixing ratios of monomer to electrolyte), see Refs. [21,
22].

The microstructure of the CF-SBE electrode is studied using SEM. A
cross-section view of a CF-SBE electrode is shown in Fig. 3a. Zones with
high SBE and fibre content, respectively, are identified. However, these
zones are limited in size and the appearance of the evaluated cross-
sections motivate the idealized model representation shown in Fig. 3d
and e. Moreover, porous CF-SBE interfaces (Fig. 3b) and SBE residue on
carbon fibres (Fig. 3c) are found after fracture (as reported in Ref. [5]).
This indicates that the current exchange (liquid phase of SBE access fi-
bres) and mechanical load transfer (solid phase of SBE access fibres) can
occur simultaneously along the interfaces within the electrode. It should
be noted that the SBE appears to be isotropic at the studied/resolved
scale (i.e. micro-scale). However, at the immediate vicinity of the fibres
further evaluation is needed.

The conceptual/idealized model representation of the studied half-
cell is presented in Fig. 3e. The model represents an idealized repeat-
able unit in the horizontal direction where the height of the unit cor-
responds to the height of the cell (Fig. 3d) and is utilized in the
computational model (described in Section 2.8 and in Supplementary
information). The introduced notation is defined in Supplementary in-
formation. The electrode thicknesses (hele), thickness of the separator
(hsep) and fibre volume fractions (Fig. 3d) are either estimated based on
image analysis of SEM images of the cross-section or assumed based on
material data from the supplier. For example, the fibre volume fraction
of the CF-SBE electrode is estimated based on the complete cross-section
image in Fig. 3d. Given the distinct color difference between the fibres
and SBE, this is simply done by increasing the contrast and comparing
the percentage of pixels in the respective zones (fibres/SBE). In the
idealized model the counter/reference electrode (i.e. the Li-metal) is
simply replaced by a collector at boundary I';.

3.2. Material properties of constituents

The complete set of collected material data used in the analysis is
available in Supplementary Table S3. Further, details regarding the
origin and derivation of the individual parameters are presented in
Supplementary information. Here we present the experimental data for
the measured equilibrium potential of the utilized carbon fibres and
mobilities of the ions in the liquid phase of the SBE (as complement to
the collected data from literature) to allow for comparing numerical and
experimental results for the studied half-cell.

The measured electric/electrode potential during lithiation (i.e.
discharge in Fig. 1d) of the carbon fibre electrode utilizing LP40 liquid
electrolyte (LE sample in Fig. 2a) for an applied current of 15 mA g~! of
carbon fibres is presented in Fig. 3f. The results are used for approxi-
mating a fitting function A(cy;) in Eq. (2¢), utilized in the computational
model. It should be noted that the measured potential is only an
approximation of the equilibrium potential of the carbon fibres. How-
ever, the measured electric potential is in close agreement with previous
reported data [27,38]. The specific capacity measured at this applied
current is approximately 240 mAh g1 (defined with respect to the mass
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of the carbon fibres) with a discharge time of approximately 13 h. This is
in the same range as previous measurements [24,38]. The measurement
data are provided in Supplementary Table S1.

The mobility coefficient of Li in the liquid phase of the SBE (i.e. 1M
LiTf EC:PC) is found to be #;; = 1.30 - 1073 m?mol s~'J~ L. Further, the
mobility coefficient of the triflate is found to be ;¢ = 3.82 - 10™** m?mol
syt (Fig. 3g). It should be noted that the Stokes-Einstein relation (Eq.
(1)) is only valid for spherical particles; however, in here we assume that
Tf is spherical in order to get an approximation to its mobility co-
efficients. The radii used are 0.090 and 0.307 nm for Li and Tf,
respectively, based on the calculations by Okan et al. [54]. Even though
this is a rough approximation, our values are in the same order of
magnitude as those obtained by advanced techniques such as Li
field-gradient NMR [55]. The dynamic viscosity of the liquid phase of
the SBE at room temperature was measured to be Y/ = 7.51 mPas. For
completeness, additional measurement data on the dynamic viscosity
and ion conductivity as function of temperature are provided in Sup-
plementary Fig. S3. Details regarding the experimental procedure for
estimating the ion conductivity are also included in Supplementary
information.

3.3. Mechanical performance of CF-SBE electrode

The mechanical performance of the CF-SBE electrode is assessed in
terms of the elastic modulus of the composite laminate in the fibre di-
rection. The force versus displacement curves for the case of tensile load
applied in the fibre direction for the CF-SBE electrode with heje = 100 ym
(including the supporting separator from manufacture), and the corre-
sponding separator embedded in SBE (for comparison), are presented in
Fig. S5 in the Supplementary information. The elastic modulus of the CF-
SBE electrode lamina in the longitudinal direction is found to be
approximately 57 GPa. Based on the Voigt’s assumption of iso-strain in
the fibre direction, the fibre volume fraction is estimated to be
approximately 20%. This is in agreement with the estimated value from
image analysis of the cross-section, described in Section 3.1. Further, the
measured value is also in agreement with previous measurements on
similar material systems [1,5]. Finally, the stiffness of the separator
embedded in SBE is found to be approximately 0.83 GPa. This is only a
slight increase in elastic modulus as compared with the pure SBE system
(approximately 0.54 GPa [21,22]). Hence, it is clear that the fibres are
decisive for the elastic modulus in the fibre direction. It should be noted
that strength values and stiffness in the transverse direction are not re-
ported due limitations in the sample preparation process.

3.4. Electrochemical performance of CF-SBE electrode half-cell

Fig. 4 shows experimental results from galvanostatic cycling of a CF-
SBE electrode half-cell (shown in Fig. 4a) with an electrode thickness of
hele = 50 pm.

Fig. 4b shows the typical charge/discharge voltage profiles of the
half-cell at different applied mass specific currents defined with respect
to the mass of carbon fibres available in the electrode. These profiles
indicate a stable charge/discharge process at different mass specific
currents. Moreover, Fig. 4c shows the specific capacity over continuous
cycling at different applied currents. Finally, in Fig. 4d the specific ca-
pacity is plotted against the mass specific current (with respect to the
mass of the fibres) for the CF-SBE electrode (SBE) and the carbon fibre
electrode in conventional LP40 liquid electrolyte (LE), i.e. LE sample, for
comparison. At applied currents 30 and 120 mA g’1 of carbon fibres, the
relative reduction in the specific capacities for the CF-SBE electrode, in
comparison with the half-cell utilizing liquid electrolyte, are approxi-
mately 25% and 54%, respectively. Hence, it is evident that the inferior
transport properties of the SBE impair the electrochemical performance
of the cell, in particular at high currents. It should be noted that the
results presented in Fig. 4d are based on single specimens (hence, no
data scatter is included). The trends are in agreement with previous
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Fig. 3. SEM-images of: (a) The cross-section of a CF-SBE electrode; (b) Fibre imprint. The fibre-SBE interface is found to be porous; (c) Carbon fibres with SBE
residue. (d) SEM image of CF-SBE electrode half-cell cross-section. (e) Conceptual/idealized model representation of the half-cell. (f) Measured electric potential
(during lithiation) of carbon fibre electrode in liquid electrolyte for an applied current of 15 mA g~ of fibres. (g) Measured mobility coefficients of the ions in the

liquid phase of the SBE (3D-image of SBE from Ref. [23]).

measurement [5,21,22,24]. The measured specific capacity (at low
applied current) for the carbon fibre half-cell in liquid electrolyte pre-
sented in Figure 4d, is also in close agreement with previous measure-
ment reported by e.g. Kjell et al. [24]. Further, compared with previous
studies on similar types of carbon fibres in liquid electrolyte, e.g. Refs.
[8,38], the measured specific capacity is slightly lower. This is thought
to be linked to the experimental design (e.g. choice of electrolyte and
separator) and electro-chemical performance of the selected fibres, see
e.g. Ref. [56]. Hence, different carbon fibres can be used to attain
improved electro-chemical performance. Moreover, the specific capac-
ities measured for the CF-SBE electrode half-cell are similar to those
previously reported by e.g. Johannisson et al. [5] and Schneider et al.
[22]. In the former, a slight difference is noted which is assumed to be
associated with a difference in applied mass specific current (results are
only reported for an applied current of 18.6 mA g ! of fibres) and

fibre/SBE content. Furthermore, in Ref. [5] it was shown that the elastic
moduli of the studied material are retained after electrochemical
cycling. Moreover, in Ref. [22] the stability of the studied system was
demonstrated over 40 repeated charge/discharge cycles. Finally, it
should also be noted that the utilized separator influence the perfor-
mance (e.g. the specific capacities in Fig. 4d). For example, the separator
thickness, wettability, etc., significantly impair the electrochemical
performance. Hence, some of the losses associated with the reported
capacities are due to the separator. However, these losses are assumed to
be the same for the different samples (i.e. SBE vs. LE). In the current
study, a thick and highly porous separator is used. Thinner separators, e.
g. made from a thin layer of SBE, are expected to improve the perfor-
mance significantly.

In Fig. 5a and b, the measured and the predicted (using the
computational framework) voltage profiles of the CF-SBE half-cell
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Fig. 4. (a) Galvanostatic cycling of half-cell with CF-
SBE electrode thickness: heje = 50 pm (SBE sample in
Fig. 2a). (b) Voltage profiles at different mass specific
currents. (c) Specific capacity at different mass spe-
cific currents. (d) Specific capacity (measured during
discharge) versus mass specific current for the CF-SBE

_Zg mi g:i electrode (SBE) and a carbon fibre electrode in LP40
:-120mm Agg_l liquid electrolyte (LE) for comparison. The specific

capacities and mass specific currents are defined with
respect to the mass of carbon fibres in the electrode.
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during a single discharge cycle are presented.

During discharge, the applied current is set to 30 mA g~ of carbon
fibres. In Fig. 5a, the specific capacity Cr (and corresponding cr;, max)2 is
based on the reference sample using a carbon fibre electrode in liquid
electrolyte (i.e. LE sample). It is possible to improve the model

2 The maximum Li-concentration in the fibres is estimated as CLi, max =
¢%p3600/F, where C' is the assumed specific capacity and p is the fibre density.

approximations by fitting/adjusting model parameters (which is com-
mon in literature, see e.g. Ref. [8]). For example, the maximum
Li-concentration (c1i, max) in the fibres can be tuned based on experi-
mental data for the specific capacity for the given cell. In Fig. 5b, the
numerical predictions are shown for the case when cp; max is redefined
based on the measured specific capacity for the studied CF-SBE electrode
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half-cell (instead of the reference sample in liquid electrolyte).® This
means that ¢;; now varies between 0 and 1 during the discharge cycle. In
this case, Model 3 gives a good approximation as the specific capacity of
the cell has been fitted to experimental data. This however requires new
data (i.e. specific capacities) for different cell designs and applied cur-
rents in order to achieve good agreement between numerical and
experimental results. Additional information regarding tuning of the
model parameters is provided in Supplementary information.

To further demonstrate the capabilities of the computational
framework, the measured and predicted electric potential for a complete
discharge and charge cycle is presented in Fig. 5c. After each individual
charge/discharge cycle the cell is allowed to rest for 1 h. During this time
the applied current is set to zero. It is clear that the relaxation behaviour
of electric potential is not fully captured by any of the Models due to
model simplifications associated with e.g. interface conditions, material
properties, etc. However, the overall behaviour of the cell is well taken
for all Models given their simplistic nature and the relatively low
number of required input data, in particular for Model 1 (in comparison
with e.g. Refs. [8,46]). Moreover, predicted normalised
Li-concentrations (c1;) and stress fields (o) at two time instances during
the discharge process are shown in Fig. 5¢ (for Model 3).* These results
demonstrate that the framework is able to capture the development of
mechanical stresses and strains during electrochemical cycling. In the
early stage of the discharge process, the stresses are low due to the
assumed stress free state of the material for ¢;; = 0 in the fibre. As the
half-cell discharge (during which Li-ions are inserted in the carbon fi-
bres), the stresses increase as a result of the fibre expanding with
increased Li-concentration. It should be noted that to accurately resolve
the stress state, the non-linear (mechanical) material behaviour of the
SBE need to be accounted for, e.g. linked to validity of small strain ki-
nematics, stress relaxation, etc. However, it is clear that the provided
framework is able to predict strain levels associated with insertion
induced expansion/shrinkage of the fibres within the regime of small
deformations and linear elastic material response. Further, due to the
assumed stress/strain condition in the x3 — direction (described in
Supplementary information), i.e. along the fibres, the three-dimensional
stress state is captured even though the FE-analysis is two-dimensional.
Finally, it should be noted that the modelling framework is able to ac-
count for the highly anisotropic (transverse isotropic) mechanical
character of the carbon fibres.

3.5. Effects of electrode thickness on electrochemical performance

Specific capacities for half-cells utilizing CF-SBE electrodes (SBE in
Fig. 6), with different electrode thicknesses (shown schematically in
Fig. 6a), at different mass specific currents are presented in Fig. 6b—d.
The specific capacities of reference samples, utilizing carbon fibre
electrodes with the equivalent mass of carbon fibres in LP40 liquid
electrolyte (LE in Fig. 6), are also included for comparison. The specific
capacities and applied mass specific currents are defined based on the
mass of carbon fibres in the battery cell. The tested half-cells demon-
strate stable charge/discharge processes and good capacity retention
over the repeated cycles for all evaluated electrode thicknesses.

However, it is evident that the electrode thickness greatly affects the
electrochemical performance. For example, increasing the electrode
thickness of the studied CF-SBE electrode from 50 ym to 200 ym results
in a reduction in specific capacity of approximately 70/95% for an
applied current of 30/120 mA g~ ! of fibres, respectively (Fig. 6b and d).
Further, for a CF-SBE electrode with a thickness of 50 ym, the specific

% 1t should be noted that o and aﬁh are linked to the assumed maximum Li-
concentration/specific capacity and should therefore be adjusted in accordance
with the capacity to avoid unrealistically large expansion/shrinkage of the
fibres.

4 Negligible difference in ¢;; and o are found between the three models.
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capacity at 30 mA g ! of fibres is approximately 130 mAh g~ (Fig. 6b).
This is roughly 17% lower compared with the reference sample utilizing
a carbon fibre electrode (with the same amount of fibres) in liquid
electrolyte. For a CF-SBE electrode thickness of 200 um, the specific
capacity is approximately 38 mAh g~! at 30 mA g~! of fibres which is
roughly 75% lower compared with the equivalent cell utilizing liquid
electrolyte. This reduction, associated with the introduction of the SBE,
is further increased at higher currents. In the case of an electrode
thickness of 200 ym, the reduction in specific capacity for an applied
current of 120 mA g~ ! of fibres is as large as approximately 97%
(Discharge LE: 77 mAh g’1 vs. Discharge SBE: 2.6 mAh g’1 in Fig. 6d).
Moreover, it is noted that the reduction in the specific capacities for the
SBE samples are approximately proportional to the electrode thickness.
For example, for the SBE samples the reduction in capacity at low cur-
rent are approximately 50% and 70% for the electrode thicknesses 100
and 200 um, respectively, compared the case of 50 ym. For the LE
samples, these reductions are only 0% and 10%. Hence, the electro-
chemical performance of CF-SBE electrodes is highly affected by the
properties of the SBE, manufacturing procedure, etc., and significant
improvement in performance can be achieved by utilizing thin elec-
trodes or by improving the transport properties of the SBE (as for con-
ventional battery electrodes [28-30]). The latter can either be achieved
by improving the transport properties of the liquid phase of the SBE or
by tailoring the pore structure of the SBE [23,57]. It should be noted that
all tested cells are able to store and deliver electrical energy for the
evaluated mass specific currents. Further, the Coulombic efficiencies for
the samples in Figs. 5-6 are provided in Supplementary Fig. S4.

3.6. Fibre electrode expansion during electrochemical cycling

The fibre expansion, in the fibre direction, due to Li-insertion is video
microscopically recorded in situ. Elongation data from a carbon fibre
electrode in liquid electrolyte, cycled under CCCV conditions, are pre-
sented in Fig. 7a and b.

The total elongation of the specimen is estimated as the sum of the
longitudinal fibre expansions at the two sides relative to the connection
point between the fibres and the metal foil connector (Fig. 7a). The total
longitudinal fibre expansion is found to be approximately 0.85% with a
reversible longitudinal expansion of 0.8% (Fig. 7b). Hence, the irre-
versible expansion, associated with trapped Li-ions, SEI formation, etc.
is approximately 0.05% and appears to mainly occur during the first
charge/discharge cycle. These results are in agreement with previous
measurements done by Jaqcues et al. [38] and Duan et al. [58]. Further,
it is evident that the fibre elongation is linked to the applied electric
current. For the galvanostatic phase (CC-phase), a close to linear elon-
gation curve is recorded during (dis)charge while during the potentio-
static phase (CV-phase), utilized at the end of the individual
charge/discharge cycles, the relative increase in elongation reduce with
reduced current. In Fig. 7c and d, experimental results from the elon-
gation measurements of a CF-SBE electrode lamina (i.e. SBE sample in
Fig. 2a) are presented. The measured elongation curve of the CF-SBE
electrode is shown in Fig. 7d. The reversible longitudinal electrode
expansion is found to be approximately 0.6%. It seems that the SBE does
not significantly influence the fibre expansion/shrinkage during (dis)
charge. Further, the reduction in elongation, in comparison with the
reference sample in liquid electrolyte, is assumed to be partly associated
with the reduced specific capacity caused by the introduction of the SBE.
It should be noted that the electrode appears to shrink at the beginning
of the first discharge cycle (Fig. 7d). This is assumed to be an artifact
associated with issues related with image contrasts for the measure-
ments of the CF-SBE electrode. It should also be noted that some portion
of the fibre electrode appears to lose contact to the current collector due
to the (electro-chemically unstable) silver glue. This is assumed to result
in the small offset visible in the elongation curve in Fig. 7d (i.e. for the
CF-SBE electrode), comparing the first and subsequent charge/discharge
cycles. The total longitudinal expansion is therefore not reported.
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Moreover, the silver glue is assumed to influence the measured capac-
ities [59]. However, this effect is assumed to be small given the fibre to
silver content in the samples utilized to evaluate the specific capacities
(Figs. 4 and 6). Finally, this is also thought to be the reason for the minor
irregularities in the current versus time curves in Fig. 7b and d.

It should also be noted that the color of the fibres changes when
lithiated (see e.g. Fig. 7a). At virgin state the fibres are black while at the
lithated state the fibres turn black/red. The color change is related to the
coordination of Li-atoms with the carbon-atoms in the fibre (see e.g.
Ref. [60]). Since this process of lithium insertion is different from
common graphite electrodes, no golden color can be seen in a fully
lithiated carbon fibre electrode. Further, the color change appears to
occur equally along the fibres which reveals that the electrode is lithi-
ated simultaneously.

Videos of the carbon fibre electrode in liquid electrolyte (Fig. 7a) and
the CF-SBE electrode (Fig. 7¢) elongation during electrochemical cycling
are provided in Supplementary information. The free expansion of the
carbon fibres during lithiation is measured in liquid electrolyte. Stresses
in the structural (CF-SBE) electrode evolve during lithiation as this free
expansion is restricted by the surrounding SBE. To predict the stress
state in the CF-SBE electrode the free (in LE) as well as the constrained
(in SBE) expansions are measured. In addition to the longitudinal
expansion, the CF-SBE electrode will expand in the transverse direction.
The total transverse expansion of electrode lamina is estimated using the
classical analytical model for thermal expansion developed by Scharp-
ery [61], details are provided in Supplementary information. Based on
the expected radial expansion of the carbon fibres measured by Duan
et al. [58], the predicted transverse expansion of the specimen is around
0.6%, which for the given specimen dimensions correspond to a
displacement of roughly 3-6 ym. Hence, this expansion is hardly visible
in the video, and given the resolution of the utilized camera (approxi-
mately 3.5 ym/pixel), the displacement in the transverse direction
cannot be measured using the current set-up.

The predicted numerical response, using Model 3, of the mechanical
strain and stress fields (&;;, 0j;) in the CF-SBE electrode at the lithiated
state are presented in Fig. 7e. For the numerical simulation, the longi-
tudinal fibre expansion (i.e. in x3-direction) is based on the measured
reversible elongation of the CF-SBE electrode and the transverse/radial
fibre expansion is based on measurements by Duan et al. [58]. It is
evident that the fibre expansion give rise to residual strains (Fig. 7e)
which the constituents need to be able to cope with to avoid
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damage/degradation. Further, it can be seen that the estimated tensile
stress components (Fig. 7e) in the matrix are as high as 10-15 MPa in
some areas. This range can be compared with the average apparent
transverse tensile strength of carbon fibre reinforce SBEs (11-17 MPa)
measured by Xu et al. [62]. The magnitude of the strains and stresses
depend on several factors e.g. material properties of constituents,
assumed boundary conditions (discussed in Ref. [39]), etc. Further, in
the case of a non-symmetric laminate (e.g. the full-cell design proposed
in Ref. [1]) the electrode elongation will cause the battery cell to
warp/twist during operation unless this mode of deformation is hin-
dered. Moreover, uneven lithation of the fibres may cause the CF-SBE
electrode to warp/twist. This can be seen from the variation in o33 in
the through thickness direction for the simulated case in Fig. 7e, where
£33 is assumed constant along the cross-section. Hence, to accurately
predict and optimize the combined electro-chemo-mechanical response
of battery cells utilizing CF-SBE electrodes, the electrode expansion
needs to be carefully considered in the design in order to avoid dam-
age/degradation and unwanted warping/deformation of the battery
cell. Finally, it should also be noted that experimental studies by Jacques
et al. [17] and Harnden et al. [18,19] have demonstrated a noticeable
coupling effect between the open circuit voltage (OCV) and the applied
strain in carbon fibres and CF-SBE electrodes. In Ref. [19], this coupling
effect was utilized to make a strain-sensing, energy harvesting, struc-
tural carbon fibre composite material. In Ref. [39], we have shown that
this coupling effect can be predicted by the utilized computational
framework. Hence, the developed framework provides a tool for pre-
dicting the coupled electro-chemo-mechanical performance of CF-SBE
electrode laminae under different loading conditions and for different
applications.

4. Conclusions

In this paper, electrode laminae consisting of carbon fibres
embedded in structural battery electrolyte (CF-SBE electrodes) are
characterized utilizing experimental and numerical techniques. We
perform experimental and numerical studies on CF-SBE electrode half-
cells, and the results clearly show that the electrode thickness, trans-
port properties of the SBE and applied current significantly affect the
electrochemical performance. For example, the relative reduction in the
specific capacities for the CF-SBE electrode, in comparison with an
equivalent (i.e. same mass of carbon fibres) half-cell utilizing liquid
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Fig. 7. (a) Photos of carbon fibre electrode in liquid electrolyte (reference sample, i.e. LE Sample) in virgin (1) and lithiated (2) state during DIC measurements. (b)
Voltage, current and measured (“free”) elongation of the carbon fibres in liquid electrolyte during the first 5 charge/discharge cycles. (c) Photos of CF-SBE electrode
(SBE Sample) in virgin (1) and lithiated (2) state during DIC measurements. (d) Voltage, current and measured elongation of the CF-SBE electrode during the first 5
charge/discharge cycles. (e) Numerical estimates of mechanical strain (g;;) and stress components (c;;) in the CF-SBE electrode in the lithiated state (2), using

Model 3.

electrolyte, are approximately 25% and 54% at applied currents 30 and
120 mA g ! of carbon fibres, respectively. Moreover, increasing the
electrode thickness of the studied CF-SBE electrode from 50 ym to 200
um results in a reduction in specific capacity of approximately 70/95%
for an applied current of 30/120 mA g~ of fibres, respectively. Hence,
the electrochemical performance is highly affected by the SBE and sig-
nificant improvement in performance can be achieved by utilizing thin
electrodes or by improving the transport properties of the SBE. It should
be noted that the electrical losses associated with the impaired perfor-
mance will generate heat. Since both the electrochemical and mechan-
ical performance are highly influenced by the temperature [41], this is
an important consideration to bear in mind in future work.

Further, we measure the Li-insertion induced longitudinal expansion
of carbon fibre electrodes in liquid electrolyte and in CF-SBE electrodes
during electrochemical cycling. In liquid electrolyte the total/reversible
longitudinal expansions are found to be approximately 0.85/0.8%,
respectively, while for the CF-SBE electrode lamina the reversible lon-
gitudinal expansion is found to be 0.6%. This fibre expansion gives rise
to residual strains (and stresses) within the lamina, which is demon-
strated numerically.

We demonstrate the capabilities of a previously developed compu-
tational framework [39] and compare numerical predictions with
experimental data. Here, the theory is extended to account for the
separator phase and its effective properties. Moreover, the model
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geometry, material data, etc., are based on experimental data. With
respect to the electrochemical analysis, we demonstrate that the
framework is able to capture the overall behaviour of the cell. However,
due to model simplifications, linked to e.g. interface conditions, material
properties, etc., the relaxation behaviour of the electric potential is not
captured. Hence, further model refinements are needed to be able to
capture the relaxation behaviour of the measured electric potential and
to allow for using the modelling framework for optimization studies.
This is planned to be the scope of future work.

With respect to the mechanical response, we show that the provided
framework is able to predict strain and stress levels associated with
insertion induced expansion/shrinkage of the fibres within the regime of
small deformations and linear elastic material response. Further, due to
the assumed stress/strain condition in the x3 — direction, i.e. along the
fibres, the three-dimensional stress state is captured even though the FE-
analysis is two-dimensional while accounting for the highly anisotropic
(transverse isotropic) character of the carbon fibres. It should be noted
that in addition to the volume change, the properties of carbon fibres (e.
g. the elastic moduli [58] and mobility coefficients [27]) are known to
change with the degree of lithiation. Evaluation of the influence of such
material characteristics on the electro-chemo-mechanical response will
be the scope of future work. Further, to evaluate the strength of the
material, the (multi-axial) stress state should be compared with limiting
values (e.g. reported in Ref. [5]). However, to accurately evaluate the
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strength of the studied material, more data is needed. For example, to
measure the strength comprehensive sample preparation is required as
e.g. discussed in Ref. [1] (in particular for certain failure modes).
Moreover, to accurately predict the strength using the developed
framework, suitable constitutive relations accounting for the coupled
processes (and possibly also large strain kinematics) are needed.

Finally, the elastic modulus of the CF-SBE electrode in the fibre di-
rection is in the order of 60 GPa. Remarkably, this is in the same range as
several conventional construction materials e.g. aluminium.
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