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A B S T R A C T

The concept of structural battery presents great potential for achieving substantial weight and volume reduction 
in electrified transportation. A unidirectional electrode lamina consists of carbon fibres embedded in a hetero
geneous structural battery electrolyte. Dielectric spectroscopy measurements reveal the presence of both ionic 
and electronic conductivity through-the-thickness of electrode laminas. We report that the ionic conductivity, 
facilitated by the ions diffusing through the structural battery electrolyte, is reminiscent of that found in free- 
standing structural battery electrolytes and increases with a higher content of the ion-conducting phase. On 
the other hand, the through thickness electronic conductivity is dictated by the size of the electronically insu
lating electrolyte regions and the inter-fibre contact points forming the interconnected carbon fibre network. For 
suppressing the out-of-plane electronic conductivity and potential battery short-circuits in thin electrode laminas 
(≤ 700 μm) a glass-fibre separator is required. After galvanostatic cycling, we show that the fully-delithiated 
electrode lamina exhibits enhanced ionic conductivity. It indicates the presence of open microcracks, formed 
due the extensive expansion/contraction of carbon fibres upon charging/discharging. Our study provides valu
able impedance and electrochemistry data in structural battery electrodes and half-cells, paving the way for the 
design of innovative, lightweight structural battery cells.

1. Introduction

The substantial mass of conventional batteries constitutes a notable 
drawback for their implementation in electrified transportation, by 
limiting the driving range and increasing the associated cost [1]. A 
promising mass-less energy storage system is commonly called a struc
tural battery (SB) [2–5]. This innovative technology simultaneously 
integrates energy storage with structural robustness. This dual func
tionality results in substantial savings in both mass and volume, thereby 
facilitating the electrification of, for example, aircraft [6]. The research 
on SBs has recently gained significant interest with Tesla, for instance, 
adopting a structural battery concept in electric vehicles [7]. Never
theless, the current challenge lies in the deficiency of high-performance 
electrodes and electrolytes, yielding lower energy and power densities 
when compared to commercial batteries.

Basically, the SB design is based on carbon fibre reinforced polymer 
composites, by combining the properties of traditional composite lam
inates and conventional Li-ion batteries. A structural negative electrode 

lamina consists of carbon fibres (CFs) embedded in a bi-continuous Li- 
ion conductive electrolyte, denoted as structural battery electrolyte 
(SBE). Thus, this configuration results in a combination of high elec
trochemical and mechanical performance, yielding multifunctionality 
[2,3,6].

Heterogeneous SBEs comprise a solid porous polymer network and a 
liquid electrolyte in the pores of this network, providing mechanical 
stability and high ionic conductivity, respectively [8–12]. Such elec
trolytes are synthesized through a polymerization induced phase sepa
ration process, either initiated by ultraviolet (UV) or thermal methods 
[9,10]. Ihrner et al. [9] designed a promising methacrylate-based SBE 
using a UV-curing synthetic approach, which resulted in an elastic 
modulus of about 360 MPa and an ionic conductivity of 0.2 mS⋅cm-1, at 
ambient temperature. Subsequently, in a follow-up study by Schneider 
et al. [10], a thermal curing processing route was employed, resulting in 
SBEs with enhanced thermo-mechanical properties, reaching up to 750 
MPa, while maintaining electrochemical performance comparable to 
UV-cured counterparts. In a previous study, we adopted the same 
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synthetic method for designing SBEs with the same “hard” phase and an 
ion-conducting phase that was based on a protic ionic liquid [11]. This 
material concept resulted in a good combination of ionic conductivity 
(0.13 mS⋅cm-1) and mechanical stability (100 MPa), coupled with an 
exceptional thermal stability [11]. Notably, the synthesis method by 
thermal-curing proves advantageous for the fabrication of a full struc
tural battery cell as well [10].

CFs play a significant role in providing mechanical reinforcement, Li- 
ion insertion, and high electronic conductivity in a SB. Moreover, they 
are semi-conductors, eliminating the need for current collectors, which 
further reduces the weight of the battery. Therefore, the multi
functionality of CFs is fundamental to the achievement of both structural 
stability and electrical functionality in SBs.

Comprehensive investigations of mechanical and electrochemical 
performance of half and full SB cells have been carried out in previous 
studies [3,13–19]. It was evident that key factors such as the electrode 
thickness, the ionic conductivity of the SBE (10–4 S⋅cm-1) and the applied 
current significantly affect the electrochemical performance [13].. 
Moreover, fibre electrode expansion and contraction were proven upon 
electrochemical cycling. The effect of cycling (state-of-charge) on the 
impedance of full battery cells has also been investigated [14,16]. 
Additionally, it was demonstrated that the temperature and applied 
tensile load during the stabilization/oxidation and carbonization stages 
of fibre manufacturing determines the microstructure, in turn influ
encing both the mechanical and electrochemical performance [15]. In 
the first-generation structural battery composites, Asp et al. [3] unveiled 
a structural battery composite cell featuring unprecedented multifunc
tional properties (24 Whkg-1 energy density and an elastic modulus of 26 
GPa). In a subsequent work [16], SB cells with an energy density of 41.2 
Whkg-1 (i.e. 75 % increase of electrochemical properties) while main
taining the mechanical robustness of the first-generation cells, were 
reported. Recently, the third-generation structural battery, the all-fibre 
SB, was demonstrated exhibiting an elastic modulus of 76 GPa and an 
energy density of 30 Whkg-1 [20]. It is noteworthy that existing litera
ture highlights an inherent trade-off between tensile strength (me
chanical) and electrochemical performance in multifunctional 
composite materials [3,5,6]. This trade-off needs to be taken into careful 
consideration during the design of novel-lightweight structural battery 
cells.

The SB electrode laminas (i.e. carbon-fibre reinforced SBE compos
ites) can simultaneously provide electronic conduction (through the 
CFs), ionic conduction (facilitated by ions diffusing into the SBE) as well 
as structural stability (maintained by both CFs and SBE). In unidirec
tional laminas, CFs are oriented in parallel along one direction yielding a 
distinct anisotropy in electronic conductivity and mechanical properties 
along the fibre direction and in the thickness direction. The in-plane 
electronic conductivity is proportional to the volume fraction of the fi
bres and the conductivity value of the single fibres themselves. 
Conversely, the out-of-plane electronic conductivity is substantially 
lower due to the presence of the electronically insulating polymer matrix 
and the lower transversal conductivity of the fibres [21]. If a negligible 
out-of-plane electronic conductivity can be obtained without the use of a 
separator it is of great importance for designing novel SB cells since it 
further reduces the SB mass. Furthermore, the non-destructive evalua
tion of through-thickness electronic conductivity is essential for 
acquiring information about safety factors, such as delamination due to 
impacts and fatigue loads on carbon fibre reinforced polymers, and for 
assessing damage incurred during both the production process and 
operational use [22]. It also contributes to the development of effective 
protection against lightning strikes for SBs in aircraft and automotive.

Herein, we have used dielectric spectroscopy to study the mixed 
ionic and electronic conduction in unidirectional electrode laminas. The 
SBE is composed of a glassy phase of ethoxylated Bisphenol A dime
thacrylate and a liquid ion-conducting phase based on a mixture of 
organic carbonate solvents doped with Li-salt. The dielectric measure
ments reveal a combination of ionic and out-of-plane electronic 

conductivity, experimentally verifying the multifunctionality of the SBs. 
The factors that dictate the ionic and the through-thickness electronic 
conductivity were studied. Moreover, we report on the effect of galva
nostatic cycling on the ionic conductivity of unidirectional electrode 
laminas.

2. Materials and methods

2.1. Free-standing SBEs

The two-phase bi-continuous SBE consists of a polymeric material 
and liquid electrolyte. Ethoxylated Bisphenol A dimethacrylate 
(EBPADMA, Mw = 540 g⋅mol-1) monomer was provided by Sartomer 
(Arkema Group). The thermal initiator 2,2′-azobis(2-methylpropioni
trile) (AIBN), the lithium bis(tri-fluoromethane)sulfonimide (LiTFSI) 
salt, and the organic carbonate solvents ethylene carbonate (EC) (bat
tery grade ≥ 99 %, acid < 10 ppm, H2O < 10 ppm) and propylene 
carbonate (PC) (battery grade ≥ 99 %, acid < 10 ppm, H2O < 10 ppm) 
were purchased from Sigma Aldrich and used as received. The chemical 
structure of the employed compounds is depicted in Fig. S1 of the 
Supplementary Information (SI). The liquid electrolyte contains 1.0 M 
LiTFSI dissolved in EC and PC (50:50 wt.%). The SBE solution is a 
mixture of liquid electrolyte, the monomer and thermal initiator. The 
amount of liquid electrolyte in the SBE is varied, denoted as SBEy, where 
y indicates the weight fraction of the liquid electrolyte. All samples with 
SBE were prepared in a glovebox filled with dry argon (< 1 ppm of H2O, 
< 1 ppm of O2) and thermally cured at 90 ◦C (363 K) for 45 min. The 
temperature dependence of the ionic conductivity as well as the factors 
that dictate the ion conduction in free-standing SBEs are discussed in 
detail in SI in relation to Fig. S2, Fig. S3 and Table S1.

2.2. Electrode laminas

Carbon fibre structural electrodes were prepared using two methods: 
vacuum infusion for thin laminas and a combination of vacuum infusion 
and hand-layup for thick laminas. For the electrode preparation, two 
layers of unidirectional T800SC-12k-50C PAN-based CF tows (15 mm 
width, 0.52 g⋅m-1 linear tow weight), supplied by Oxeon AB, Sweden, 
were used. A copper foil strip was adhered to the CFs using a conductive 
silver paint. The CFs were then covered with a release film and a poly
ester felt cloth to act as a distribution medium. The assembly was sealed 
using a vacuum bag and rubber tape and dried in a vacuum oven at 50 ◦C 
for 12 h. The SBE solution was prepared in a glovebox under a dry argon 
atmosphere (< 1 ppm H2O, < 1 ppm O2), as described in the “Free 
Standing SBEs” section. The solution container was sealed, and the 
vacuum infusion of the prepared CF tow assembly was performed 
outside the glovebox.

For the synthesis of thick laminas (~ 700 μm), the entire process was 
conducted inside a glovebox under a dry argon atmosphere (< 1 ppm 
H₂O, < 1 ppm O₂) to maintain controlled conditions. The synthesis fol
lowed a two-step procedure: first, the electrode lamina was fabricated 
using vacuum infusion and curing. This cured lamina was then placed in 
a mold with spacing material to control the thickness of the bulk SBE 
face sheets. Subsequently, the SBE solution was added dropwise (using a 
pipette) to fill the mold, ensuring a uniform final laminate thickness.

To study the effect of cycling on the ionic and out-of-plane electronic 
conductivity, specimens were manufactured with a separator (Whatman 
glass-microfibre filter, Whatman GF/A, 260 µm, supplied by Sigma 
Aldrich) on both sides of the CF layers. After a second thermal curing at 
90 ◦C (363 K) for 45 min, the CF lamina was removed from the vacuum 
bag inside the glovebox and directly inserted into a two-electrode pouch 
cell. Lithium metal foil served as the counter and reference electrode, 
with a nickel current collector.
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2.3. Dielectric spectroscopy

Dielectric spectroscopy measurements were performed using a 
Novocontrol GmBH broadband dielectric spectrometer, covering the 
frequency range from 10-2 to 107 Hz. Dielectric spectroscopy can be used 
for determining (i) the ionic conductivity in free-standing films of SBEs 
and (ii) the separation of electronic and ionic conductivity components 
in mixed conductors and composite systems. The samples were placed 
between two ion-blocking (stainless-steel) electrodes with 5 mm or 10 
mm diameter. The diameter and thickness of electrodes and samples 
were measured with a Mitutoyo absolute digital caliper. Measurements 
were conducted in a temperature range between 173 K and 393 K in 
steps of 5 K, with a stabilization time of 600 s at each temperature. The 
temperature was controlled using a nitrogen gas cryostat, with a sta
bility of ± 0.1 K. The experimental impedance data were modelled by an 
equivalent circuit and these data were thereafter fitted by a complex 
non-linear least squares fitting procedure using the Zsim and WinFit 
(provided by Novocontrol) software packages. It should be noted that 
the instrument’s resolution decreases at frequencies higher than 2 MHz, 
and therefore some inconsistent impedance data in the frequency range 
between 2 MHz and 10 MHz have been omitted from the fitting 

procedure. A 2-electrode cell, using symmetric ion-blocking electrodes 
was employed for the measurements of both the free-standing polymer 
membranes and electrode composite laminas (see Fig. 1a). A 3- or- 4- 
electrode cell is required for investigating the interfacial regions be
tween the CFs and the SBE. The existence of contact points between 
adjacent fibres enables the out-of-plane electronic conduction, which is 
non-negligible even in the presence of the electronically-insulating 
polymer matrix, elaborated upon below. These inter-fibre contact 
points have been demonstrated in previous studies through Scanning 
Electron Microscopy (SEM) images [13].

2.4. Galvanostatic cycling

The assembled half-cells were cycled between 0.01 V and 1.5 V vs. 
Li/Li+ for 10 complete galvanostatic charge/discharge cycles for pre
conditioning at ambient temperature, using a Neware CT- 
4008–5V10mA-164 battery cycler. The applied current density was 32.1 
mA⋅g-1, corresponding to approximately 0.1 C, based on theoretical 
capacity for graphite. Following preconditioning, the cells were either 
potentiostatically discharged or charged for full lithiation and delithia
tion, respectively.

Fig. 1. Schematic representation of (a) the dielectric capacitor, the transport of ions and the through-thickness electronic conductivity and (c) the wavy nature of CFs 
and the contact points along with the tunneling effect that enhance the trough-thickness electronic conductivity.

Fig. 2. (a) Nyquist plot and (b,c) Bode plots of the SBE0.5+CFs composite with sample thickness equal to 170 μm, across the temperature range from 223 K to 303 K, 
in steps of 5 K. The inset in (a) represents the equivalent circuit used to simulate the electrochemical data. Fitting simulations (coloured lines) are provided at two 
temperatures: T = 253 K (orange) and T = 293 K (blue), where the symbols correspond to the measured data.
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3. Results and discussion

3.1. Ionic and through-thickness electronic conductivity in SB electrode 
laminas

Quantitative insight into the ionic and the out-of-plane electronic 
conductivity in SB electrode laminas has been achieved by dielectric 
spectroscopy [23]. The Nyquist and Bode plots of the carbon fibre 
reinforced polymer composites labelled SBE0.5+CFs and SBE0.7+CFs, are 
presented in Fig. 2 and Fig. S4, respectively.

The Nyquist plot of the composite system (SBE+CFs) reveals the 
presence of two semicircles, reflecting the combined contribution of ion 
and electron transport. R1 is the intersection point (where the imaginary 
part of the impedance Z″ approaches zero) and is associated with the 
ionic resistance (Ri) and electronic resistance (Re), through the following 
equation: 

1
R1

=
1
Ri

+
1
Re

⇔ R1 =
RiRe

Ri + Re
⇔ Ri =

R1Re

Re − R1
(1) 

The total radius of the two semicircles reflects the electronic resis
tance. It is worth noting that at lower temperatures, the low frequency 
tail observed in purely ionic conductors is hidden by the electronic 
contribution. This clearly indicates the presence of pathways for the 
transport of electronic charge [23–24]. Complementary insights can be 
obtained from the Bode plots, depicting the frequency-dependent 
modulus of impedance, defined as Z =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Zʹ2 + Zʹ́ 2

√
and the phase 

angle, defined as ϕ = tan− 1
(

Zʹ́
Zʹ

)

(see Fig. 2(b,c)), where Z′ is the real 

part of the impedance. These figures show that the modulus of imped
ance and phase angle in the composite system exhibit two distinct 
processes, evidenced as plateaus and peaks, respectively. Moreover, the 
mixed conduction can be verified from the two plateaus in the real part 
of the complex conductivity (i.e. conductivity plot, see Fig. S5). A 
comparison between the impedance data of the electrode laminas and 

the free-standing polymer membranes is provided in Fig. S6-S8 of SI, 
after normalization with cross-sectional electrode area. Therefore, 
within electrode laminas, electron transport occurs between the 
ion-blocking electrodes, in addition to the ion transport of free-standing 
SBEs.

Representative fit simulations of the impedance data are provided in 
Fig. 2, at two distinct temperatures. The fitting of the two semicircles 
was achieved by employing the equivalent circuit presented in the inset 
of Fig. 2(a), as proposed by Huggins for mixed conductors [23]. It has an 
additional Re connected in parallel arrangement with Ri, when 
compared to the one commonly employed for ion conducting electro
lytes, as clearly depicted in Fig. S6(a,b). Instead of ideal capacitors, 
constant phase elements, CPEs, (i.e. non ideal capacitors) were 
employed. The impedance of a CPE is given by ZCPE = 1

(jω)αC, where α 
ranges from 0 to 1 and describes the capacitive behaviour. The double 
layer CPE characterizes the interfacial capacitances (~ µF) between the 
composite material and ion-blocking electrodes [23,25]. Conversely, the 
geometric CPE (~ pF) is associated with the material’s dielectric con
stant. The values of the electrochemical parameters extracted from 
modelling of the impedance data are provided in Fig. S7-S9 of SI, for the 
investigated specimens.

The values of the ionic, σionic and electronic, σelectonic, conductivity 
can be calculated using the impedance data, through the following 
equation: 

σionic, electronic = d
/(

Ri,e⋅A
)

(2) 

where d is the sample thickness, A is the electrolyte area between the 
lower and upper ion-blocking electrode, Ri and Re are the ionic and 
electronic resistance extracted from modelling with the equivalent cir
cuit. Alternatively, the conductivity values can be obtained from the 
plateaus in the real part of the complex conductivity, as illustrated in 
Fig. S5. However, for mixed conductors, the high-frequency plateau is 
related to the R1 resistance (Eq. (1)), and not with Ri as it is the case for 
purely ionic conductors.

Fig. 3. (a) Inverse temperature dependence of ionic (filled symbols) and electronic (open symbols) conductivity for the SBE0.5+CFs (blue symbols) and its respective 
free-standing SBE film (circle symbols), upon heating. The solid and dashed lines represent fits to Eq. (3) and Eq. (4), respectively. The sample thicknesses are 410 μm 
and 170 μm for the free-standing SBE and the respective electrode lamina, as indicated. The error bars were extracted by measuring three different samples. (b) 
Transference numbers associated with the ionic (filled symbols) and electronic (open symbols) transport, calculated from Eqs. (5) and (6), respectively.
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The conductivity values are graphically presented as a function of 
inverse temperature and compared with those observed for free- 
standing polymer membranes, as illustrated in Fig. 3.

Fig. 3 shows that the presence of CFs does not markedly impact the 
ionic conductivity, which closely mirrors that found in free-standing 
SBEs. The ionic conductivity can be increased by increasing the con
tent of the ion-conducting phase, aligning with the trend observed in 
free-standing polymer membranes (see Fig. S10). Specifically, the 
SBE0.5 film with and without CFs exhibit an ionic conductivity of 
approximately 0.2 mS⋅cm-1. Additionally, the temperature dependence 
of the ionic conductivity is unaffected by the incorporation of CFs, and it 
can be described by the Vogel-Fulcher-Tammann (VFT) equation: 

σionic(T) = σ0exp
(

−
DT0

T − T0

)

(3) 

where, σ0 is the dc-conductivity in the limit of very high temperatures, D 
is a parameter related to the deviation from an Arrhenius temperature 
dependent activation energy and T0 is the “ideal” glass transition tem
perature, where the conductivity approaches zero. The VFT parameters 
are summarized in Table S2. On the other hand, the electronic con
ductivity exhibits a distinctly weaker temperature dependence, 
following the Arrhenius equation: 

σelectronic(T) = σe
0exp

(

−
Ea

RT

)

(4) 

where σe
0 is the electronic conductivity at high temperatures, R is the gas 

constant and, Ea is the temperature independent activation energy, 
which obtains a value of 0.013 eV, for an electrode lamina with sample 
thickness 170 µm. The low activation energy of the electronic conduc
tivity reflects the low energy required for the electrons to jump from one 
CF to another. This activation phenomenon is common for the electronic 

conduction in composite materials with an insulating polymer matrix 
and conductive fillers (particles or fibres) [26].

The transference number of the ionic and the electronic conduction 
can be extracted from the following equations: 

tionic =
Re − R1

Re
(5) 

telectronic =
R1

Re
(6) 

by employing the intersection resistances with the real axis. As illus
trated in Fig. 3b, the ionic conductivity dominates at higher tempera
tures and the electronic conductivity at lower temperatures, as a 
consequence of their different temperature dependence.

Fig. 4 presents the dependence of the through-thickness electronic 
conductivity on the total sample thickness, for the electrode laminas 
bearing SBE with different compositions.

Specifically, the electronic conductivity decreases linearly, by 
increasing the total sample thickness in a log-log representation. A 
smaller composite thickness gives rise to a higher electronic conduc
tivity, due to more contact points between the wavy CFs and the for
mation of a percolating network, facilitating the through-thickness 
transport of electrons, as depicted in the schematic representation of 
Fig. S11. Specifically, we can discern three characteristic thickness re
gions: (i) for d ≤ 70 µm σelectronic ≫ σionic, (ii) for 100 ≤ d ≤ 400 µm 
σelectronic ≈ σionic and (iii) for d ≥ 700 µm σionic ≫ σelectronic. Particularly, 
when d ≤ 70 µm, the electronic conductivity surpasses the ionic con
ductivity at the whole investigated temperature range, even for the high- 
conductivity SBE0.7+CFs electrode. In the intermediate thickness 
regime, the electronic conductivity either matches or is lower than the 
ionic conductivity, thereby manifesting both types of conductivity in the 
dielectric spectra (see Fig. 2 and Fig. 3a). Thus, the through-thickness 

Fig. 4. Variation of electronic conductivity with total sample thickness for the SBE+CFs electrode laminas plotted in a log-log representation. The different colors 
represent different SBE compositions with; 0.5 wt. (blue symbols) and 0.7 wt. (red symbols) of the liquid electrolyte. The dashed line represents linear fit to the 
experimental data. Inset: Temperature dependence of electronic conductivity for two SBE0.5+CFs electrode laminas with different thicknesses; 70 µm (cyan open 
triangles) and 170 µm (navy filled triangles). The solid lines represent fits by Eq. (4). The respective activation energies are provided. The electrode laminas (half- 
battery cells) were fabricated following the procedure described in the “Materials and Methods” section, for thin electrode samples with thickness, d < 700 μm. Each 
electrode sample consists of two layers of carbon fibers. The electronic conductivities were extracted using a two-electrode cell configuration. The reported total 
sample thickness refers to the thickness of each electrode lamina, measured with a Mitutoyo absolute digital caliper, excluding the presence of working electrodes.
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electronic conductivity is primarily influenced by the size of the insu
lating polymer regions (i.e. the sample thickness) and the undulated 
nature of CFs (i.e. the synthesis), which determines whether contact 
points occur between the CFs. It implies that for thin SB electrode 
laminas (≃ 200 µm) with reduced mass and volume and increased 
electrochemical properties, an electroncally insulating separator is 
required for preventing battery short-circuits.

3.2. Structural battery half-cells – suppression of through-thickness 
electronic conductivity

To suppress the through-thickness electronic conductivity and to 
study the effect of cycling on the ionic and out-of-plane electronic 
conductivity, specimens were manufactured with a separator (Whatman 
glass-microfibre filter, Whatman GF/A, 260 µm, supplied by Sigma 
Aldrich) on both sides of the CF layers. After a second thermal curing at 
363 K (90 ◦C) for 45 min, the CF lamina was removed from the vacuum 
bag inside the glovebox and directly inserted into a two-electrode pouch 
cell. Lithium metal foil served as the counter and reference electrode, 
with a nickel current collector. The manufacture of SB half-cells is 
schematically illustrated in Fig. 5.

The separators must possess chemical stability with the electrolyte 
and electrode materials, alongside exhibiting excellent wettability, 
robust mechanical properties, thermal stability and high porosity facil
itating ion transport. [27,28] The effect of the separator on the ionic 
conductivity of electrode laminas bearing separator layers is shown in 
Fig. 6 and compared with the ionic conductivity of the thick SBE0.5+CFs 
specimen.

Anticipatedly, we exclusively observe the ionic conductivity plateau 
and one semi-circle in the conductivity and Nyquist plots (see Fig. S12), 
implying that the electronically insulating separator layers suppress the 
through-thickness electronic conductivity. It is worth noting that the 
ionic conductivity remains inside the experimental error when the 
separator layer is introduced and follows a similar VFT temperature 
dependence (see Table S3). At this point an obvious question that arises 
is how the electrochemical cycling affects the observed ionic conduc
tivity in thin electrode laminas.

3.3. Effect of galvanostatic cycling on the ionic conductivity of SB half- 
cells

To study the effect of cycling on the ionic conduction of SB-half-cells, 

Fig. 5. Manufacture of the structural electrode laminas, dry layup of the CF layers with separator on both sides, preparation and impregnation of SBE followed by 
heat cure at 363 K.

Fig. 6. (a) Extracted ionic conductivity values as a function of reciprocal temperature for the SBE0.5+separator (green stars) and SBE0.5+separator+CFs (magenta 
down-triangles) and SBE0.5+CFs (blue circles), with sample thickness equal to 310 μm, 680 μm and 690 μm, respectively. The SBE0.5+separator sample is composed 
of one separator layer combined with SBE at the same region. The reduced thickness can possibly account for the slightly reduced ionic conductivity. The lines 
represent fits by Eq. (3). The values of the ionic conductivity at 293 K are also shown in the inset. The error bars were extracted by measuring three different regions 
of the films. (b) An illustration of the SBE containing both separator and CFs.
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galvanostatic and potentiostatic cycling were performed in electrode 
laminas vs Li metal, and the results can be discussed with respect to 
Fig. 7.

Immediately after cycling, dielectric measurements were performed 
on the pristine, fully-lithiated, and fully-delithiated samples. The effect 
of cycling on the ionic conductivity is shown in Fig. 8.

Duan et al. [29] studied the volume expansion of the CFs in the 
pristine, lithiated, and delithiated states. The study found that lithiation 
of CFs resulted in a significant increase in cross-sectional area, indi
cating large volume expansion. The average cross-sectional area 
expanded by approximately 13.7 % in the liquid electrolyte. Further
more, Carlstedt et al. [13] utilized in-situ video microscopy to study the 
fibre expansion during lithiation in both liquid electrolyte and SBE. The 
reversible longitudinal expansion was found to be approximately 0.8 % 
in the liquid electrolyte and 0.6 % in the SBE. The reduction in elon
gation for fibres in the SBE compared to the sample in the liquid elec
trolyte was attributed to the reduced specific capacity, rather than the 
constraining effect in the SBE.

Larsson et al. [30] developed a computational model considering 
finite strains and lithium concentration-dependent fibre moduli. The 
computational model was used to investigate the effect of lithium 
insertion in CFs on the internal stress state of the electrode in both fully 

constrained and unconstrained cases, representing upper and lower 
bounds. The stress distributions showed levels higher than what can be 
expected for the strength of a glassy polymer. The constraints on the 
laminate on which the dielectric measurements in the present study are 
carried out lie between fully constrained and free expansion. Therefore, 
it is plausible that charging and discharging result in the formation of 
microdamage in the SBE. Such microdamage has a negative impact on 
the mechanical properties of the laminate in a direction transverse to the 
fibre orientation. The presence of microcracks provides a plausible 
explanation for the observed differences in ionic conductivity among the 
three different charge states. As the fibres are lithiated and microcracks 
have formed, the ionic conductivity remains similar to that of the pris
tine laminate, as the formed cracks are closed. However, as the fibres are 
delithiated, desertion of lithium causes the fibres to shrink back to the 
same dimensions as that of the pristine fibres, leaving the formed cracks 
open and changing the tortuosity of the SBE, which allows for higher ion 
transfer. Hence, the delithiated sample exhibits slightly higher values of 
ionic conductivity, compared to the pristine sample (see Fig. 8 and 
Fig. S13). The temperature dependence of the ionic conductivity follows 
Eq. (3), and the parameters are summarized in Table S4. The increase of 
the ionic conductivity can be regarded as an indirect verification of the 
presence of microdamages, following the expansion and contraction of 

Fig. 7. (a) Ten initial galvanostatic charge/discharge cycles for CFs in SBE vs Li metal, followed by either (b) potentionstatic lithiation (discharge) and (c) 
potentionstatic delithiation (charge).
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CFs upon cycling.

4. Conclusions

Unidirectional electrode laminas, concurrently exhibiting electronic 
and ionic conductivity, were systematically investigated by means of 
dielectric spectroscopy. The ionic conductivity stems from long-range 
translational ion diffusion in the ion-conducting (i.e. liquid) phase of 
the heterogeneous SBE. It was evident that the incorporation of CFs does 
not affect the ionic conductivity, but it imparts electronic conductivity 
to the composite system. A two-electrode cell with symmetric ion- 
blocking electrodes was used for estimating the ionic conductivity and 
the through-thickness electronic conductivity. Notably, we highlight 
that the electronically insulating regions of the polymer matrix (which 
increases with the total sample thickness) and the inter-fibre-contact 
points (i.e. due to the wavy CFs), forming a percolating network are 
the primary factors dictating the through-thickness electronic conduc
tivity. Hence, to prevent short-circuits, it is necessary to design either 
thick electrode laminas (≥ 700 µm) or thin electrode laminas (≤ 200 µm) 
with an electronically-insulating separator. It is important to note that 
the incorporation of a porous glass-fibre separator layers has a negligible 
impact on the ion transport properties.

Subsequently, the effect of electrochemical cycling on the ionic 
conductivity of a thin electrode lamina bearing glass-fibre separators 
was studied. An increased ionic conductivity, compared to the pristine 
laminate, was observed for the fully-delithiated sample. It reflects 
changes in the tortuosity of the SBE, caused by the presence of open 
microdamages (possibly filled with liquid electrolyte), formed upon the 
expansion/contraction of the CFs during cycling. To sum up, the results 
of this study provide crucial guidelines for the design of novel light
weight structural battery cells.
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