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Most products today have several functions, but these are achieved by integrating different monofunctional
devices and/or materials in a system. Having several functions simultaneously in one single material has many
potential advantages, such as a structural material that can also store energy, have self-sensing or self-healing
capability or any other physical function. This would lead mass and resource savings, being more energy effi-
cient and thus more sustainable. This paper presents a mini review on how carbon fibres can be used for inte-

grating several functions simultaneously in a high-performance load carrying structural material using the
electrical and electrochemical properties of carbon fibres. Through this carbon fibre composites can also store
energy like a lithium-ion battery, be used as a strain sensor, have electrically controlled actuation and shape-
morphing, and be used as an energy harvester.

1. Introduction

Reducing mass for improvements in system performance is a priority
in a wide range of applications. Lowering the mass of electric vehicles
can improve range while reducing the mass of handheld electronics such
as mobile phones or power tools can improve their useability. Exploiting
high performance materials such as carbon fibre (CF) composites in the
structure of such products is one route to reduce the mass of load-
bearing elements that require high specific stiffness and/or strength.
However, the structure is often the subsystem with the highest mass
contribution while other functions (e.g. energy storage, embedded
sensors, and actuation mechanisms) are usually structurally parasitic as
they add mass but no stiffness or strength to the structure. By combining
several functions into one material, it is possible to create lighter and
more resource-efficient products, capable of improving energy effi-
ciency and useability [1].

Traditional approaches to engineering design most often use mate-
rials that perform one function, i.e. monofunctional materials. For
example, the steel chassis of a car — despite being designed to provide
stiffness and absorb energy during a crash - is still just a mechanical
structure. Similarly, the battery pack in an electric vehicle provides
energy storage but is structurally parasitic. Due to the monofunctional
approach the same is true for many other products that combine a

mechanical structure with other functionalities (e.g. energy storage,
sensing, actuation). Ideally, adding functionality to a material would not
increase mass or mechanical complexity. Composite materials are well
suited to provide multifunctionality since they are, by definition, a mix
of different materials of different phases. CFs as a reinforcing fibre are
particularly attractive as they can be used as both a high-performance
structural material and simultaneously as an active component for
other functions.

CFs are perhaps the most mechanically high-performing commer-
cially available structural material in use today. CFs are thin carbonised
filaments with a diameter generally between 5 and 7 pm. They are
manufactured using a linear process, starting with a precursor (e.g.
polyacrylonitrile (PAN), pitch, or bio-based polymers such as lignin [2])
which is spun and then carbonised in an inert atmosphere, followed by
an optional graphitisation step. The resulting CF filaments have a carbon
content of 90 % or more with varying portions of graphitic and disor-
dered carbon depending on the precursor and heat treatment used. This
morphology affects the CF stiffness, with elastic moduli typically in the
range of 200-800 GPa [3], with higher degrees of graphitisation giving a
higher modulus. The tensile strength is typically in the range 2-5 GPa,
with tensile failure strain ranging from 0.7 to 2.5 %.

As well as their excellent mechanical properties, CFs have several
other interesting properties. They have a very low or even negative
coefficient of thermal expansion [4]. They are electrically conductive
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Abbreviations

BEV Battery electric vehicle
CNF Cellulose nano fibrils

CF Carbon fibre

EGO Exfoliated graphene oxide
K Potassium

Li lithium

LIB lithium ion battery

LFP lithium iron phosphate
Na Sodium

NMC Nickel manganese cobalt

OCP Open circuit potential
PAN Polyacrylonitrile
PEG Polyethylene glycol

PEI Polyethyleneimine
PIPS Polymerisation induced phase separation
PVDF Polyvinylidene fluoride

PECT Piezo-electrochemical transducer effect
SBE Structural battery electrolyte

SEI Solid electrolyte interphase

SOC State of charge

UuD Uni-directional

UHM Ultra-high modulus

with an electrical resistivity in the order of 10~ Qcm, which is about 3
orders of magnitude larger than for many metals [5] but still enables CFs
to be used as current collectors in energy storage devices [5]. They are
also piezo-resistive (the electrical resistance changes with mechanical
strain) [6] which allows CFs to be exploited as strain sensors. Due to
their carbonaceous microstructure, CFs are electrochemically active:
they can be charged with ions such as lithium (Li), allowing them to be
used as an electrode material in a lithium-ion battery (LIB) [7,8]. During
electrochemical charging, CFs undergo a reversible volume change,
which when embedded in a composite laminate will cause stresses,
something that needs to be mitigated. CFs also exhibit a voltage-strain
coupling similar to piezo-electric materials. These properties make CFs
a very interesting candidate for use in multifunctional materials.

This paper reviews the work carried out to demonstrate these
properties and to show how they can be exploited to create multifunc-
tional CF composites. The article begins with a section describing CFs
electrochemical properties, which is followed by sections focussing on
the functionalities of structural energy storage, strain-sensing, shape-
morphing, and energy harvesting. However, there is no obvious physical
reason why a material could not be conceived that could perform all five
functionalities simultaneously. This, as well as perspectives on future
work required to realise such multifunctional materials in commercial
products, is discussed in more detail in the final section of the article.

2. Carbon fibre electrochemical properties

In commercial LIBs the negative electrode (the anode) consists of
graphite particles. Li-ions intercalate between the graphene sheets and
can theoretically store one Li-ion for every six carbon atoms (LiCg)
giving a theoretical capacity of 372 mAh/g that can be calculated from
the stoichiometry. The idea of using CFs, being partly graphitised, as a
negative electrode in a LIB is therefore not that far-fetched. A range of
different CFs have been cycled electrochemically versus Li-metal in half
cells [7,8], where the CFs are lithiated (Li-ions being inserted) and
delithiated a number of cycles using different current rates. It was found
that the fibres with higher graphitic content, ultra-high modulus fibres
(UHM), did not perform all that well, whereas intermediate modulus
fibres (IM) performed well [7].The capacity of the UHM fibre M60J has
been measured to be around 150 mA/g whereas the IM fibres T800 and
IMS65 had capacities of 265 and 358 mAh/g, respectively [9], which
then is close the theoretical capacity of graphite. To be noted, this was
done at low current density corresponding to 10 h charge or discharge
cycles (C/10). The relatively low capacity of UHM fibres is thought to be
due the large crystal size and the turbostratic graphitic structure that
obstructs radial transport and staging during lithiation. For lower
modulus fibres the Li-ion insertion mechanism is closer to that of partly
disordered (amorphous or hard) carbon [9], which suggests that their
more disordered carbon structure is more favourable for Li-ion insertion.
It has also been seen by NMR-measurements that Li-ions first occupy
domains that lack ordered coordination (more amorphous carbon) while

at increasing Li content the more ordered domains (graphitic) become
populated [10]. Most CFs appear to cycle stably electrochemically in
half-cell set-ups but have higher first-cycle losses than graphite. One
reason for that could be that the first-cycle losses are not only due to
formation of the solid electrolyte interphase (SEI) on the surface of the
fibres but also due to lithium being irreversibly trapped inside the CF
[11]. The Coulombic efficiency was measured using high precision
coulometry showing that some CF types have an efficiency surpassing
even that of commercial graphitic negative electrode materials (so called
meso carbon micro beads) [12], although some types of sizing, but not
all, appeared to create chemical side reaction leading to more losses. All
in all, it has been shown that CFs do work well as a negative electrode in
LIBs.

Of great importance if CFs are used as a battery material is how the
mechanical properties are affected by ion insertion. Measurement of the
elastic modulus and tensile strength were performed on CF tows prior to
electrochemical cycling, fully lithiated and fully delithiated. It was
found that the stiffness did not change between the different states
indicating the fibres did not suffer any permanent damage from elec-
trochemical cycling. However, the tensile strength dropped after lith-
iation by 25-35 %, but after delithiation the strength recovered but was
still about 5-10 % lower than for pristine fibres [13]. The decrease in
strength rather depended on the amount of ions inserted into the fibre,
with more (higher capacity) leading to larger strength drops [14]. The
strength drop is thus linked to the strains caused by the volume ex-
pansions created by ion insertion. That the strength does not fully
recover when the fibre was fully delithiated is another indication of
trapped ions in the atomic structure of the CF. That the strength of CFs
drop with ion-insertion is not really a show-stopper for multifunctional
usage, at least for stiffness driven designs, since the stiffness does not
change and the fibres do not seem to degrade from repeated electro-
chemical cycling.

Another interesting finding is that the radial modulus changes with
ion insertion. By performing nano-indentation tests on uncycled, fully
lithiated and fully delithiated fibres it was found that the radial elastic
modulus doubled for the fully lithiated fibres, whereas the delithiated
had approximately the same modulus as uncycled fibre [15].

The use of sodium (Na) or potassium (K) instead of lithium has seen a
resurgence of interest lately due to concerns for the cost of Li as well as
the reliance on critical minerals such as cobalt in LIBs. Cells made with
Na- and K-ion chemistries have the same architecture as LIB’s but using
different electrode materials and avoids the need for e.g. cobalt and
nickel, and are thus potentially more environmentally friendly chemis-
tries. Na does not intercalate in graphite resulting in low capacity.
Instead, hard carbons (carbons that cannot be graphitised) are used as
the negative electrode [16]. Hard carbons are more less ordered, with a
more randomly oriented microstructure consisting of interlacing, curved
graphitic layers. K-ions do intercalate in graphite, but not as readily as
Li-ions. Since CFs consist of a mix of graphitic and more amorphous
domains it has been shown that both Na- and K-ions insert in PAN-based
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CFs, however with a lower capacity than for Li-ions [17,18]. Similar to
Li insertion, it was found that Na and K insertion also result in a decrease
in tensile strength of the CF, but again mainly recovered after dis-
charging [17,18]. Still, there is scope to make structural batteries using
Na and K but that might require using different types of CFs with more
amorphous structure.

Another more environmentally friendly approach is to use bio-based
pre-cursors for making CFs, such as lignin and cellulose [19]. Such CFs
are not yet commercially available but most probably will be in the very
near future. But, lignin-based CFs also insert Li-ions with high capacity
and up to 335 mAh/g has been reported [20]. Thanks to their more
amorphous structures very high capacities, over 300 mAh/g [21], has
been reached also with Na-ion insertion.

The work on electrochemical properties of CFs has shown that they
will work as a LIB negative electrode material, and likely also for
sodium-ion and potassium-ion batteries, as well as being a high-
performance structural material which can also be used for current
collection. CFs are in this respect a truly multifunctional material per-
forming three different roles at the same time.

3. Carbon fibre based structural batteries

The fact that CFs both have high mechanical performance and are
electrically conductive make them interesting for structural energy
storage. A lot of research has been done on using CFs for structural
supercapacitors [22]. However, supercapacitors rely on high conductive
surface area and although CFs have a reasonably high surface area,
around 0.2 m?/g, it is far from sufficient for this kind of application.
Efforts have been taken to increase the area of CFs using various surface
activation techniques [23]. Some promising routes have been to use
carbon nano tubes [24] or embedding the carbon fibres in a carbon aero
gel [25]. Both these routes led to an increase in surface area of three
orders of magnitude (to over 200 m2/g) enabling high performance
supercapacitor electrodes. Modified and augmented CFs have thus been
proven to work as a multifunctional electrode material in structural
supercapacitors.

The idea of CF based structural battery composites was first pursued
by U.S. Army Research Laboratory, but they never succeeded in
achieving any useable energy storage capacity [26]. The idea is
appealingly simple but has turned out to be difficult to realise despite
lots of efforts in the past 10 years or so. A schematic of a structural
battery is shown in Fig. 1. It resembles a composite laminate and a LIB at
the same time. It consists of a CF negative electrode, a positive electrode
of CFs coated with a conventional active electrode material (e.g. lithium
iron phosphate (LFP) or nickel-manganese-cobalt oxide (NMC)) and a
porous separator, all embedded in an ion-conductive matrix material.

Such an assembly will have high structural performance thanks to

Carbon fibre negative electrode (—)

Current

Collector
Glass Fibre A \/
Separator

Structural

Carbon fibre — Electrolyte

reinforced positive
electrode (+)

Current
Collector

Fig. 1. Schematic of laminated structural battery composite [27]. Reproduced
with permission under CC BY-NC-ND license, IOP.
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the CFs embedded in a polymer matrix. The CFs further act as current
collectors so that the electrodes do not need to be covered by metallic
sheets for current collection, which instead can be run through narrow
metallic strips at discrete positions, saving mass. The separator must be
electrically insulating and could also be structural, using for example
aramid [28] or glass fibres, contributing to the overall stiffness and
strength. Any such separator would need to be as thin as possible for
satisfactory energy and power storage.

The structural battery electrolyte (SBE), i.e. the multifunctional
composite matrix, also needs to have two functions, to transfer me-
chanical loads but at the same time be ionically conductive. Initial ef-
forts utilized a homogeneous polymer thermoset containing ethylene
oxide segments, that could coordinate Li-ions to facilitate ion transport,
while the thermoset network provided a mechanical load transfer ability
[29]. Although being a proof-of-concept that worked, this approach led
to an unavoidable trade-off between ion conductivity and mechanical
rigidity that limited the multifunctional performance [30]. The use of
nanocellulose reinforcement in mechanically weak SBEs was shown to
improve the overall multifunctional performance but deemed difficult to
employ in a battery set-up due to processing limitations [31]. Another
path of SBE’s addressed both this issues by using a polymerisation
induced phase separation (PIPS) approach to obtain a two-phase system
on a nano-/micron scale where one liquid phase allowed for a good ion
transport and the second solid phase gave mechanical integrity, a similar
route to what has been used for structural supercapacitors [32]. The
polymerisation process starts with a homogeneous mixture of lithium
salts, conventional electrolyte solvents, and a difunctional methacrylate
monomer (often denoted vinyl ester when used for composite applica-
tions) [33]. This mixture will, when polymerized, phase separate into a
solid polymer phase and a liquid phase that both percolate on a
nano-/micron scale. It was subsequently demonstrated that this process
could be adapted to suitable thermal curing conditions in combination
with battery constituents to form functioning half cells [34]. The
multifunctional performance, i.e., elastic modulus and ionic conduc-
tivity, of a variety of SBEs was analysed using the finite element method
[35] showing that substantial improvements can be achieved by topol-
ogy optimisation.

CFs can then be mixed with the SBE using ordinary vacuum infusion
techniques to form a unidirectional lamina with multifunctional per-
formance [36]. This was done using spread tow Toray T800S fibres
creating a thin lamina (about 45 pm thick) which was tested both
electrochemically and mechanically. The electrochemical capacity was
quite high, 230 mAh/g, at low charge/discharge rates (around C/10
corresponding 10 h). Mechanical tests were performed in longitudinal,
transverse and off-axis direction completing the full stiffness matrix of
the lamina. The longitudinal modulus was around 52 GPa, which is quite
modest, mainly due to the low fibre volume fraction of around 18 %,
which in turn was due to making one single layer with small thickness. It
was shown later that this could be increased to over 100 GPa [37]
becoming quite close to that of a unidirectional CF pre-preg layer
(commercial pre-pregs with a similar fibre type has a longitudinal
modulus of around 125-150 GPa). The transverse modulus was almost 2
GPa with a transverse strength of 12-14 MPa. It was further found that
neither moduli nor strengths decreased after electrochemical cycling,
implying that the volume changes due to electrochemical cycling did not
affect the long-term mechanical performance of the material, although
this was not tested for more than 10 charging cycles. There are several
important conclusions from this study: the lamina is truly multifunc-
tional, and mechanical properties do not seem to degrade with elec-
trochemical cycling. The SEM pictures in Fig. 2 show fibres and fibre
imprints in the SBE both before and after electrochemical cycling clearly
indicating that the fibres have SBE residues on them enabling stress
transfer and that the SBE is bi-continuous all the way into the CFs [36]
enabling liquid contact to the CFs, creating a multifunctional interface.
This was later tested experimentally by measuring the interfacial shear
strength between the fibre and the SBE using a so-called droplet test,
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Fig. 2. SEM pictures of CFs combined with the SBE. (a) Non-cycled sample with matrix residue sticking to carbon fibres. b): Non-cycled sample showing SBE matrix
with fibre imprint. ¢) Cycled sample showing SBE matrix residue sticking to carbon fibres. d): Cycled sample showing SBE matrix with fiber imprint. Reproduced with

permission [36] under CC BY-NC-ND license, Elsevier.

confirming adhesion albeit with a lower strength than with a fully ho-
mogeneous polymer matrix system [38].

To realise a full battery cell of the type depicted in Fig. 1 there also
needs to be a positive electrode. This is ongoing work but some progress
has been made. The main idea is to coat CFs with active positive elec-
trode material, which commonly come in the form of submicron size
particles. The particles must then adhere to the CFs requiring a binder.
The coating must also be electrically conductive making this somewhat
complicated. Several different paths to obtain this have been pursued.
Park et al. used an autoclave to infiltrate a slurry mix from LFP, carbon
black and polyvinylidene fluoride (PVDF) into a CF fabric [39]. Using
the same type of mix of materials CFs could also be coated using a
dip-coating method [40]. Another route was to use electrophoretic
deposition of LFP particles in a mix of PVDF binder and carbon black as a
conductive additive [41]. This method created a quite homogeneous
coating of each individual CF. The coated CFs showed good electro-
chemical capacity in the range 60-110 mAh/g with liquid electrolytes as
compared with the capacity of LFP of around 150 mAh/g. These were,
however, never tested with the SBE or in a full cell device. Another
approach was to use exfoliated graphene oxide (EGO) as a binder in
electrophoretic deposition resulting in a little higher capacity (around
130 mAh/g at C/10) [42]. These were subsequently tested as a full cell
with a CF negative electrode reaching high energy storage capacity, over
200 Wh/kg based on the mass of the entire electrode, but this was done
in liquid electrolyte so there was no mechanical performance. A powder
impregnation (siphon impregnation) technique using a water-based
slurry containing LFP and the water-soluble binder polyethylene gly-
col (PEG) showed a first discharge capacity of 151 mAh/g with capacity
retention higher than 80 % after 100 cycles when cycled in liquid
electrolyte [43]. Yet another approach was to use a layer-by-layer as-
sembly of LFP and nano-cellulose fibrils (CNF) as binder creating

electrostatic adhesion from polyethyleneimine (PEI) [44]. The coated
fibres were then carbonised at 450 °C turning the CNF binder into an
electrically conducting carbon network. This technique has since been
adopted to an infiltration technique resulting in higher LFP loading and
a faster manufacturing process. For a more complete review of structural
positive electrodes, see Ref. [45].

There are some research groups in the world looking into CF based
structural battery composites of the kind discussed here, where every
material constituent provides at least two functions, but have so far
reported only poor to moderate multifunctional performances. Thakur
and Dong [46] reported an energy density of 24 Wh/kg with an elastic
modulus of only 0.29 GPa. Meng et al. [47] made a structural battery cell
with an energy density of 1.4 Wh/kg and an elastic modulus of 7 GPa. In
a later paper they achieved an energy density around 35 Wh/kg but still
with a rather low modulus of around 2 GPa [48]. Liu et al. reported an
energy density of 35 Wh/kg and an elastic modulus of 3 GPa [49]. So far,
the best multifunctional results for a structural battery composite are an
energy density of 24 Wh/kg and a modulus of 25 GPa, but that concept
used a commercial LFP-based positive electrode [50]. This should be
compared with today’s commercial LFP-based batteries with an energy
storage capacity of 130-150 Wh/kg and longitudinal modulus of an
uni-directional (UD) CF composite of around 100-150 GPa. Still,
showing a fully carbon fibre based structural battery, as depicted in
Fig. 1, with good multifunctional performance has not been reported
yet. More comprehensive and broader reviews on structural batteries
can be in found in Refs. [51,52].

For theoretical predictions of the multifunctional performance of
structural batteries, multi-physics modelling is needed. Based on work
on conventional batteries [53,54] a thermodynamically consistent
modelling approach for the electro-chemo-mechanical properties of the
laminated structural battery negative half-cell was developed [55]. It



D. Zenkert et al.

showed that it is vital to account for the two-way coupling between the
mechanical and electrochemical processes, which can be significant.
This was later employed to study the electro-chemo-mechanical prop-
erties of the structural negative electrode accounting for the combined
action from migration, stress-assisted diffusion, and convection in the
electrolyte [56], and was found to successfully simulate continuous
charge/discharge processes at different charge rates. It revealed that the
convective contribution to the mass transport within the SBE has minor
influence on the multifunctional performance for relevant mechanical
loading situations [57]. Heat generation during galvanostatic cycling
was found primarily associated with discontinuities in the electrical and
chemical potentials at the fibre/electrolyte interface. This was later
experimentally validated [58] with respect to the combined electro-
chemical and mechanical performance of CF/SBE half cells. The fibre
expansion in the CF electrode gives rise to residual strains which were
confirmed numerically. In a recent study, Larsson et al. demonstrated
the need to consider finite strains to assess the internal stresses in the
carbon fibre negative electrode. In that study, predominately compres-
sive von Mises stresses up to 90 MPa were predicted in the structural
battery electrolyte matrix as the fibres were fully lithiated [59].

Theoretical predictions on systems mass savings can be done using
projected future multifunctional properties of structural batteries.
However, how much depends on the system compared with. A structural
battery replaces both a structural component and parts of a battery pack.
A structural battery provides a mass saving if its mass is lower than the
structure and battery pack combined, i.e. one multifunctional material
replaces two monofunctional. Theoretical predictions show that there is
substantial potential in structural batteries. For example, replacing a
steel roof in a battery electric vehicle (BEV) could save up to 60 % mass
on the roof since parts of the traction battery can be removed whereas
replacing a CF hull structure in an electric ferry would only save about
10 % mass [60]. It can also be projected that making the casing for a
lap-top as a structural battery could remove the need for a separate
battery. In the BEV roof case it would also lead to a reduction of the
environmental impact (LCA in COz-eq) [61]. Furthermore, the resulting
reduced vehicle mass will bring more energy efficient electric vehicles to
the market meeting consumer’s demand for increased drive range [62].
Measuring multifunctional benefits is generally difficult and pedagogi-
cally complicated since a structural battery would in most cases have
both lower structural and energy storage performance than the mono-
functional counterparts (e.g. a CF-laminate and a commercial LIB). One
way to make such comparisons is to evaluate what the performance of
one of the monofunctional systems (structure or battery) must have so
that the system has the same mass as the multifunctional system, called
the residual performance methodology [63].

Combining structure and energy storage as a structural battery could
potentially be used in any application which require a structure and
electrical energy storage, such as road vehicles, aircraft, portable elec-
tronics and autonomous systems, completely or partly replacing con-
ventional batteries. Still, showing a full carbon fibre based structural
battery with good multifunctional performance has not been reported
yet, but at least doubling (or tripling) what has been reported in the open
literature so far should be possible in a not too far future reaching 75
Wh/kg energy storage capacity and 75 GPa longitudinal elastic
modulus. That would lead to significant range improvements in e.g.
electrical air-taxis [64] by having energy storage also in the structure.

4. Piezo-electrochemical transducer (PECT) effect enables strain
sensing

There are many different methods for strain sensing in composite
materials including piezo-electrics [65], optical glass fibres with Bragg
gratings [66], polymer optical fibres [67] and piezo-resistive materials
[68,69]. However, they all have disadvantages: piezo-electrics add
parasitic mass to the structure; fibre optics could create unwanted stress
concentrations in the material; and although promising piezoresistive
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materials only offer a change in electrical resistance when strained —
therefore limiting their applications to strain-sensing and damage
detection.

Materials that change volume due to electrochemical reactions
exhibit a change in equilibrium potential from mechanical strain. This is
referred to as the piezo-electrochemical transducer (PECT) effect [70] and
appears in ionically charged materials [71]. Similar to the piezo-electric
effect, the PECT effect is a mechano-electro(-chemical) coupling that
manifests itself as a change in electrical potential when a material is
mechanically strained. It exists in several materials including silicon
[72,73], aluminium [74], black phosphorus [75], and in LIB cells [70].
Carbon fibres also exhibit a PECT effect when inserted with alkali ions
(Li, NaorK) [17,18,76]. The response is instantaneous and the electrical
potential change is linear with applied mechanical strain [76].

Jacques et al. [76] showed that the PECT effect exists in lithiated CFs.
CFs were placed in a pouch cell together with a lithium metal counter
electrode and mounted in a tensile tester, before being loaded along the
fibre direction. The cell open-circuit potential (OCP), the OCP being the
potential or electrical voltage difference between the carbon fibre and
the Li-metal counter electrode when no currents are running, was
measured as function of an applied cyclic strain. The coupling factor, the
ratio of change in OCP to applied strain, was found to peak around 50 %
state-of-charge (SOC, 0 % SOC meaning fully delithiated and 100 % SOC
fully lithiated) and reached around 1.5 V/unit strain [77]. The OCP
response varied with SOC and a little surprisingly was the lowest for
fully lithiated and fully delithiated states (0 or 100 % SOC). The CFs
could only be loaded in tension though since a liquid electrolyte was
used and compressive strains cannot be applied to a carbon fibre bundle
without any structural support. The same type of experiment was later
carried out for Na- and K-ion insertion using the same type of CF (Toray
T800S) showing that the PECT response was much lower than for Li,
with 0.15 and 0.26 V/unit strain for Na and K, respectively [18].

Embedding the CFs in a SBE enabled a laminate to be produced with
structural integrity that could also be deformed in bending. This allowed
the PECT effect to be measured in compression [78]. This was done in a
three-layer set-up with two thin CF layers sandwiching a separator,
which was then infused with the SBE. The two CF layers were then
pre-charged up to a SOC of approximately 50 % using temporary Li
metal counter-electrodes. The counter-electrodes were removed and the
pre-charged laminate was then placed in a bending rig (Fig. 3a). A
constant strain along the length of the beam was produced by forcing the
laminate to bend with a constant curvature using clamps. It was found
that the PECT response in compression was the same as in tension, but
with opposite sign, as expected from theoretical predictions [55]. The
OCP response from bending is shown in Fig. 3b.

The PECT effect could therefore conceivably be used to sense strain
in a CF structure — given knowledge of the SOC and coupling factor
between strain and OCP response — without adding parasitic mass.

Integrated sensing in lightweight CF composite structures is impor-
tant, for example in aerostructures, wind-turbine blades, infra-structure
applications and potentially also in future composite automobile struc-
tures to mention a few. By including a layer with a positive electrode, a
coated CF layer, would enable the laminate to be recharged externally
which would be needed since the system would self-discharge with time
(just like a LIB does), and thus become both a battery and a sensor at the
same time. In a structural battery subjected to external load the carbon
fibres will exhibit the PECT effect enabling inherent strain sensing. To
measure strain accurately the SOC must be known since the PECT
response varies with SOC. Thus, some development remains before this
technology is ready for use in practice.

5. Carbon fibre expansions used for actuation and shape-
morphing

Structures that can change their shape by morphing are advanta-
geous in a wide variety of applications. However, to shape-morph a
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Fig. 3. Experiment showing the PECT effect in bending. (a) Experimental set-up bending a CF laminate to a known constant curvature and (b) the open circuit
potential (OCP), or voltage response created from the PECT effect for different strain levels (A-D). Reproduced with permission [78] under CC BY-NC-ND license,

American Chemical Society.

structure, actuators such as mechanical motors, hydraulics, and sole-
noids are needed to create the shape-change. Such systems and materials
add parasitic mass and complexity. One route to reducing complexity is
to use solid-state actuators such as piezo-electrics, shape-memory alloys,
or pseudocapacitive materials, however these have some disadvantages.
Piezo-electric materials typically work at high frequency but are mostly
non-structural relying on adding patches of piezoelectric materials to the
existing structure to enable shape-morphing [79]. Piezoelectrics also
require high voltages to operate. Shape-memory alloys are also good
actuation materials but need to be triggered by temperature or pressure
changes [80]. Another interesting solution is to use pseudocapacitive
actuation materials which provide high actuation force at low voltages
[81-84]. However, such materials are often reliant on liquid electro-
lytes, preventing their use in structural applications. All the
above-mentioned solid-state actuation materials require a constant
trigger to maintain their deformation (e.g. a change in temperature), and
revert back to their original form as soon as that trigger is removed. This
in turn requires a supply of energy to maintain a given deformation.
Using volume expansions caused by ion-insertion in materials is an
interesting way to create solid-state actuation that overcomes many of
the above-mentioned challenges. It has the advantage of not only
providing high actuation forces at low voltages but also presents the
possibility of a zero-power hold, i.e. requiring no additional power to
hold the deformation. It should be noted however that such actuators
operate at low frequency and until recently have been limited struc-
turally due to the use of liquid electrolyte for sufficient ion transport [85,

(@)

Axial Strain (%)

86].

When lithium ions are intercalated into graphite the volume in-
creases of about 10 % [87]. Using CFs as the ion-insertion material for
solid-state actuation has been proposed due to their favourable me-
chanical properties. Ion-insertion expansions have therefore been
investigated in several studies. The expansion in the fibre direction was
measured indirectly by applying a mechanical strain to CF bundles
(Fig. 4a and b) and then cycling these electrochemically versus a
Li-metal counter electrode [11]. The expansion in the fibre direction was
measured as a load drop when the CFs were charged and expand
(lithium insertion) followed by a load increase as the fibres were dis-
charged and contract. By using a charge time of 1 h (1C) the CFs reached
a capacity of 150 mAh/g and the measured axial expansion was around
0.3 %. However, lowering the charge rate to about C/10 the capacity
reached around 300 mAh/g, and the revisable axial expansion increased
to about 0.7 %. Despite this no mechanical degradation of the fibres was
observed [13,14]. During the first cycle an irreversible expansion of
around 0.2-0.3 % was observed, supporting the assumption that some
Li-ions remain irreversibly trapped in the atomic structure of the CF after
the first lithiation [11]. At first sight this number appears dangerously
large since the failure strain of these CFs (T800 and IMS65) is only
around 2 %. This explains some of the decrease in tensile strength when
the CFs are lithiated but not necessarily all of it. Although the reversible
expansion is almost half of the strain to failure of the uncycled fibre, the
decrease in strength is less than that (25-35 %) and a plausible expla-
nation is still pending [14].
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Fig. 4. (a) Schematic and (b) photo of a carbon fibre bundle in a half-cell setup mounted in a micro-tester subjected to a constant displacement. (c) Irreversible axial
strain expansions of CFs from Li-, Na- and K-ion insertion. Data from Ref. [18] under CC BY-NC-ND license, Elsevier, and reproduced with permission from Ref. [90].
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Volume expansion of CFs has also been measured with Na- and K-ion
insertion [18] but even though Na- and K-ions have a larger ionic radius
they still create lower expansions than Li-ions per capacity (amount of
charge) as shown in Fig. 4. The clear bilinear strain vs capacity rela-
tionship seen for Na suggests a different storage mechanism in the CF
microstructure, indicating that Na inserts more in ordered domains first
before filling micropores at lower potentials. This is supported by the
staging in the charge/discharge curves for Na-ion insertion in CFs [17,
88]. There is still, however, an on-going debate on these insertion
mechanisms [89].

CFs also expand in the radial direction, in fact substantially more
than in the longitudinal direction. The cross-section of the fibre expands
up to 13 % when fully lithiated [11,15]. Despite this, it is less clear how
this could be useful for structural actuation purposes given that the
strength and stiffness of CFs are optimised along the fibre direction.
Similar experiments to show radial expansion for Na- and K-ion insertion
have not been reported yet.

CFs can be used as a linear actuator by exploiting the longitudinal
expansions caused by ion insertion. Although such an actuator will be
slow and the expansions from ion insertion are relatively small, very
large forces can be created since CFs are very stiff. Such approaches have
been taken using solid carbon materials for applications in MEMS (micro
electromechanical systems) using graphite particles [91]. Actuators
made from e.g. lead-zirconium-titanate (PZT) piezoelectric ceramic
have an energy density of approximately 100 kJ/m? or a specific energy
density of 14 J/kg. Assuming a CF with a modulus of 300 GPa that can
irreversibly expand 0.5 % when inserted with lithium ions the energy
density is (Ee2/2) 3750 kJ/m> and with a density of about 1750 kg/m?,
the specific energy density is over 2000 J/kg. In fact, an expansion of
only 0.5 % corresponds to a stress of 1500 MPa, thus showing that very
high forces could potentially be created. This can be achieved with a low
electrical voltage of only a few volts with an inherent zero-power hold.

By combining the CFs with an SBE it is possible to create a shape-
morphing laminate [37]. This was done the same way as with the
PECT bending experiment, with partially pre-charged CFs on either side
of a separator. The laminate layers were thin (about 40-50 pm for the CF
layers and 20 pm for the separator), creating a laminate with a high
longitudinal elastic modulus exceeding 100 GPa. By applying an elec-
trical current Li-ions moved from one layer to the other, causing one
layer to expand and the other to contract. This caused the laminate to
bend significantly using small electrical currents at below 1.5V [37]. By
reversing the current bending was reversed. Large deformations were

Clamping jig

Li-activated
carbon fibre
laminate

Expansion

Starting position

Contraction

(a) (b)
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obtained, and the material had a zero-power hold. A schematic of the
setup and snap-shots of the morphing achieved are shown in Fig. 5.

It is thus possible to use electrochemically induced volume expan-
sions in CFs to create both linear actuation and shape-morphing of a
composite laminate with high mechanical performance. Although slow,
it can create large forces, large deformation and is electrically controlled
at low voltages, and does not require adding any materials for actuation.

Volume expansions of this magnitude are of course unwanted in
structural battery applications and need to be mitigated or at least
minimised. They could induce mechanical fatigue in the SBE leading to
degradation of its properties. Using a modified version of classical
laminate plate theory it was possible to show that in-plane deformations
can be reduced by clever lay-up sequences in a structural battery,
although all stress build-up cannot be completed avoided [92].

Morphing, although assumed to be rather slow could be of great
interest trimming surfaces for fluid control in for example aircraft wings,
wind-turbine blades, or other flow-control applications, leading to lower
drag, higher efficiency and lower energy consumption. By adding a
positive electrode and having two (or more) CF negative electrode
layers, the CF layers can be controlled individually, expanding or con-
tracting the layers without influencing each other. The material can then
also be recharged using an external electrical circuit. Then it would also
be possible, by altering the fibre angles of CF-layers, to create other
forms of morphing [92], i.e. twisting and combined twisting and
bending. An increase in deformation rate might be needed for practical
use in some applications.

6. Energy harvesting using carbon fibres

An important complement to energy storage is harvesting energy
from the surrounding environment [93]. Harvesting energy can supply
power to functions needed in, e.g. autonomous systems. Piezoelectrics
can be used to convert mechanical motion to electrical energy through
their mechano-electrical coupling. These have previously been inte-
grated in structural composite materials to add an energy harvesting
function [94,95]. However, since piezoelectric materials are typically
quite brittle, this approach adds parasitic mass to the structure. They are
usually also restricted to operation at relatively high frequencies.
Capacitive materials show great potential for energy harvesting with
high efficiency and high power output [96], although most concepts rely
on liquid electrolytes.

The PECT effect is also a mechano-electrical coupling that can be

Final position

Final position

bending downwards bending upwards

(c) (d)

Fig. 5. (a) Schematic of set-up for shape-morphing experiment and photos of shape-morphing laminate created by axial expansions of CFs during lithiation and
delithiation. (b) Before applying an electrical current. (¢c) Running the current one way then (d) running it in the opposite direction. Reproduced with permission [37]

under CC BY-NC-ND license, National Academy of Sciences.
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used for energy harvesting. This has been shown using prismatic LIB
cells [70], silicon [73], aluminium [74], black phosphorus [75], and
Prussian blue [97]. The harvested power is quite low, but it is hard to
compare between the different approaches since the reported data are
given with different metrics (W/g, W/cmz, etc). Piezo-electrochemical
energy harvesting works best in the low frequency range (e.g. < 10
mHz) with the best output having high strain rates (e.g. > 1 x 1073/s)
and long hold-times (e.g. < 60s) [98].

Energy harvesting with ion inserting materials is possible by
exploiting a combination of the PECT effect and volume expansions of
the material caused by ion insertion. This was shown for both a standard
battery cell [70] and a CF bundle in half cell with a Li-metal counter
electrode in liquid electrolyte [77], using in principle the same
approach. In the CF case, a CF bundle was charged, after which a me-
chanical load (strain) was applied, raising the electrical potential
through the PECT effect. The CFs could then be discharged at a higher
cell voltage than when charged; effectively harvesting electrical energy.
The harvested energy comes from losses in mechanical work due to the
reversible Li-ion insertion strain in the CFs during the harvesting cycle.
Using CFs in tension led to a harvested power of 1 pW/g of CF.

The more recent development of structural SBEs made it possible to
show energy harvesting in a load bearing CF laminate. The set-up was
similar to the sensing and shape-morphing experiments previously
described using two pre-charged CF layers sandwiching a separator
embedded in an SBE. This created a stiff (high in-plane modulus), but
thin, unidirectional laminate with a longitudinal elastic modulus around
100 GPa. This laminate was then subjected to three separate tests. First,
the PECT response was measured, as described previously (Fig. 3), by
bending the laminate and measuring the OCP (no currents running). In
the next experiment, the two CF-layers were subjected to the very same
experiment but with the two carbon fibre layers being short-circuited
after which an applied bending deformation resulted in a current
running between the CF-layers (but with no electrical potential differ-
ence). This is known as the short-circuit current. In the third experiment,
depicted in Fig. 6a, an external electrical load was placed in series with
the two CF-layers, allowing a current to run through the resistor creating
an electrical power according to methodology reported by Pre-
imesberger et al. [99]. By matching the external electrical load (resistor)
to the internal resistance of the source (the laminate), according to the
maximum power theorem [100], an electrical power of approximately
18 nW/g could be harvested [78]. The results being shown in Fig. 6.

Although the expected power that can be harvested from ion-
inserted CFs is rather small the energy “comes for free” from de-
formations and low frequency vibrations of a structure subjected to
external loads. Though not really shown yet this should work in a rather
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large frequency range from moderate to really low frequency and long
hold-times. It could be useful in various autonomous applications where
weight is sensitive, such as unmanned aerial vehicles, satellites, low
power electronic devices, MEMS devices where energy could be pro-
vided to micro/nano-sensors or actuators, or sports applications with
integrated sensors, requiring energy harvesting and storage, reporting
fitness, health, and performance statistics. Similarly, engineering infra-
structure can benefit from self-powered distributed sensing networks.
Including a positive electrode is perhaps even more intriguing for this
function since energy could be then harvested and stored in the material
itself, where it is generated.

7. Outlook and concluding remarks

There are still several areas, both regarding constituents and archi-
tecture, that can and need to be improved to increase performance and
most of them apply to all the functions described as they rely on the
same physical/chemical foundation.

Contemporary CFs are made for one purpose: to be an efficient
structural material. So far, no efforts have been made to make CFs with
better multifunctional properties combining structural stiffness and
strength, electrical conductivity and ion-insertion capacity. This would
probably involve tailoring the manufacturing process to achieve a
microstructure with an optimal balance between these three
characteristics.

To improve both energy and power density in the battery function
the electrodes and the separators should be as thin as possible. That
would also improve the rate of actuation and shape morphing, and most
probably also the power output from energy harvesting. Actually,
smaller diameter CFs could do that, however, possibly creating larger
first cycle losses due to increased surface area. New separators should be
developed, being not only thinner but also adding to the structural
stiffness and strength.

There are ongoing efforts on making CF-based positive electrodes
using various kinds of concepts for coating CFs with active cathode
materials e.g. Refs. [43,101]. This is perhaps the most imminent and
important development at the moment. The methods need to be robust,
the coating must adhere to the fibres well and be electrically conductive.
For possible scale-up the coating method must be continuous as opposed
to the currently reported methods mainly being batch processes.

The state-of-the-art SBE systems are still far from fully developed and
understood, and there are on-going efforts to improve their performance
further. Recent findings have for example revealed that these two-phase
systems are more complex when it comes to the effect of the chemical
composition and morphology on the ion transport ability. It is the
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Fig. 6. (a) Schematic of energy harvesting experiment. (b) Measured power output for different electrical loads. Reproduced with permission [78] under CC
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combination of all in-going constituents and how they interact that must
be considered and here it is of great potential for further developments
[102]. Another aspect is that the multifunctional performance should be
better adopted to different specific applications where different prop-
erties are essential e.g. ductility, stiffness interface adhesion, etc.

There are also several future technical challenges. Although CFs are
electrically conductive their resistance is much higher than for Cu or Al
so to avoid large Ohmic losses some metal current collectors will be
needed. It would, however, be sufficient to have metal current collectors
in grids at specific distances, which will save considerable mass. One
possible approach for this is to inkjet print current collectors on the CF
electrodes [103].

The structural battery, or any other multifunctional laminate using
this technology, must be encapsulated and protected from the sur-
rounding environment. This is for two reasons: to avoid evaporation of
the liquid part of the electrolyte in the SBE but more importantly to
prevent moisture ingression which would very quickly degrade any
electrochemical performance. This is a challenge shared with structural
supercapacitors. Having fully solid SBEs would solve the evaporation
problem but not moisture ingression. The encapsulation must thus also
be multifunctional able to transfer stress to any surrounding structure. A
good encapsulation method is still to be found.

No future technologies can really be accepted if it increases the
environmental footprint. Based on estimated future performance values
of a structural battery it was shown that the environmental footprint (in
terms of lifetime CO5-eq) could be reduced in e.g a BEV application [61].
More studies like this must be done in parallel with technological
development to ensure that positive environmental impact is projected.

There are other paths to improved sustainability. Making high per-
forming CFs from bio-based precursors, e.g. lignin and cellulose, would
lower the environmental impact significantly. Much effort is ongoing at
the moment in that area, e.g. Ref. [104]. As also discussed, both Na- and
K-chemistries could potentially be used in the future. Na and K are much
more abundant alkali metals than Li and avoids the use of cobalt. Work
on lignin-based CFs have shown that their less ordered structure, being a
hard carbon rather than a graphitised material, enables excellent elec-
trochemical ion storage capacity not only with Li, but also with Na and K
[20,21].

A grand future challenge is efficient manufacturing and upscaling. It
has been shown that resin vacuum infusion methods can be used, i.e.
using a dry fibre lay-up which is bagged and infused with a liquid SBE
which is then cured at elevated temperature [34,36]. This is a
well-established route for composites manufacturing. Some trials have
been done using coextrusion technique to 3D-print CF-based structural
batteries [46,105,106] which show some promise, but the electro-
chemical capacity was quite low and so were the mechanical properties.
Some of the manufacturing steps probably needs to be performed in a
moisture free environment imposing new challenges. Another is that the
layers should be very thin for optimal performance. A third is that any
single stray CF through the separator will lead to short-circuiting
resulting in a loss of all the additional functions. Automated
manufacturing with high precision is thus needed for both robustness
and up-scaling. The multifunctional material also needs to be integrated
into an otherwise monofunctional material building up the structure
which would require electrical wiring, encapsulation and perhaps also
compartmentalisation.

In some applications there will be temperature constraints since the
rate of electrochemical reactions will be impaired with lower tempera-
tures (typically sub-zero °C) and can create safety problems at high
temperatures (typically above 50-70 °C) which are the same challenges
as for commercial alkali-ion batteries. Safety is also to be considered
since the material will be electrochemically active [107]. Another
important aspect is how the long-term performance is affected by elec-
trochemical cycling and mechanical loads simultaneously that could
lead to material fatigue and electrochemical degradation. These issues
are again common to commercial LIBs but with some additional
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complexities. Material recycling must also be considered at some point
for environmental reasons. The large mix of different constituents in
these materials will make that a complex task to solve. Damage and
subsequent repair are other challenges for future development along
with component replacements. Multifunctional materials might have a
lot of possible advantages but if a part of the structure is damaged
several functions will fail at the same time!

Simple single function metrics to describe a material (e.g. electrical
storage capacity, or elastic modulus) will not be sufficient to describe a
multifunctional material. Instead, new metrics will be needed that will
help designers understand the performance improvement across all
functions at a systems level. Some initial work has been carried out on
this [60,63], but more is needed to give designers tools to be able to
assess the benefits multifunctional materials can bring to any given
product. Multiphysics based simulations tools will also be necessary for
designers integrating structural mechanics with electrical and electro-
chemical predictions.

This technology is still emerging and several of the functions
described in this paper are not more than proof-of-principle and not
shown to work in concert yet. Still, it seems possible to have all the five
functions integrated in one single laminate, as schematically shown in
Fig. 7. The future will tell if even more functions can be added, all
without added mass or complexity, providing intriguing opportunities
for lighter, more resource efficient, more energy efficient and more
sustainable solutions.

Funding

This work was supported by the Swedish Energy Agency [project
number 50508-1], the Swedish Research Council [project number
2020-05057], Air Force Office of Scientific Research [grant numbers
FA8655-21-1-7038 and FA8655-21-1-7039], the U.S. office of Naval
Research Contract No. N62909-22-1-2035, the Swedish Space Agency
[project number 2020-00256], and the strategic innovation program
LIGHTer [funding provided by Vinnova, the Swedish Energy Agency and
Formas].

Structural

Carbon fibre
composite

Energy-storing

Shape-changing

Strain-sensing

Fig. 7. Multifunctional carbon fibre composites from electrochemical activa-
tion. Five different functions in one material [90].



D. Zenkert et al.

CRediT authorship contribution statement

Dan Zenkert: Conceptualization, Writing — original draft. Ross
Harnden: Writing — review & editing. Leif E. Asp: Writing — review &
editing. Goran Lindbergh: Writing — review & editing. Mats Johans-
son: Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

No data was used for the research described in the article.

Acknowledgements

The authors wish thanks all the present and former Ph.D.-students
involved in the work of multifunctional carbon composite materials at
KTH and Chalmers. Thanks also to all other researchers in the world
pursuing this field of research advancing it to future applications.

References

[1

—

[2

—

[3

=

[4]

[5

—

[6

—

[7

—

[8

—

[91

[10]

[11]

[12]

[13]

[14]

[15]

Lendlein A, Trask RS. Multifunctional materials: concepts, function-structure
relationships, knowledge-based design, translational materials research.
Multifunction Mater 2018;1:010201. https://doi.org/10.1088/2399-7532/
aada7b.

Kadla JF, Kubo S, Venditti RA, Gilbert RD, Compere AL, Griffith W. Lignin-based
carbon fibers for composite fiber applications, vol. 40; 2002.

Donnet J-B, Wang TK, Peng JCM, Rebouillat S. Carbon fibres. third ed. Marcel
Dekker; 1998.

Toray data sheet. https://WwwCf-CompositesToray/Resources/Data_sh
eets/#ancl; 2023.

Pernice MF, Qi G, Senokos E, Anthony DB, Nguyen S, Valkova M, et al.
Mechanical, electrochemical and multifunctional performance of a CFRP/carbon
aerogel structural supercapacitor and its corresponding monofunctional
equivalents. Multifunction Mater 2022;5:025002. https://doi.org/10.1088/
2399-7532/ac65c8.

Chung DDL, Wang S. Self-sensing of damage and strain in carbon fiber polymer-
matrix structural composites by electrical resistance. Polym Polym Compos 2003;
11:515-25.

Kjell MH, Jacques E, Zenkert D, Behm M, Lindbergh G. PAN-based carbon fibers
for structural lithium-ion batteries. ECCM 2012 - composites at Venice. In:
Proceedings of the 15th European conference on composite materials; 2012.
Snyder JF, Wong EL, Hubbard CW. Evaluation of commercially available carbon
fibers, fabrics, and papers for potential use in multifunctional energy storage
applications. J Electrochem Soc 2009;156:A215. https://doi.org/10.1149/
1.3065070.

Fredi G, Jeschke S, Boulaoued A, Wallenstein J, Rashidi M, Liu F, et al. Graphitic
microstructure and performance of carbon fibre Li-ion structural battery
electrodes. Multifunction Mater 2018;1:015003. https://doi.org/10.1088/2399-
7532/aab707.

Fang Y, Peuvot K, Gratrex A, Morozov Ev, Hagberg J, Lindbergh G, et al. Lithium
insertion in hard carbon as observed by 7Li NMR and XRD. The local and
mesoscopic order and their relevance for lithium storage and diffusion. J Mater
Chem A Mater 2022:10069. https://doi.org/10.1039/d2ta00078d.

Jacques E, Hellqvist Kjell M, Zenkert D, Lindbergh G, Behm M. Expansion of
carbon fibres induced by lithium intercalation for structural electrode
applications. Carbon N Y 2013;59:246-54. https://doi.org/10.1016/j.
carbon.2013.03.015.

Hagberg J, Leijonmarck S, Lindbergh G. High precision coulometry of commercial
PAN-based carbon fibers as electrodes in structural batteries. J Electrochem Soc
2016;163:A1790-7. https://doi.org/10.1149/2.0041609jes.

Jacques E, Kjell MH, Zenkert D, Lindbergh G, Behm M, Willgert M. Impact of
electrochemical cycling on the tensile properties of carbon fibres for structural
lithium-ion composite batteries. Compos Sci Technol 2012;72:792-8. https://doi.
org/10.1016/j.compscitech.2012.02.006.

Jacques E, Kjell M H, Zenkert D, Lindbergh G. The effect of lithium-intercalation
on the mechanical properties of carbon fibres. Carbon N Y 2014;68:725-33.
https://doi.org/10.1016/j.carbon.2013.11.056.

Duan S, Iyer AHS, Carlstedt D, Rittweger F, Sharits A, Maddox C, et al. Effect of
lithiation on the elastic moduli of carbon fibres. Carbon N Y 2021;185:234-41.
https://doi.org/10.1016/j.carbon.2021.09.037.

10

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Composites Part B 273 (2024) 111240

Irisarri E, Ponrouch A, Palacin MR. Review—hard carbon negative electrode
materials for sodium-ion batteries. J Electrochem Soc 2015;162:A2476-82.
https://doi.org/10.1149/2.0091514jes.

Harnden R, Peuvot K, Zenkert D, Lindbergh G. Multifunctional performance of
sodiated carbon fibers. J Electrochem Soc 2018;165:B616-22. https://doi.org/
10.1149/2.0971813jes.

Harnden R, Zenkert D, Lindbergh G. Potassium-insertion in polyacrylonitrile-
based carbon fibres for multifunctional energy storage, morphing, and strain-
sensing. Carbon N Y 2021;171:671-80. https://doi.org/10.1016/j.
carbon.2020.09.042.

Xie L, Tang C, Bi Z, Song M, Fan Y, Yan C, et al. Hard carbon anodes for next-
generation Li-ion batteries: review and perspective. Adv Energy Mater 2021;11.
https://doi.org/10.1002/aenm.202101650.

Nowak AP, Hagberg J, Leijonmarck S, Schweinebarth H, Baker D, Uhlin A, et al.
Lignin-based carbon fibers for renewable and multifunctional lithium-ion battery
electrodes. Holzforschung 2018;72:81-90. https://doi.org/10.1515/hf-2017-
0044.

Peuvot K, Hosseinaei O, Tomani P, Zenkert D, Lindbergh G. Lignin based
electrospun carbon fiber anode for sodium ion batteries. J Electrochem Soc 2019;
166:A1984-90. https://doi.org/10.1149/2.0711910jes.

Greenhalgh ES, Nguyen S, Valkova M, Shirshova N, Shaffer MSP, Kucernak ARJ.
A critical review of structural supercapacitors and outlook on future research
challenges. Compos Sci Technol 2023;235:109968. https://doi.org/10.1016/j.
compscitech.2023.109968.

Qian H, Diao H, Shirshova N, Greenhalgh ES, Steinke JGH, Shaffer MSP, et al.
Activation of structural carbon fibres for potential applications in multifunctional
structural supercapacitors. J Colloid Interface Sci 2013;395:241-8. https://doi.
0rg/10.1016/j.jcis.2012.12.015.

Senokos E, Anthony DB, Rubio N, Ribadeneyra MC, Greenhalgh ES, Shaffer MSP.
Robust single-walled carbon nanotube-infiltrated carbon fiber electrodes for
structural supercapacitors: from reductive dissolution to high performance
devices. Adv Funct Mater 2023:2212697. https://doi.org/10.1002/
adfm.202212697.

Qian H, Diao H, Shirshova N, Greenhalgh ES, Steinke JGH, Shaffer MSP, et al.
Activation of structural carbon fibres for potential applications in multifunctional
structural supercapacitors. J Colloid Interface Sci 2013;395:241-8. https://doi.
0rg/10.1016/j.jcis.2012.12.015.

Wong EL, Baechle DM, Xu K, Carter RH, Snyder JF, Wetzel ED. Design and
processing of structural composite batteries. In: Proceedings of SAMPE 2007,
baltimore; 2007.

Asp LE, Johansson M, Lindbergh G, Xu J, Zenkert D. Structural battery
composites: a review. Function Compos Struct 2019;1:042001. https://doi.org/
10.1088/2631-6331/ab5571.

Wang M, Emre A, Tung S, Gerber A, Wang D, Huang Y, et al. Biomimetic solid-
state Zn2+ electrolyte for corrugated structural batteries. ACS Nano 2019;13:
1107-15. https://doi.org/10.1021/acsnano.8b05068.

Willgert M, Kjell MH, Jacques E, Behm M, Lindbergh G, Johansson M.
Photoinduced free radical polymerization of thermoset lithium battery
electrolytes. Eur Polym J 2011;47:2372-8. https://doi.org/10.1016/j.
eurpolym;j.2011.09.018.

Thrner N, Johansson M. Improved performance of solid polymer electrolytes for
structural batteries utilizing plasticizing co-solvents. J Appl Polym Sci 2017;134:
44917. https://doi.org/10.1002/app.44917.

Willgert M, Leijonmarck S, Lindbergh G, Malmstrém E, Johansson M. Cellulose
nanofibril reinforced composite electrolytes for lithium ion battery applications.
J Mater Chem A Mater 2014;2:13556-64. https://doi.org/10.1039/c4ta01139b.
Shirshova N, Bismarck A, Carreyette S, Fontana QPV, Greenhalgh ES,
Jacobsson P, et al. Structural supercapacitor electrolytes based on bicontinuous
ionic liquid-epoxy resin systems. J Mater Chem A Mater 2013;1:15300-9. https://
doi.org/10.1039/c3tal3163g.

Thrner N, Johannisson W, Sieland F, Zenkert D, Johansson M. Structural lithium
ion battery electrolytes: via reaction induced phase-separation. J Mater Chem A
Mater 2017;5:25652-9. https://doi.org/10.1039/c7ta04684g.

Schneider LM, Ihrner N, Zenkert D, Johansson M. Bicontinuous electrolytes via
thermally initiated polymerization for structural lithium ion batteries. ACS Appl
Energy Mater 2019;2:4362-9. https://doi.org/10.1021/acsaem.9b00563.

Tu V, Asp LE, Shirshova N, Larsson F, Runesson K, Janicke R. Performance of
bicontinuous structural electrolytes. Multifunction Mater 2020;3:025001.
https://doi.org/10.1088/2399-7532/ab8d9b.

Johannisson W, Thrner N, Zenkert D, Johansson M, Carlstedt D, Asp LE, et al.
Multifunctional performance of a carbon fiber UD lamina electrode for structural
batteries. Compos Sci Technol 2018;168:81-7. https://doi.org/10.1016/j.
compscitech.2018.08.044.

Johannisson W, Harnden R, Zenkert D, Lindbergh G. Shape-morphing carbon
fiber composite using electrochemical actuation. Proc Natl Acad Sci U S A 2020;
117:7658-64. https://doi.org/10.1073/pnas.1921132117.

Xu J, Johannisson W, Johansen M, Liu F, Zenkert D, Lindbergh G, et al.
Characterization of the adhesive properties between structural battery
electrolytes and carbon fibers. Compos Sci Technol 2020;188:107962. https://
doi.org/10.1016/j.compscitech.2019.107962.

Park HW, Jang MS, Choi JS, Pyo J, Kim CG. Characteristics of woven carbon
fabric current collector electrodes for structural battery. Compos Struct 2021;256.
https://doi.org/10.1016/j.compstruct.2020.112999.

Petrushenko D, Rahmati Z, Barazanchy D, de Backer W, Mustain WE, White RE,
et al. Dip-coating of carbon fibers for the development of lithium iron phosphate


https://doi.org/10.1088/2399-7532/aada7b
https://doi.org/10.1088/2399-7532/aada7b
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref2
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref2
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref3
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref3
https://WwwCf-CompositesToray/Resources/Data_sheets/#anc1
https://WwwCf-CompositesToray/Resources/Data_sheets/#anc1
https://doi.org/10.1088/2399-7532/ac65c8
https://doi.org/10.1088/2399-7532/ac65c8
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref6
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref6
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref6
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref7
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref7
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref7
https://doi.org/10.1149/1.3065070
https://doi.org/10.1149/1.3065070
https://doi.org/10.1088/2399-7532/aab707
https://doi.org/10.1088/2399-7532/aab707
https://doi.org/10.1039/d2ta00078d
https://doi.org/10.1016/j.carbon.2013.03.015
https://doi.org/10.1016/j.carbon.2013.03.015
https://doi.org/10.1149/2.0041609jes
https://doi.org/10.1016/j.compscitech.2012.02.006
https://doi.org/10.1016/j.compscitech.2012.02.006
https://doi.org/10.1016/j.carbon.2013.11.056
https://doi.org/10.1016/j.carbon.2021.09.037
https://doi.org/10.1149/2.0091514jes
https://doi.org/10.1149/2.0971813jes
https://doi.org/10.1149/2.0971813jes
https://doi.org/10.1016/j.carbon.2020.09.042
https://doi.org/10.1016/j.carbon.2020.09.042
https://doi.org/10.1002/aenm.202101650
https://doi.org/10.1515/hf-2017-0044
https://doi.org/10.1515/hf-2017-0044
https://doi.org/10.1149/2.0711910jes
https://doi.org/10.1016/j.compscitech.2023.109968
https://doi.org/10.1016/j.compscitech.2023.109968
https://doi.org/10.1016/j.jcis.2012.12.015
https://doi.org/10.1016/j.jcis.2012.12.015
https://doi.org/10.1002/adfm.202212697
https://doi.org/10.1002/adfm.202212697
https://doi.org/10.1016/j.jcis.2012.12.015
https://doi.org/10.1016/j.jcis.2012.12.015
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref26
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref26
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref26
https://doi.org/10.1088/2631-6331/ab5571
https://doi.org/10.1088/2631-6331/ab5571
https://doi.org/10.1021/acsnano.8b05068
https://doi.org/10.1016/j.eurpolymj.2011.09.018
https://doi.org/10.1016/j.eurpolymj.2011.09.018
https://doi.org/10.1002/app.44917
https://doi.org/10.1039/c4ta01139b
https://doi.org/10.1039/c3ta13163g
https://doi.org/10.1039/c3ta13163g
https://doi.org/10.1039/c7ta04684g
https://doi.org/10.1021/acsaem.9b00563
https://doi.org/10.1088/2399-7532/ab8d9b
https://doi.org/10.1016/j.compscitech.2018.08.044
https://doi.org/10.1016/j.compscitech.2018.08.044
https://doi.org/10.1073/pnas.1921132117
https://doi.org/10.1016/j.compscitech.2019.107962
https://doi.org/10.1016/j.compscitech.2019.107962
https://doi.org/10.1016/j.compstruct.2020.112999

D. Zenkert et al.

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]
[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

electrodes for structural lithium-ion batteries. Energy Fuel 2023;37:711-23.
https://doi.org/10.1021/acs.energyfuels.2c03210.

Hagberg J, Maples HA, Alvim KSP, Xu J, Johannisson W, Bismarck A, et al.
Lithium iron phosphate coated carbon fiber electrodes for structural lithium ion
batteries. Compos Sci Technol 2018;162:235-43. https://doi.org/10.1016/j.
compscitech.2018.04.041.

Sanchez JS, Xu J, Xia Z, Sun J, Asp LE, Palermo V. Electrophoretic coating of
LiFePO4/Graphene oxide on carbon fibers as cathode electrodes for structural
lithium ion batteries. Compos Sci Technol 2021;208:108768. https://doi.org/
10.1016/j.compscitech.2021.108768.

Yiicel YD, Adolfsson E, Dykhoff H, Pettersson J, Trey S, Wysocki M, et al. Powder-
impregnated carbon fibers with lithium iron phosphate as positive electrodes in
structural batteries. Compos Sci Technol 2023;241:110153. https://doi.org/
10.1016/j.compscitech.2023.110153.

Bouton K, Chen B, Zenkert D, Lindbergh G. Structural positive electrodes for
multifunctional composite materials. Melbourne: ICCM International Conference
on Composite Materials; 2019.

Sutrisnoh NAA, Lim GJH, Chan KK, Lim JJN, Srinivasan M. Structural cathodes:
navigating the challenges in fabrication and multifunctional performance
analysis. Compos Sci Technol 2023:110147. https://doi.org/10.1016/j.
compscitech.2023.110147.

Thakur A, Dong X. Printing with 3D continuous carbon fiber multifunctional
composites via UV-assisted coextrusion deposition. Manuf. Lett. 2020;24:1-5.
https://doi.org/10.1016/j.mfglet.2020.02.001.

Meng C, Muralidharan N, Teblum E, Moyer KE, Nessim GD, Pint CL.
Multifunctional structural ultrabattery composite. Nano Lett 2018;18:7761-8.
https://doi.org/10.1021/acs.nanolett.8b03510.

Moyer K, Meng C, Marshall B, Assal O, Eaves J, Perez D, et al. Carbon fiber
reinforced structural lithium-ion battery composite: multifunctional power
integration for CubeSats. Energy Storage Mater 2020;24:676-81. https://doi.org/
10.1016/j.ensm.2019.08.003.

Liu P, Sherman E, Jacobsen A. Design and fabrication of multifunctional
structural batteries. J Power Sources 2009;189:646-50. https://doi.org/10.1016/
j-.jpowsour.2008.09.082.

Asp LE, Bouton K, Carlstedt D, Duan S, Harnden R, Johannisson W, et al.

A structural battery and its multifunctional performance. Adv Energy Sustain Res
2021;2:2000093. https://doi.org/10.1002/aesr.202000093.

Jin T, Singer G, Liang K, Yang Y. Structural batteries: advances, challenges and
perspectives. Mater Today 2022;62:151-67. https://doi.org/10.1016/j.
mattod.2022.12.001.

Lim GJH, Chan KK, Sutrisnoh NAA, Srinivasan M. Design of structural batteries:
carbon fibers and alternative form factors. Mater Today Sustain 2022;20:100252.
https://doi.org/10.1016/j.mtsust.2022.100252.

Doyle M, Fuller T, Newman J. Modeling of galvanostatic charge and discharge of
the lithium/polymer/insertion cell. J Electrochem Soc 1993;140:1526.
Newman J, Tiedemann W. Porous-electrode theory with battery applications.
AIChE J 1975;21:25-41. https://doi.org/10.1002/aic.690210103.

Carlstedt D, Runesson K, Larsson F, Xu J, Asp LE. Electro-chemo-mechanically
coupled computational modelling of structural batteries. Multifunction Mater
2020;3:045002. https://doi.org/10.1088/2399-7532/abc60d.

Carlstedt D, Runesson K, Larsson F, Tu V, Janicke R, Asp LE. Computational
modelling of structural batteries accounting for stress-assisted convection in the
electrolyte. Int J Solid Struct 2022;238:111343. https://doi.org/10.1016/j.
ijsolstr.2021.111343.

Carlstedt D, Runesson K, Larsson F, Asp LE. On the coupled
thermo-electro-chemo-mechanical performance of structural batteries with
emphasis on thermal effects. Eur J Mech Solid 2022;94. https://doi.org/10.1016/
j.euromechsol.2022.104586.

Carlstedt D, Rittweger F, Runesson K, Navarro-Sudrez AM, Xu J, Duan S, et al.
Experimental and computational characterization of carbon fibre based structural
battery electrode laminae. Compos Sci Technol 2022;220:109283. https://doi.
org/10.1016/j.compscitech.2022.109283.

Larsson C, Larsson F, Xu J, Runesson K, Asp LE. Effects of lithium insertion
induced swelling of a structural battery negative electrode. Compos Sci Technol
2023;244:110299. https://doi.org/10.1016/j.compscitech.2023.110299.
Johannisson W, Zenkert D, Lindbergh G. Model of a structural battery and its
potential for system level mass savings. Multifunction Mater 2019;2:035002.
https://doi.org/10.1088/2399-7532/ab3bdd.

Zackrisson M, Jonsson C, Johannisson W, Fransson K, Posner S, Zenkert D, et al.
Prospective life cycle assessment of a structural battery. Sustainability 2019;11:
5679. https://doi.org/10.3390/5u11205679.

Carlstedt D, Asp LE. Performance analysis framework for structural battery
composites in electric vehicles. Compos B Eng 2020;186. https://doi.org/
10.1016/j.compositesb.2020.107822.

Johannisson W, Nguyen S, Lindbergh G, Zenkert D, Greenhalgh ES, Shaffer MSP,
et al. A residual performance methodology to evaluate multifunctional systems.
Multifunction Mater 2020;3:025002. https://doi.org/10.1088/2399-7532/
ab8e95.

Ishfaq A, Nguyen SN, Greenhalgh ES, Shaffer MSP, Kucernak ARJ, Asp LE, et al.
Multifunctional design, feasibility and requirements for structural power
composites in future electric air taxis. J Compos Mater 2023;57:817-27. https://
doi.org/10.1177/00219983221132621.

Konka HP, Wahab MA, Lian K. Piezoelectric fiber composite transducers for
health monitoring in composite structures. Sens Actuators A Phys 2013;194:
84-94. https://doi.org/10.1016/j.sna.2012.12.039.

11

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]
[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

Composites Part B 273 (2024) 111240

Murayama H, Wada D, Igawa H. Structural health monitoring by using fiber-optic
distributed strain sensors with high spatial resolution. Photon Sens 2013;3:
355-76. https://doi.org/10.1007/s13320-013-0140-5.

Soge AO, Dairo OF, Sanyaolu ME, Kareem SO. Recent developments in polymer
optical fiber strain sensors: a short review. J Opt 2021;50:299-313. https://doi.
org/10.1007/512596-021-00699-7.

Johnson TM, Fullwood DT, Hansen G. Strain monitoring of carbon fiber
composite via embedded nickel nano-particles. Compos B Eng 2012;43:1155-63.
https://doi.org/10.1016/j.compositesb.2011.09.014.

Groo LA, Inman DJ, Sodano HA. In situ damage detection for fiber-reinforced
composites using integrated zinc oxide nanowires. Adv Funct Mater 2018;28.
https://doi.org/10.1002/adfm.201802846.

Cannarella J, Arnold CB. Toward low-frequency mechanical energy harvesting
using energy-dense piezoelectrochemical materials. Adv Mater 2015;27:7440-4.
https://doi.org/10.1002/adma.201502974.

Kading GA. Piezo-electrochemical transducer effect (PECT) intercalated graphite
micro-electrochemical actuators. Air Force Institute of Technology; 2007.
Sethuraman VA, Srinivasan V, Bower AF, Guduru PR. In situ measurements of
stress-potential coupling in lithiated silicon. J Electrochem Soc 2010;157:A1253.
https://doi.org/10.1149/1.3489378.

Kim S, Choi SJ, Zhao K, Yang H, Gobbi G, Zhang S, et al. Electrochemically driven
mechanical energy harvesting. Nat Commun 2016;7. https://doi.org/10.1038/
ncomms10146.

Muralidharan N, Afolabi J, Share K, Li M, Pint CL. A fully transient mechanical
energy harvester. Adv Mater Technol 2018;3. https://doi.org/10.1002/
admt.201800083.

Muralidharan N, Li M, Carter RE, Galioto N, Pint CL. Ultralow frequency
electrochemical-mechanical strain energy harvester using 2D black phosphorus
nanosheets. ACS Energy Lett 2017;2:1797-803. https://doi.org/10.1021/
acsenergylett.7b00478.

Jacques E, Kjell M H, Zenkert D, Lindbergh G. Piezo-electrochemical effect in
lithium-intercalated carbon fibres. Electrochem Commun 2013;35:65-7. https://
doi.org/10.1016/j.elecom.2013.07.040.

Jacques E, Lindbergh G, Zenkert D, Leijonmarck S, Kjell MH. Piezo-
electrochemical energy harvesting with lithium-intercalating carbon fibers. ACS
Appl Mater Interfaces 2015;7:13898-904. https://doi.org/10.1021/
acsami.5b02585.

Harnden R, Carlstedt D, Zenkert D, Lindbergh G. Multifunctional carbon fiber
composites: a structural, energy harvesting, strain-sensing material. ACS Appl
Mater Interfaces 2022;14:33871-80. https://doi.org/10.1021/acsami.2c08375.
Portela P, Camanho P, Weaver P, Bond I. Analysis of morphing, multi stable
structures actuated by piezoelectric patches. Comput Struct 2008;86:347-56.
https://doi.org/10.1016/j.compstruc.2007.01.032.

Barbarino S, Saavedra Flores EL, Ajaj RM, Dayyani I, Friswell MI. A review on
shape memory alloys with applications to morphing aircraft. Smart Mater Struct
2014;23:063001. https://doi.org/10.1088/0964-1726/23/6/063001.

Kim O, Shin TJ, Park MJ. Fast low-voltage electroactive actuators using
nanostructured polymer electrolytes. Nat Commun 2013;4:2208. https://doi.org/
10.1038/ncomms3208.

Baughman RH, Cui C, Zakhidiv AA, Igbal Z, Barisci JN, Spinks GM, et al. Carbon
nanotube actuators. Science 1979;1999:1340-4.

Gu G, Schmid M, Chiu PW, Minett A, Fraysse J, Kim GT, et al. V205 nanofibre
sheet actuators. Nat Mater 2003;2:316-9. https://doi.org/10.1038/nmat880.
Kong L, Chen W. Carbon nanotube and graphene-based bioinspired
electrochemical actuators. Adv Mater 2014;26:1025-43. https://doi.org/
10.1002/adma.201303432.

Zhang H, Grant PS. An electrochemical microactuator based on highly textured
LiCoO2. Sensor Actuator B Chem 2013;176:52-7. https://doi.org/10.1016/j.
snb.2012.08.079.

Koyama Y, Chin TE, Rhyner U, Holman RK, Hall SR, Chiang YM. Harnessing the
actuation potential of solid-state intercalation compounds. Adv Funct Mater
2006;16:492-8. https://doi.org/10.1002/adfm.200500633.

Kganyago KR, Ngoepe PE. Structural and electronic properties of lithium
intercalated graphite LiC6. Phys Rev B Condens Matter 2003;68:205111. https://
doi.org/10.1103/PhysRevB.68.205111.

Weaving JS, Lim A, Millichamp J, Neville TP, Ledwoch D, Kendrick E, et al.
Elucidating the sodiation mechanism in hard carbon by operando Raman
spectroscopy. ACS Appl Energy Mater 2020;3:7474-84. https://doi.org/10.1021/
acsaem.0c00867.

Saurel D, Orayech B, Xiao B, Carriazo D, Li X, Rojo T. From charge storage
mechanism to performance: a roadmap toward high specific energy sodium-ion
batteries through carbon anode optimization. Adv Energy Mater 2018;8:
1703268. https://doi.org/10.1002/aenm.201703268.

Harnden R. Lightweight multifunctional composites: an investigation into ion-
inserted carbon !bres for structural energy storage, shape-morphing, energy
harvesting & strain-sensing. KTH Royal Institute of Technology; 2021.

Koyama Y, Chin TE, Rhyner U, Holman RK, Hall SR, Chiang YM. Harnessing the
actuation potential of solid-state intercalation compounds. Adv Funct Mater
2006;16:492-8. https://doi.org/10.1002/adfm.200500633.

Dionisi F, Harnden R, Zenkert D. A model to analyse deformations and stresses in
structural batteries due to electrode expansions. Compos Struct 2017;179:580-9.
https://doi.org/10.1016/j.compstruct.2017.07.029.

Sezer N, Ko¢ M. A comprehensive review on the state-of-the-art of piezoelectric
energy harvesting. Nano Energy 2021;80:105567. https://doi.org/10.1016/].
nanoen.2020.105567.


https://doi.org/10.1021/acs.energyfuels.2c03210
https://doi.org/10.1016/j.compscitech.2018.04.041
https://doi.org/10.1016/j.compscitech.2018.04.041
https://doi.org/10.1016/j.compscitech.2021.108768
https://doi.org/10.1016/j.compscitech.2021.108768
https://doi.org/10.1016/j.compscitech.2023.110153
https://doi.org/10.1016/j.compscitech.2023.110153
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref44
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref44
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref44
https://doi.org/10.1016/j.compscitech.2023.110147
https://doi.org/10.1016/j.compscitech.2023.110147
https://doi.org/10.1016/j.mfglet.2020.02.001
https://doi.org/10.1021/acs.nanolett.8b03510
https://doi.org/10.1016/j.ensm.2019.08.003
https://doi.org/10.1016/j.ensm.2019.08.003
https://doi.org/10.1016/j.jpowsour.2008.09.082
https://doi.org/10.1016/j.jpowsour.2008.09.082
https://doi.org/10.1002/aesr.202000093
https://doi.org/10.1016/j.mattod.2022.12.001
https://doi.org/10.1016/j.mattod.2022.12.001
https://doi.org/10.1016/j.mtsust.2022.100252
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref53
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref53
https://doi.org/10.1002/aic.690210103
https://doi.org/10.1088/2399-7532/abc60d
https://doi.org/10.1016/j.ijsolstr.2021.111343
https://doi.org/10.1016/j.ijsolstr.2021.111343
https://doi.org/10.1016/j.euromechsol.2022.104586
https://doi.org/10.1016/j.euromechsol.2022.104586
https://doi.org/10.1016/j.compscitech.2022.109283
https://doi.org/10.1016/j.compscitech.2022.109283
https://doi.org/10.1016/j.compscitech.2023.110299
https://doi.org/10.1088/2399-7532/ab3bdd
https://doi.org/10.3390/su11205679
https://doi.org/10.1016/j.compositesb.2020.107822
https://doi.org/10.1016/j.compositesb.2020.107822
https://doi.org/10.1088/2399-7532/ab8e95
https://doi.org/10.1088/2399-7532/ab8e95
https://doi.org/10.1177/00219983221132621
https://doi.org/10.1177/00219983221132621
https://doi.org/10.1016/j.sna.2012.12.039
https://doi.org/10.1007/s13320-013-0140-5
https://doi.org/10.1007/s12596-021-00699-7
https://doi.org/10.1007/s12596-021-00699-7
https://doi.org/10.1016/j.compositesb.2011.09.014
https://doi.org/10.1002/adfm.201802846
https://doi.org/10.1002/adma.201502974
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref71
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref71
https://doi.org/10.1149/1.3489378
https://doi.org/10.1038/ncomms10146
https://doi.org/10.1038/ncomms10146
https://doi.org/10.1002/admt.201800083
https://doi.org/10.1002/admt.201800083
https://doi.org/10.1021/acsenergylett.7b00478
https://doi.org/10.1021/acsenergylett.7b00478
https://doi.org/10.1016/j.elecom.2013.07.040
https://doi.org/10.1016/j.elecom.2013.07.040
https://doi.org/10.1021/acsami.5b02585
https://doi.org/10.1021/acsami.5b02585
https://doi.org/10.1021/acsami.2c08375
https://doi.org/10.1016/j.compstruc.2007.01.032
https://doi.org/10.1088/0964-1726/23/6/063001
https://doi.org/10.1038/ncomms3208
https://doi.org/10.1038/ncomms3208
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref82
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref82
https://doi.org/10.1038/nmat880
https://doi.org/10.1002/adma.201303432
https://doi.org/10.1002/adma.201303432
https://doi.org/10.1016/j.snb.2012.08.079
https://doi.org/10.1016/j.snb.2012.08.079
https://doi.org/10.1002/adfm.200500633
https://doi.org/10.1103/PhysRevB.68.205111
https://doi.org/10.1103/PhysRevB.68.205111
https://doi.org/10.1021/acsaem.0c00867
https://doi.org/10.1021/acsaem.0c00867
https://doi.org/10.1002/aenm.201703268
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref90
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref90
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref90
https://doi.org/10.1002/adfm.200500633
https://doi.org/10.1016/j.compstruct.2017.07.029
https://doi.org/10.1016/j.nanoen.2020.105567
https://doi.org/10.1016/j.nanoen.2020.105567

D. Zenkert et al.

[94]

[95]

[96]

[97]

[98]

[99]

[100]

Kim HS, Kim JH, Kim J. A review of piezoelectric energy harvesting based on
vibration. Int J Precis Eng Manuf 2011;12:1129-41. https://doi.org/10.1007/
s12541-011-0151-3.

Priya S. Advances in energy harvesting using low profile piezoelectric
transducers. J Electroceram 2007;19:165-82. https://doi.org/10.1007/s10832-
007-9043-4.

Zhang M, Cai W, Wang Z, Fang S, Zhang R, Lu H, et al. Mechanical energy
harvesters with tensile efficiency of 17.4% and torsional efficiency of 22.4%
based on homochirally plied carbon nanotube yarns. Nat Energy 2023. https://
doi.org/10.1038/541560-022-01191-7.

Zohair M, Moyer K, Eaves-Rathert J, Meng C, Waugh J, Pint CL. Continuous
energy harvesting and motion sensing from flexible electrochemical
nanogenerators: toward smart and multifunctional textiles. ACS Nano 2020;14:
2308-15. https://doi.org/10.1021/acsnano.9b09445.

Preimesberger JI, Arnold CB. The effect of mechanical frequency on
piezoelectrochemical energy harvesters. IEEE Trans Ultrason Ferroelectrics Freq
Control 2022;69:1130-6. https://doi.org/10.1109/TUFFC.2021.3136125.
Preimesberger JI, Kang SY, Arnold CB. Figures of merit for piezoelectrochemical
energy-harvesting systems. Joule 2020;4:1893-906. https://doi.org/10.1016/j.
joule.2020.07.019.

Plonus M. Electronics and communications for scientists and engineers. San
Diego, California: Academic Press; 2001.

12

[101]

[102]

[103]

[104]

[105]

[106]

[107]

Composites Part B 273 (2024) 111240

Jiang Q, Beutl A, Kiihnelt H, Bismarck A. Structural composite batteries made
from carbon fibre reinforced electrodes/polymer gel electrolyte prepregs. Compos
Sci Technol 2023:244. https://doi.org/10.1016/j.compscitech.2023.110312.
Cattaruzza M, Fang Y, Fur6 I, Lindbergh G, Liu F, Johansson M. Hybrid
polymer-liquid lithium ion electrolytes: effect of porosity on the ionic and
molecular mobility. J Mater Chem A Mater 2023;11:7006. https://doi.org/
10.1039/d3ta00250k. -15.

Johannisson W, Carlstedt D, Nasiri A, Buggisch C, Linde P, Zenkert D, et al.

A screen-printing method for manufacturing of current collectors for structural
batteries. Multifunction Mater 2021;4:035002. https://doi.org/10.1088/2399-
7532/ac2046.

Wang S, Bai J, Innocent MT, Wang Q, Xiang H, Tang J, et al. Lignin-based carbon
fibers: formation, modification and potential applications. Green Energy Environ
2022;7:578-605. https://doi.org/10.1016/j.gee.2021.04.006.

Thakur A, Dong X. Additive manufacturing of 3D structural battery composites
with coextrusion deposition of continuous carbon fibers. Manuf.Lett 2020;26:
42-7. https://doi.org/10.1016/j.mfglet.2020.09.007.

Thakur AR, Dong X. Experimental and numerical studies of slurry-based
coextrusion deposition of continuous carbon fiber micro-batteries to additively
manufacture 3D structural battery composites. Compos B Eng 2023;255:110632.
https://doi.org/10.1016/j.compositesb.2023.110632.

Kalnaus S, Asp LE, Li J, Veith GM, Nanda J, Daniel C, et al. Multifunctional
approaches for safe structural batteries. J Energy Storage 2021;40:102747.
https://doi.org/10.1016/j.est.2021.102747.


https://doi.org/10.1007/s12541-011-0151-3
https://doi.org/10.1007/s12541-011-0151-3
https://doi.org/10.1007/s10832-007-9043-4
https://doi.org/10.1007/s10832-007-9043-4
https://doi.org/10.1038/s41560-022-01191-7
https://doi.org/10.1038/s41560-022-01191-7
https://doi.org/10.1021/acsnano.9b09445
https://doi.org/10.1109/TUFFC.2021.3136125
https://doi.org/10.1016/j.joule.2020.07.019
https://doi.org/10.1016/j.joule.2020.07.019
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref100
http://refhub.elsevier.com/S1359-8368(24)00051-9/sref100
https://doi.org/10.1016/j.compscitech.2023.110312
https://doi.org/10.1039/d3ta00250k
https://doi.org/10.1039/d3ta00250k
https://doi.org/10.1088/2399-7532/ac2046
https://doi.org/10.1088/2399-7532/ac2046
https://doi.org/10.1016/j.gee.2021.04.006
https://doi.org/10.1016/j.mfglet.2020.09.007
https://doi.org/10.1016/j.compositesb.2023.110632
https://doi.org/10.1016/j.est.2021.102747

	Multifunctional carbon fibre composites using electrochemistry
	1 Introduction
	2 Carbon fibre electrochemical properties
	3 Carbon fibre based structural batteries
	4 Piezo-electrochemical transducer (PECT) effect enables strain sensing
	5 Carbon fibre expansions used for actuation and shape-morphing
	6 Energy harvesting using carbon fibres
	7 Outlook and concluding remarks
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


