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Abstract

The transport sector accounts for around 26% of all greenhouse gas emis-
sions in the European Union and United Kingdom. By reducing the mass of
vehicles it is possible to reduce these emissions substantially. One way to re-
duce vehicle mass is to use multifunctional structures.

An investigation is conducted into the development of lightweight multi-
functional composites based on carbon fibres (CFs) that have been activated
using ion-insertion. CF composites are already known to have good struc-
tural properties — and this research focusses on augmenting fibres with the
added functionalities of energy storage, shape-morphing, energy harvesting,
and strain-sensing.

This work builds on previous research focusing on structural batteries us-
ing lithium-inserted CFs. Here, sodium and potassium insertion in interme-
diate modulus polyacrylonitrile (PAN)-based CFs is investigated. These ele-
ments are more abundant globally than lithium, and so can be considered more
sustainable. They also have larger atomic radii than lithium, which could give
rise to desirable functionalities.

The galvanostatic profiles and capacities of sodium and potassium inser-
tion in CFs are reported, as well as the effect on the CF mechanical properties. It
is found that sodium and potassium insert with lower capacities than lithium
in PAN-based CFs. The mechanical stiffness remains largely unchanged by
sodium and potassium insertion, although the mechanical strength drops by
up to 28% at full charge for sodium insertion. This strength drop is partially
reversible when the CFs are discharged, recovering to 94% of their original
strength.

Axial expansion of the CFs during ion-insertion is also measured. It is
found that expansions up to 0.09% and 0.24% occur for sodium and potas-
sium insertion respectively. This is less than the 0.7% observed previously for
lithium insertion in the same CFs.

An analytical model to simulate ion-expansions in laminated structural
battery composites is developed based on classical laminate plate theory (CLPT).
Ion-expansions are treated as analogous to thermal expansions. It is found that
it is possible to suppress global deformations and reduce interlaminar stresses
by altering the layup sequence of negative and positive electrode layers. It
is also found that it is possible to tailor the kinds deformations that can be
achieved by altering the ply orientations.
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A concept for a shape-morphing composite laminate is developed, consist-
ing of two layers of CF either side of a separator, embedded in a structural
battery electrolyte matrix. Lithium ions are transferred from one CF layer to
the other, causing one layer to contract and the other to expand. This creates
a bending deformation. It is demonstrated that the morphing laminate is ca-
pable of deforming at low voltages and currents, and exhibiting a zero-power
hold. The frequency of deformation is, however, limited by the ion diffusion
process.

A voltage-strain coupling arises when CFs are inserted with ions known as
the piezoelectrochemical transducer (PECT) effect. It is has been proposed that
the PECT effect could be used to create strain-sensing and energy harvesting
structures. This coupling is measured in sodium and potassium inserted CFs
and found to reach a maximum coupling factor of 0.26 V/unit strain for potas-
siated fibres. This is considerably lower than the coupling factor for lithiated
fibres.

The same laminated composite structure used for the morphing study is
used to investigate the PECT effect in a structural composite. Using this setup it
is possible to characterise the compressive PECT effect in CFs for the first time.
It is found that the compressive PECT effect is equal in magnitude but opposite
in sign to the tensile effect. This means that by using bending it is possible
to achieve a larger potential difference between a simultaneously compressed
and tensioned CF layer. This is advantageous for applications in strain-sensing
and energy harvesting.

Energy harvesting using a lithium-activated CF laminate is also demon-
strated. The study uses the same laminate structure used for the morphing
study. By enforcing known constant-curvature bending on the laminate, a cur-
rent is generated. A specific power of 18 nW/g is achieved, showing promise
for structural energy harvesting composites.

Overall, it is shown that ion-inserted CFs can be used to create several
different functionalities in composite structures. By incorporating such mul-
tifunctional components into vehicles it will be possible to save mass on a
systems-level. Although there is still much development to be done, this study
shows the diverse potential in multifunctional composites using ion-insertion,
and lays the foundation from which these technologies can be progressed.
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Sammanfattning

Transportindustrin producerar omkring 26% av alla växthusgasutsläpp i
EU och Storbritannien. Ett sätt att kraftigt reducera dessa utsläpp är genom att
minska fordonsvikten. Fordonsvikten kan minskas genom att använda multi-
funktionella material och strukturer.

En undersökning är genomförd som studerar lätta multifunktionella kom-
positmaterial baserade på kolfibrer aktiverade med litiumjoner. Kolfiberkom-
positer har bra mekaniska egenskaper som är välkända och passar till en mång-
fald av olika tillämpningar inom lättkonstruktion. Men kolfibrer har också vi-
sat sig ha flera andra egenskaper som gör dem lämpliga till energilagring, for-
mändring, energiomvandling och töjningssensorer.

Den här studien bygger på forskning om strukturella batterier baserade på
kolfibrer inlagrade med litiumjoner. En undersökning med fokus på inlagring
av natrium- och kaliuminjoner i polyakrylnitril (PAN)-baserade kolfibrer är ge-
nomförd. Dessa metaller är mer förekommande i jordens yta än litium och kan
därför anses vara mer hållbara. Dessutom har de större atomradie än litium
vilket kan vara gynnsamt för vissa funktionaliteter.

Galvanostatiska profiler och elektrokemiska kapaciteter ges för natrium
och kaliuminlagring i kolfibrer samt effekten av jonernas inlagring på kol-
fibrers mekaniska egenskaper. Både natrium- och kaliumjoner inlagras med
lägre kapacitet än litium i PAN-baserade kolfibrer. Styvheten på kolfibrerna
förblir ungefär samma under inlagringsprocessen för alla joner. Däremot mins-
kar hållfastheten med upp till 28% i kolfibrer fulladdade med natrium. Denna
minskning är återhämtningsbar till en viss nivå: en urladdad kolfiber har 96%
av egentliga styrkan.

Längsgående expansionen i kolfibrer vid inlagring av natrium- och kali-
umjoner mäts. Expansionen blir 0.09% för natriuminjicering och 0.24% för ka-
liuminlagring. Det är mindre än den 0.7% expansion som mäts för litiuminlag-
ring i samma kolfiber.

En analytisk modell baserad på klassisk laminatteori är utvecklad som kan
simulera inlagringsexpansioner i strukturella batterikompositer. Expansioner-
na behandlas på samma sätt som termiska expansioner. Resultaten visar att det
är möjligt att minska globala laminatformändringar och interlaminära spän-
ningar genom att skräddarsy uppläggningssekvensen på anod- och katodlag-
ren. På samma sätt är det också möjligt att skräddarsy formen på de globala
formändringarna.
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Ett koncept för ett kompositlaminat som kan ändra form är framtaget. Det
består av två lager litiumdopade kolfibrer med en keramisk separator emellan.
Alla tre lager är inbäddade i en strukturell batterielektrolyt vilket möjliggör för
joner att transporteras från ett kolfiberlager till det andra. Med hjälp av elekt-
risk ström är det möjligt att överföra litiumjoner från en sida till den andra.
Det gör att ena sidan expanderar längsgående, medan andra sidan krymper,
vilket betyder att laminatet böjer sig. Genom att ändra mängd och riktning
på strömmen kan man kontrollera hur laminatet böjer sig. När strömmen slås
av behåller laminatet sin böjda form, dvs det krävs ingen extra energi för att
hålla deformationen. Frekvensen på formändringen är däremot relativt låg på
grund av den tröga jontransportprocessen.

Piezoelektrokemiska effekten är en spänningstöjningskoppling som upp-
står när kolfibrer innehåller joner. Den har mätts för kolfibrer med litiumjoner
förut och föreslås kunna användas till strukturella töjningssensorer samt ener-
giomvandling. Kopplingen mäts här för natrium- och kaliumjoner . En maxi-
mal kopplingsfaktor på 0.26 V/töjningsmått uppstår med kaliumjoner, vilket
är betydligt lägre än för litiumjoner i samma kolfibrer.

Kopplingsfaktorn från den piezo-elektrokemiska effekten utreds också för
en laminatstruktur. Samma laminatdesign som används för formändringsla-
minatet används även här. Karakterisering av den kompressiva kopplingsfak-
torn mäts för första gången och visas vara av samma storlek som kopplingsfak-
torn vid dragbelastning, men med motsatt riktning. Detta möjliggör en större
spänningsskillnad mellan dem två kolfiberlagren när laminatet böjs. Det kan
vara gynnsamt för framtida töjningssensorer och energiomvandling.

Energiomvandling med litiuminlagrade kolfibrer demonstreras. Samma la-
minatdesign som används för formändringslaminatet används även här. Skräd-
darsydda klämmor möjliggör att applicera böjning med konstant krökning på
laminatet. En specifik elektrisk effekt på 18 nW/g mäts, vilket visar potentialen
att använda denna teknologi för energiomvandling.

Sammanfattningsvis är det visat att det är möjligt att använda joninlagra-
de kolfibrer för att skapa flera funktionaliteter i kompositstrukturer. Genom att
bygga fordon med sådana komponenter kan man minska vikten på en system-
nivå. Trots att det finns mycket forskning kvar att göra inom detta område,
finns det onekligen stor potential för multifunktionella kompositer i framti-
dens strukturer. Den här avhandlingen ger underlag för att fortsätta utveckla
denna teknologi.
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Introduction to appended papers
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Chapter 1

Introduction

There is an urgent need to combat global warming. In 2014 the Intergovernmental
Panel on Climate Change (IPCC) released a report detailing various scenarios for
future global warming, and warned that on the current path, warming was on
track to reach more than 4�C above pre-industrial levels by the end of this century
[1]. The effects this would have are catastrophic: increased drought, irreversible
biodiversity loss, mass-extinctions, an increase in extreme weather events, and
sea-level rise, affecting billions of people around the world [2]. Global warming is
caused by the build-up of so-called greenhouse gases in the atmosphere which trap
solar radiation, disturbing long established weather patterns, and resulting in a
net increase in the global temperature. The effects are not linear in time, as the
complex interaction of the Earth’s climate system results in irreversible tipping
points, which, once crossed, can dramatically accelerate warming [3, 4]. The Paris
Agreement that was signed by 191 countries in 2016 agreed to take action to cap
the global average temperature rise to well under 2�C, and ideally no more than
1.5�C by the year 2100 [5]. This involves a dramatic decrease in greenhouse gas
emissions over the coming decades, and will require societal changes as well as
technological innovations.

Greenhouse gases are made up of a range of different gases including water
vapour, carbon dioxide (CO2), methane, nitrous oxide, and ozone. The gases vary
in their potency for causing warming, so to simplify measurement of these, emis-
sions are often reported in terms of equivalent CO2. Within the European Union a
staggering 3800 Mt of equivalent CO2 are released into the atmosphere every year,

3
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Figure 1.1: Cumulative CO2 equivalent greenhouse gas emissions by sector for Eu-
ropean Union and United Kingdom in 2019. Total annual emissions are equivalent
to 3800 Mt of CO2. Data from European Environment Agency [6].

with the transport industry accounting for approximately 26% of the total — see
figure 1.1 [6]. By reducing greenhouse gas emissions within the transport sector
there is an opportunity to reduce overall greenhouse gas emissions significantly,
and contribute towards maintaining global average temperature rise to 1.5�C.

The move away from internal combustion engines that rely on traditional fuel
sources is the major trend in the transport sector for reducing emissions. This has
disrupted the automotive sector, with rapid electrification of passenger vehicles
such as cars and light goods vehicles during the last 5 years [7], and this trend
looks set to continue. The electrification of aircraft is more challenging, since the
system weight is more sensitive — although the prospect of widespread use of
battery-powered aircraft for short-haul flights seems plausible in the near future
[8, 9].

One of the biggest challenges in electrification in transport is battery energy
density. A state-of-the-art lithium (Li)-ion battery today has an energy density of
about 240 Wh/kg [10], in comparison to petrol which has an energy density more
than 50 times higher, at 12400 Wh/kg [11]. In practice, this means that a much
larger mass of batteries is required to provide the same energy as a given mass of
petrol. The larger vehicle mass then requires more energy to move, which requires
more batteries, resulting in a negative spiral. This trade-off has implications for
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the maximum range of electric vehicles, which is the most common reason for
hesitancy in consumers buying electric vehicles [7].

One way to mitigate this problem is by reducing the mass of the vehicle, which
minimises the amount of energy needed to move it. This can be done by reducing
the mass of various components of the vehicle. An alternative is to combine two
or more functional components into a single component, creating multifunctional
components that reduce mass and volume.

By combining functions it is possible to save mass and volume on a systems-
level. For example, a typical smart phone today can be considered a multifunc-
tional device — as shown in figure 1.2. As well as a phone, it is a video camera, an
internet browser, a camera, a portable music player, a torch, and much more. By
combining these functionalities into one device, it is possible to save weight due
to the multifunctional benefit created by shared components such as the battery
and central processing unit (CPU). It would be very impractical to carry around
multiple monofunctional devices to enable the same level of functionality!

The same principle applies to multifunctional materials. By combining more
than one function in a material it is possible to save mass and volume on a systems-
level [12, 13]. For example, by combining the structural and electrochemical prop-
erties of carbon fibres (CFs) for use in structural batteries it has been shown that
mass reductions of around 50% can be achieved for certain components [14].

This thesis focuses on the conception of multifunctional materials based on the
structural and electrochemical properties of CFs. Functionalities in focus are the
structure, energy storage, shape-morphing, energy harvesting, and strain-sensing
as shown in figure 1.3. The aim is to demonstrate that multifunctional materials
are viable, and to explore the possibilities for different functionalities.

All the major scientific content of this thesis has been published in, or sub-
mitted to, peer-reviewed journals, and the reader is referred to these for a more
in-depth presentation of results and methods. The goal of this thesis is to provide
an overview of the work conducted, fill in background information not consid-
ered relevant for journal publication, and to show how the different works are
interrelated and build upon one another.

One of the issues with cross-disciplinary research is that often researchers will
have a detailed understanding of only a portion of the presented work, while be-
ing relatively unknowledgeable about the rest. For that reason, this Introduction
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Figure 1.2: Devices such as smart phones incorporate many different functions
into one device. By sharing components such as the battery and CPU it is possible
to create a small, lightweight device that is easy to carry.
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Figure 1.3: By combining two or more functionalities into a single material it is
possible to save weight on a systems-level. This thesis will focus on multifunc-
tional CF composites for structural energy storage, shape-morphing, energy har-
vesting, and strain-sensing.
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section will give an overview of the basic concepts involved in both CF compos-
ites as well as batteries to help fill those knowledge gaps. For readers familiar with
one or both, it is advised that you skip over the appropriate sections. The end of
the Introduction chapter introduces structural batteries, morphing, strain-sensing,
and energy harvesting technologies. Chapter 2 presents the main results and tech-
niques from each of the published/submitted journal articles. Chapter 3 offers a
discussion of the results. Chapter 4 casts an eye to the future and explores how
this work can progress. Chapter 5 summarises the contributions this thesis work
has made to the field, and finally Chapter 6 offers some concluding comments.

1.1 Composites and carbon fibres

A composite material is usually defined as a mixture of two or more materials that,
when combined, results in more favourable properties than the sum of the proper-
ties of the constituent materials. The constituent materials must be mechanically
separable from one another, and so materials such as alloyed metals are not con-
sidered to be composites. Materials are often combined into composites to enhance
properties such as strength, stiffness, corrosion resistance, fatigue life, and thermal
insulation [15].

Composites have been used for millenia — with some of the earliest exam-
ples consisting of straw mixed with mud to form reinforced bricks [15]. More
recently, fibre reinforced composites (FRC) have become popular in applications
where high strength and stiffness are required, but with a low weight (see figure
1.4). FRCs generally consist of fibres embedded in a matrix material. Typically the
fibre acts as the structurally reinforcing material, while the matrix acts to transfer
load between fibres.

Common reinforcing fibres include glass, aramid, and CFs. The most common
matrix materials are polymers, which can be broadly categorised into either ther-
moplastic or thermoset polymers. Thermoset resins, once cured, retain their shape
permanently, while thermoplastics can be hardened, and then reformed by further
heating. Thermoplastics are favourable as they allow components to be reworked,
and recycled more easily. However, in high performance composites, issues with
mechanical performance have meant that thermoset matrices dominate [16]. Typ-
ically thermosets are divided up into groups such as epoxies, vinyl esters, and
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Figure 1.4: Fibre reinforced composite materials are used in a wide variety of dif-
ferent industries, most often when high strength and stiffness are required, but
with low weight.

polyesters.

The choice of reinforcing fibre and matrix depends on the desired properties
of the eventual material. For example, glass fibres are relatively stiff, strong, and
cheap, while CFs are generally stiffer and stronger, but more expensive. Epoxies
offer excellent mechanical properties but are expensive, can cause skin irritation,
and suffer from moisture ingression. Vinyl esters have poorer mechanical proper-
ties, but are relatively cheap and less hazardous.

CF-based composites have been the focus of much development over the last
few decades, in particular in the aerospace industry [17], but increasingly in the re-
newable and automotive sectors [18]. This has been driven by a need for lightweight,
stiff and strong materials.

CFs also have some interesting properties besides their mechanical character-
istics. They are relatively good electrical conductors [19], are piezoresistive (their
electrical resistance changes with mechanical strain) [20], and have been shown
to be amenable to being charged with lithium [21]. These characteristics have
spawned a range of research focussing on multifunctional CF-based materials,
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Figure 1.5: Various forms of CF, including: (a) individual fibres (b) a fibre tow (c)
a woven fabric.

such as structural strain-sensors [20], structural supercapacitors [22], and struc-
tural batteries [23].

In this thesis, the focus will be on the ability of CFs to be charged with ions,
and the resulting functionality that enables.

Carbon fibres

CFs are thin carbonised filaments (see figure 1.5a). There are several different pro-
cesses for producing CFs, however, common elements are shared by all. Fibres are
produced from a precursor, which is normally some form of polymer. Typical pre-
cursors include polyacrylonitrile (PAN), pitch, or even bio-based polymers such
as lignin [24]. These precursors are spun into a fibre form, a process which de-
termines the eventual diameter of the fibres. Adding plasticisers can help achieve
thinner fibres — with PAN-based fibres typically having a diameter of around 5
µm. The spun fibres then go through a pre-heating step known as stabilisation
between 200–300�C. The fibres are then carbonised in an inert atmosphere using
a higher temperature heating step between 1000–1500�C. After carbonisation the
fibre typically has a carbon content greater than 90% by weight [25]. Following
this, an optional graphitisation step between 2000–3000�C can be added in order to
achieve a higher degree of graphitic carbon.

The microstructure of CFs varies depends on the precursor as well as the pro-
cessing parameters used during the different manufacturing steps [25]. The mi-
crostructure is described in terms of the characteristics of the graphitic basal planes
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present after carbonisation. The degree of preferred orientation, the interlayer
spacing, the porosity, and level of graphitisation of these planes are commonly
used to describe the microstructures [25]. Increasing the carbonisation tempera-
ture typically increases the degree of graphitisation, while the tensioning of the
fibres during stabilisation impacts the degree of preferred orientation. These in
turn have an effect on the macroscopic properties that the CFs exhibit [25]. For ex-
ample, the higher degree of graphitisation achievable with pitch-based CFs gives
them a higher mechanical stiffness and better electrical conductivity than PAN-
based fibres. PAN-based fibres on the other hand have a more amorphous mi-
crostructure (lower degree of preferred orientation), which makes them less brittle
than pitch-based fibres [26].

After the heating steps, CFs usually go through a surface treatment, and a layer
of sizing is applied. This sizing is a thin layer of polymer that helps improve the
handling properties of the fibres, as well as improve the interfacial bonding prop-
erties to eventual matrices. Individual CFs are combined into bundles known as
tows, which typically consist of 6000, 12000, or 24000 filaments (see figure 1.5b).
These tows are then rolled onto a spool ready for production or further processing
such as weaving or stitching (see figure 1.5c) [19, 25].

Composite design

FRCs made from continuous fibres are most often designed as layered or lami-
nated structures (see figure 1.6). This is due to the ease with which fibres can
be processed into effectively two-dimensional sheets through weaving or stitch-
ing. These woven or stitched sheets can then be laid on top of each other to form
a stack. Each individual layer is referred to as a lamina, while the entire stack
is known as a laminate. Since fibres have different mechanical properties along
their length compared to along their radial axis, woven and stitched sheets can be
designed to have different mechanical properties in the longitudinal, transverse,
and through-thickness directions. This gives the resulting material properties that
vary between each of the three orthogonal axes, known as an orthotropic mate-
rial. This is in contrast to an isotropic material, which has the same properties
in all directions. Furthermore, each individual lamina within a stack can have its
own orientation which can be used to further tailor the resulting laminate’s overall
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Figure 1.6: Examples of symmetric laminated composite layups. (a) A unidirec-
tional six ply laminate. (b) A cross-ply six ply laminate.

mechanical properties.

The most straightforward way to stack laminae into a laminate is unidirection-
ally, i.e. where each ply has the same orientation. Figure 1.6a shows such a lam-
inate with the following orientations: [0� 0� 0� 0� 0� 0�]. When the laminae are
stacked with different orientations it is important to ensure that warping does not
occur due to dissimilar mechanical properties (such as thermal expansion coeffi-
cient) through the thickness of the stack. The most straightforward way to ensure
this is by using a stacking sequence that is symmetric about the mid-plane of the
laminate. For example, a 6-layer laminate might have laminae with the following
orientations: [0� 90� 0� 0� 90� 0�] as shown in figure 1.6b. This is then known as
a symmetric laminate. Symmetric laminates are typically more straightforward to
model, as they have the same material properties on both sides of the mid-plane.
This means that there are no couplings between modes of deformation, i.e. bend-
ing and extension [15]. Unsymmetric laminates have no symmetry around the
mid-plane, but can be advantageous in certain applications.

One of the common failure modes of composite laminates is delamination. This
occurs when the stresses between the laminae (interlaminar stresses) overcome the
matrix adhesion, causing the laminae to debond from one another (see figure 1.7).
Careful consideration must be given during the design of a composite laminate to
ensure that the risk of delamination is low for the expected load cases.
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Figure 1.7: An example of multiple delamination failures of a CF composite joint.

Composite manufacture

There are many different ways to manufacture an FRC, all of which involve com-
bining the matrix and fibres of the composite in some way and hardening them
into the desired form. Since the composite material is typically manufactured at
the same time as the composite part, the chosen method of manufacture is often
part-dependent. Considerations generally include size and shape of the eventual
part, materials that are being used, cost, as well as the desired performance and
quality.

Combining the matrix and fibres in a controlled way that results in the desired
part-qualities is difficult. Ideally, the aim is to end up with an even distribution
of matrix, that coats each of the individual fibres, and leaves no bubbles that can
decrease the mechanical properties of the finished part. Many different methods
exist, with varying degrees of complexity and automation. Most rely on various
combinations of pressure, suction, and heat to impregnate the fibres with resin.
The main technique used in this thesis is vacuum infusion.

Vacuum infusion is illustrated in figure 1.8 and involves 3 basic steps: the dry
layup, the infusion of resin into the fibres, and the hardening. The dry layup step
consists of laying the dry fibres in the desired stacking sequence onto a mould
tool. The resin is mixed and then infused into the fibres using a combination of
vacuum, heat, and/or external pressure. This involves using some form of cover,
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Figure 1.8: Process for manufacture of CF composite using vacuum infusion. (a)
Dry CFs are placed on a mould. (b) The resin is mixed. (c) The resin is vacuum
infused into the CFs. (d) The resin is cured, and the composite can be removed
from the mould.

such as a vacuum bag or a secondary mould tool that creates a cavity into which
resin can be infused. The resin is hardened using a combination of heat and/or
pressure. Lastly, the composite can be removed from the mould.

1.2 Structural batteries

The topic of structural batteries has been gaining increased focus in recent years
due to the positive spiral created by reducing weight in battery-powered trans-
port: by decreasing the weight of a vehicle, fewer batteries are required, which in
turn decreases the weight of the vehicle further.

The basic structural battery concept involves the battery itself bearing mechan-
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ical load while simultaneously storing electrochemical energy. This is typically
done using structural materials for the primary battery components: i.e. the elec-
trodes, separator, and electrolyte. The combination of the two functionalities of
structure and energy storage in a single multifunctional material has the poten-
tial to save significant weight and volume compared to using two monofunctional
components [14].

This section gives an overview of battery technology as well as a brief summary
of the recent progress on structural batteries.

Batteries

Basic functioning

A battery is a device that can be charged with energy, and from which that en-
ergy can be released at a desired point in the future. In a primary battery this
charge/discharge process can be carried out once, while in a secondary battery it
can be carried out many times. A schematic of a typical battery cell is shown in
figure 1.9. Battery cells consist of two electrodes — one negative, and one posi-
tive — immersed in an ionically conductive material known as an electrolyte. The
two electrodes have different electrochemical potentials, which means that when
the two electrodes are connected via current collectors to an external circuit, elec-
trons spontaneously flow from the more negative side to the more positive side.
Simultaneously ions flow through the electrolyte to balance the charge difference,
as illustrated in figure 1.9 [27]. The two electrodes must be electrically isolated
from each other within the cell, to prevent an internal short-circuit. This is typi-
cally done using an electrically insulating material referred to as a separator. The
electrodes are electrically connected to the external circuit using current collectors.
These are typically metal foils that the electrode material is adhered to. It is com-
mon for a battery to be made up of several cells connected in series, which can be
used to tailor the overall voltage of the battery.

Li-ion cells typically use carbon in the form of graphite as the negative elec-
trode material. Lithium inserts between graphene sheets in the graphite microstruc-
ture in a process known as intercalation — this process is illustrated in figure 1.10.
Lithium nickel manganese cobalt oxides (NMC) are most often used for the posi-
tive electrode due to their high energy density. However, the comparative scarcity
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Figure 1.9: Schematic of a typical Li-ion battery cell.

of cobalt, as well as ethical issues surrounding its extraction, have meant that
lithium iron phosphate (LFP) is becoming more popular again [28, 29]. Copper
current collectors are commonly used on the negative electrode, while aluminium
is commonly used on the positive electrode.

When an electrode is first charged a layer typically forms on its surface known
as the solid electrolyte interphase (SEI). This passive layer is made up of both inor-
ganic and organic components of the salt and solvent in the electrolyte, and offers
protection against further electrolyte degradation ensuring the stable functioning
of the battery [30]. Charge is consumed in the formation of the SEI which can
result in capacity appearing to decrease during the first few cycles of a battery,
although a stable SEI layer is generally formed after 5–10 cycles.

The cell voltage is defined as the potential difference between two electrodes at
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Figure 1.10: Lithium intercalating between graphene sheets

any one time. The open-circuit potential (OCP) is the cell voltage when the external
circuit is disconnected. The overpotential of an electrode is the deviation of the
voltage from the equilibrium potential when current is applied. The gravitational
current density is the current per unit of electrode mass used to charge/discharge
the electrode. A lower currrent density gives a longer charge time, but usually a
higher capacity, and vice-versa. The state of charge (SOC) of a cell is the ratio of
an electrode’s capacity to its maximum capacity, usually reported in percent. An
SOC of 0% indicates that an electrode is fully discharged, while an SOC of 100%
indicates that an electrode is fully charged [31].

Beyond Li-ion

Li-ion batteries have been the predominant battery chemistry for applications in
high energy density, and lightweight batteries since 1991, when Sony commer-
cialised the technology [27]. Since then, the majority of battery research and devel-
opment has focussed on Li-ion chemistry. Today, the need for batteries is booming:
rapid electrification in the transport sector; skyrocketing demand for electronic
portable devices such as laptops, mobile phones, and smart watches; and the need
for battery storage to bridge gaps in intermittent renewable energy supplies, all
contribute to a huge global demand. This has led to concerns about the sustainabil-
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ity of Li-ion batteries, due to the limited abundance of lithium, and more acutely
of cobalt, which is often used in positive electrodes for Li-ion batteries. These con-
cerns have created an interest in recycling of battery materials [32], but also for
alternative battery chemistries.

Until the 1980s, sodium-ion chemistry was considered as good as Li-ion, and
has recently experienced a resurgence in interest alongside potassium-ion chem-
istry. Sodium and potassium are much more abundant than lithium globally. Cells
have the same architecture as Li-ion cells, although with different electrode mate-
rials that avoid the need for cobalt. One major difference is that sodium does not
intercalate readily between graphene sheets, and so using graphite as an electrode
material results in very low capacity. For this reason, hard carbons (carbons that
cannot be graphitised) are used [33]. These carbons have a more amorphous, ran-
domly oriented microstructure consisting of interlacing, curved graphitic layers,
similar to the house of cards structure proposed by Dahn et al. [34]. Sodium inserts
into the microstructure of these hard carbons, but does not intercalate. Potassium
does intercalate, but not as readily as lithium.

Sodium and potassium also have the added advantage that neither alloy with
aluminium, which means that aluminium current collectors can be used on both
electrodes — saving weight and cost over copper current collectors used in Li-
ion cells [35]. This has the knock-on advantage that sodium and potassium cells
can be short-circuited without damaging the electrodes. This makes transport of
sodium and potassium cells much safer since they can be transported at 0 V, and
hence avoid the costly issues that effect transport of Li-ion batteries today [36]. De-
spite this, it is unlikely sodium and potassium chemistries will be able to compete
with the energy densities of Li-ion, but can certainly offer a sustainable alternative
where weight and energy density are less critical.

Structural batteries

Structural batteries are a concept whereby battery cells are capable of bearing me-
chanical load through the use of structural materials in the cell components such
as the electrodes or separator. It is important here to distinguish between embedded
batteries and structural batteries. The former consists of conventional battery packs
embedded in existing structures [37, 38, 39, 40, 41]. Embedded batteries do not
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Figure 1.11: An example concept for a structural battery, featuring a CF negative
electrode, CF reinforced positive electrode, a glass fibre separator and an SBE.

contribute to the mechanical performance of a structure, and therefore struggle to
provide mass and volume savings compared to two monofunctional components.

There are similarities between the structure of conventional batteries and lami-
nated CF composite materials: both consist of layered structures, and both contain
carbon. It is therefore not difficult to imagine a laminated structural energy-storing
composite material, such as the one shown in figure 1.11.

Structural batteries were first described in 2004 by researchers working at the
US Army Research Lab [42]. They proposed that by integrating structural and en-
ergy storage functionality into the same material it would be possible to save sig-
nificant weight and volume on a systems-level. They later demonstrated the con-
cept in 2007 using a CF negative electrode, a positive electrode consisting of LFP
deposited on a stainless steel substrate, a glass fibre separator, and a vinyl-ester
based electrolyte [43]. However, difficulties with electrical insulation meant that
they were unable to report energy storage performance. Since then research has
focussed on optimising the various components for better mechanical and electro-
chemical performance.

The most commonly proposed negative electrode material for structural batter-
ies is CF (see figure 1.11). CFs have been demonstrated as negative electrodes for
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Li-ion batteries since at least the 1980s [21], however it has not been until more re-
cently that research has focussed on exploiting their mechanical and electrochemi-
cal properties simultaneously. Various kinds of CFs have been shown to intercalate
lithium: including pitch-based [44], PAN-based [45], and even lignin-based fibres
[46]. However, the microstructure of PAN-based CFs of intermediate modulus
appears particularly amenable to lithium insertion — consisting of both graphitic
and amorphous carbon [26] — while demonstrating good mechanical properties
[45, 47, 48, 49].

The choice of positive electrode material has been less obvious for structural
batteries. This is due to the lack of a good structural material with a sufficient po-
tential difference to produce a useful battery cell against CFs. Approaches there-
fore generally follow the methodology proposed originally by the researchers at
the US Army Research Lab: using a structural substrate, and coating it with a
positive electrode material such as LFP [42]. Proposed structural substrates have
included CFs themselves [50, 51], stainless steel [43], and aluminium [52]. The
most favourable of these from a weight perspective is CF.

One of the most critical components in a structural battery is the electrolyte.
Electrolytes in typical batteries are liquids, which is problematic from a structural
standpoint, as liquids do not transfer mechanical loads very well. Recently, the
field of solid electrolytes has gained a lot of focus, mostly due to enhanced safety
and decreased fire risk compared to liquid electrolytes [53]. Ionic conductivity in
liquids is generally much higher than in solids, which means that batteries with
solid electrolytes suffer from higher internal resistances which result in lower ca-
pacities and slower charge/discharge times. This creates a problem for structural
batteries, where electrolytes with good mechanical performance typically offer
poor electrochemical performance and vice-versa [54].

Recently, structural battery electrolytes (SBEs) have proven to provide a good
compromise: offering good mechanical performance as well as acceptable elec-
trochemical performance [55, 56]. SBEs have an inhomogeneous microstructure,
consisting of two percolating phases: a polymer phase which offers mechanical
load transfer, and a liquid electrolyte phase which facilitates ion transfer. Such
SBEs are used in the work carried out in this thesis.

Examples of structural batteries being used in applications can be found in
Moyer et al. [57] where they implement a CF/LFP structural battery in a Cube-
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Sat platform; and Wang et al. [58] where they use zinc chemistry combined with
an aramid nanofibre reinforced separator to make a corrugated structural battery
which they then implement in a small flying drone.

1.3 Morphing materials

Structures that can change shape are desirable in a wide range of different appli-
cations. For example, aircraft geometries are often optimised for most efficient
flight during cruise, while various mechanical devices on the aircraft’s wings alter
their geometry for more efficient flight during landing and take-off. Similarly, it
is useful to be able to trim the aerodynamic profile of wind turbine blades to stay
within the operational windows of their generators over a wide range of wind
speeds. Satellites ideally need to occupy as little volume as possible during launch
from Earth, but during their operational life need to harvest solar rays to generate
power. This requires the deployment of large surface area solar panels.

Structures that can morph typically rely on actuators such as mechanical mo-
tors, hydraulics or solenoids to enable shape changes. These actuators are often
heavy and mechanically complex, which makes them expensive to maintain, and
undesirable in aerospace applications where mass is critical. In fluid dynamics, a
further issue with such actuators is the so-called flexible skin problem. This arises
from the need for morphing surfaces in fluid flows to be stiff enough to support
fluid loads, while being flexible enough to be easily morphed [59, 60].

One way to overcome the flexible skin problem and to reduce mechanical
complexity is to use solid-state morphing materials. These are materials that can
change shape, rather than collections of components that enable shape-changing.
There is a range of solid-state morphing materials that are often characterised by
their actuation force, operating frequency, stiffness, and efficiency [61].

Piezoelectric materials are some of the most common. Piezoelectrics have a
coupling between mechanical strain and voltage which arises from the accumula-
tion of dipole moments in their crystalline structure [62, 63]. Piezoelectric materi-
als can generally be categorised into two broad types: piezoceramics and piezopoly-
mers [62]. They offer high operating frequencies and reliability. However, they
are non-structural and rely on high driving voltages in order to change shape
[64, 65, 66].
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Pseudocapacitive materials rely on an accumulation of charge on their surface
that alters the shape of the internal material structure to create shape changes.
These rely on high surface area materials such as carbon nanofibres to operate,
and are able to deliver high actuation frequencies and large strains at low voltages
[67, 68, 69, 70, 71, 72, 73, 74]. However, they are most often not truly solid-state as
they rely on liquid electrolytes in order to function, which limits their structural
functionality.

Shape-memory alloys (SMAs) are capable of changing shape due to changes in
their crystalline structure at different temperatures [75]. This temperature change
can come from the surrounding environmental conditions, or be activated by a
heating system. They have been used across a range of applications in the aerospace
industry [76]. However, the reliance of a change in temperature to create a shape-
change limits their application.

Piezoelectric and pseudocapacitive materials as well as SMAs also all rely on
a continuous control input (e.g. electric field or temperature change) to maintain
their deformation. This can be problematic, particularly considering that this can
mean applying and maintaining an electrical potential of thousands of volts.

Recently, a field of research has opened up for intercalation-based actuators.
These rely on deformations caused by ion-insertion to create a shape-change [77,
78, 79, 80]. The ion-insertion mechanism is identical to that used in batteries, ex-
cept that for battery applications electrode swelling is generally a negative phe-
nomenon that researchers try to suppress. By exploiting this swelling, actuators
and morphing materials can be conceived.

Intercalation-based actuators have been shown to provide high actuation forces
at low voltages. They are also inherently capable of producing a so-called zero-
power hold: maintaining their deformation state even after the control input is
turned off. However, intercalation-based actuators are limited by the inherently
slow ion-diffusion process, meaning they have low operating frequency. They
also typically rely on liquid electrolytes in order to function, which limits their
structural usefulness.

PAN-based CFs have been shown to work as an intercalation-based actuator
using lithium [81]. CFs were found to expand up to around 1% along the fibre di-
rection. Radial expansions in CFs were also measured using a statistical technique,
and have been found to be approximately 5% [81]. This expansion is caused by
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deformation of the microstructure of the CFs when lithium is inserted. The expan-
sion of the interlayer spacing in graphite has been measured during lithium in-
tercalation using X-ray Diffraction (XRD), and found to be around 13% [79]. This
is much greater than the expansion in either the radial or axial directions in the
CF. The microstructure of the T800 CFs is composed of amorphous regions of car-
bon as well as more crystalline graphitic regions [48, 49]. It is likely that when
lithium inserts into the more porous amorphous regions of carbon that the result-
ing expansion is less than that of the graphitic regions. Graphite also has a smaller
interlayer spacing to begin with: 3.35Å compared with 3.7Å for the T800 CF used
in the expansion study [82, 48]. The combination of this likely results in a lower
global expansion of the CFs.

By combining CFs with an SBE it is thought that a structural morphing material
could be conceived, and will be further explored in this thesis.

1.4 Strain-sensing

Being able to sense the state and level of strain in a structural system during op-
eration is desirable in many cases. This ability is often referred to as Structural
Health Monitoring (SHM), and can dramatically reduce maintenance costs and
improve safety of structures. Typically, maintenance of structures such as bridges
or aircraft wings is scheduled at regular intervals, in order to capture and repair
damage before it becomes dangerous. This often results in structures being taken
out of operation more regularly than is necessary — incurring extra cost — and can
sometimes fail to capture unpredicted damage before it causes dangerous failure.

For composite materials, several different materials and methodologies have
been demonstrated for real-time strain-sensing. Arrays of piezo-electric sensors
that exploit the mechano-electro coupling of dielectrics can be adhered to the sur-
face of, or embedded within [83, 84], a composite structure. These add parasitic
weight to the structure, and adversely affect the mechanical properties, particu-
larly when they are embedded. Optical glass fibres can be integrated into com-
posite structures. It is then possible to use changes in the optical properties of
light shone through the fibres to measure strain by exploiting various techniques,
such as Brillouin and Raman scattering [85], and fibre Bragg gratings [86]. How-
ever, these optical fibres have a significantly larger diameter than typical reinforce-
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ment fibres in composite materials, creating resin-rich areas and stress concentra-
tions that reduce the mechanical performance of the structure [87]. Piezoresis-
tive materials have been used to measure strain in various configurations. These
methods involve using resistance changes in conductive elements to correlate to
strain. These conductive elements include the reinforcement material itself (e.g.
CFs [20]), embedded metallic nanowires [88], and dispersed conductive fillers
such as carbon nanotubes or graphene platelets [89]. Such piezoresistive have
also been proposed for damage detection in composite structures by using, for
example, embedded zinc oxide nanowires [90] and commercial glass fibres [91].
Although promising, piezoresistive materials only offer a change in electrical re-
sistance when strained and are therefore limited to applications in multifunctional
strain-sensing/damage detection.

The piezoelectrochemical transducer (PECT) effect is a coupling between me-
chanical strain and electrical potential in ionically charged materials [92]. It has
been shown to exist for a number of materials such as silicon [93, 94], aluminium
[95], black phosphorus [96], Prussian blue [97], as well as PAN-based CFs [98].
Typical battery cells also exhibit the PECT effect, and it has even been suggested
that it could be used as a way of monitoring battery health [99].

Jacques et al. [98] showed that the PECT effect exists in lithiated CFs. A pouch
cell containing CFs and a lithium metal counter electrode was mounted in a tensile
tester and loaded along the fibre direction. The cell OCP was measured while a
cyclic strain was applied. The coupling factor — the ratio of change in voltage to
applied strain — was found to be highest at around 50% SOC, and reached up to
1.5 V/unit strain [100]. However, these tests relied on a liquid electrolyte, meaning
that the CFs could only be considered structural in tension.

To create a true structural strain sensor, CFs could be combined with an SBE
to form a structural composite material. This would also enable the PECT effect
to be measured in compression for the first time for CFs. It is not known whether
sodiated or potassiated CFs exhibit a PECT response, and whether this may in fact
be larger than that of lithiated CFs. These possibilities will be examined further in
this thesis.
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1.5 Energy harvesting

Energy is all around us in our environment, from the wind blowing, to the sun’s
rays, to the waves in the ocean. The renewable energy industry develops devices
that can extract this energy using wind turbines, solar panels, and wave energy
converters and feed it into the electricity grid. However, there are many smaller
sources of energy that surround us that can potentially be used to provide energy
to low-powered electronics. This is known as micro-energy harvesting or scaveng-
ing and is enabled by devices that couple an environmental input (e.g. motion or
heat) with the production of current flow [101].

The concept of having structures that can harvest strain energy is attractive
from a multifunctional perspective. However, the challenge is to find materials
that exhibit properties amenable to energy harvesting, at the same time as per-
forming well mechanically.

The piezoelectric effect is probably the most well known voltage-strain cou-
pling. Commonly used piezoelectric materials include quartz, lead zirconate ti-
tanate (PZT), aluminium nitride (AlN), zinc oxide (ZnO) and polyvinylidene flu-
oride (PVDF) [102]. The piezoelectric effect causes electrical dipole moments to
be created on the molecular level in these materials when a mechanical strain is
applied, which can be used to drive a current — converting mechanical work into
electricity. Piezoelectric materials are typically quite brittle, with the exception of
PVDF — although the latter exhibits a considerably lower piezo-response in com-
parison to piezoceramics [102]. Piezoelectric devices have been embedded in com-
posites before in order to harvest energy using structures [70, 103]. However, as
for piezoelectric strain-sensing, they add parasitic mass and have generally poor
mechanical properties.

Triboelectric energy harvesters rely on a combination of the triboelectric effect
as well as electrostatic induction [102]. Many different material combinations have
been used to demostrate triboelectric energy harvesters, and the technologies ap-
pear very promising for energy harvesting in a variety of different applications
[104, 105, 106, 107]. However, as for piezoelectric energy harvesting, triboelectric
energy harvesting is less efficient at low frequency.

The PECT effect has been used for energy harvesting previously in non-structural
materials [93, 94, 95, 96, 97, 100]. Even standard graphite/lithium cobalt oxide
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pouch cells have been used for energy harvesting [108, 109]. Figures of merit for
PECT energy harvesters are given in Preimesberger et al. [110]. These concepts
have all relied on liquid or gel electrolytes in order to function, and therefore can-
not be considered fully structural.

PAN-based CFs have been shown to be capable of energy harvesting using the
PECT effect [100]. By combining mechanical strains and applied current it was
possible to delithiate the CFs at a higher potential than they were lithiated at. This
is a result of the mechanical work being converted into electrical energy.

It is thought that by combining CFs with an SBE it should be possible to create
a fully structural energy harvester based on the PECT effect. This will be explored
further in this thesis.

1.6 Research objectives & scope

The overall aim of this PhD research is to advance the understanding of ion-
insertion expansions and the PECT effect in ion-inserted CFs, and consider func-
tionalities that can arise from the observed effects. A list of objectives is sum-
marised below:

• Explore how CFs behave when inserted with sodium and potassium in terms
of:

– mechanical integrity and implications for use in multifunctional struc-
tures

– electrochemical capacity and cyclability

– magnitude and rate of mechanical expansion for use in structural bat-
teries and morphing structures

– magnitude and behaviour of PECT effect for strain-sensing and energy
harvesting

• Explore whether different stacking sequences can be used to suppress or
maximise the global deformations caused by ion insertion strains in a CF
composite structural battery.

• Observe and analyse the compressive PECT effect in CFs.
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• Demonstrate whether ion-insertion expansions in CF/SBE composites can
be used for creating morphing structures.

• Demonstrate whether the PECT effect in lithiated CF/SBE composites can
be exploited for strain-sensing and energy harvesting.

The scope of this work includes investigating the PECT effect and expansions
using lab-based electrochemical and mechanical methods. Lab-scale demonstra-
tion of morphing, strain-sensing, and energy harvesting materials is included in
the scope of this work. A detailed understanding of the origins of the PECT ef-
fect is outside the scope of this work. Demonstration of technologies in specific
applications is also considered beyond the scope of this work.





Chapter 2

Methods & Results

In this chapter a summary of the main results from the appended papers is given.
The section starts with results showing the galvanostatic cycling performance of
PAN-based CFs when inserted with potassium and sodium, compared to lithium.
Details of the mechanical properties of the CFs are then described before and after
electrochemical cycling. The last three sections of the chapter focus on the func-
tionalities of morphing, strain-sensing, and energy harvesting respectively. Each
section begins with a description of the background as to why the experiments
were conducted, followed by a brief description of the techniques used to obtain
the results. The key results are then presented. For more comprehensive descrip-
tions, please refer to the individual appended papers. Miscellaneous techniques
that are considered too basic to include in the published articles are given in Ap-
pendix A of this thesis. For the reader considering carrying out similar experi-
ments, a discussion of the limitations of the techniques is given in Appendix B.

2.1 Galvanostatic cycling of carbon fibres vs. lithium, sodium,

and potassium

Background: electrochemical cycling performance

It is important to understand some of the basic electrochemical characteristics of
PAN-based CFs when charged and discharged against various alkali metals. Char-
acteristics such as the capacity at full charge, first-cycle losses, galvanostatic pro-

29
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file, and overpotentials all have implications for the multifunctionality of the CFs.
For example, if the first-cycle losses are high (due to e.g. SEI formation), a lot of
the counter-electrode capacity may be consumed on the first cycle, lessening the
subsequent cycle capacities, and limiting the multifunctional performance. Sim-
ilarly, if the overpotentials are high and growing, it indicates that there may be
side-reactions occurring in the cell, limiting the efficiency of the charge/discharge
process. The techniques and results in this section are summaries of those pub-
lished in papers A and B.

Techniques: electrochemical cycling performance

The electrochemical cycling was carried out using half cells. Figure 2.1 shows a
schematic of the generic half cell setup. The appropriate alkali metal was used as
a counter-electrode to the Toray T800HB CFs and treated as an infinite source of
metal ions. This was done to simplify the electrochemical process, and to avoid
capacity limitations from the counter-electrode. An electrolyte-soaked separator
was sandwiched between the CFs and the counter electrode to prevent electrical
short-circuits.

Figure 2.1: Schematic of the half-cell used for galvanostatic cycling.

All half-cells were assembled in a glovebox with an argon atmosphere with less
than 5 ppm O2 and H2O at ambient temperature. Half cells were manufactured
in a pouch cell format. This was the most practical form for the cells for several
reasons: it allows flexibility in terms of the size of the electrodes; there is no need
to stamp the electrode materials; and they are relatively cheap.

For lithium half cells, sheets of lithium metal foil were used as the counter-
electrode attached to a nickel current collector. Copper current collectors were
attached to the CFs.

Sodium and potassium foils were prepared from metal cubes. This was done
using a scalpel to slice the cube before rolling out the slice to form a foil. This
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process was carried out inside the glovebox to avoid oxidisation of the metal foils.
Aluminium current collectors were used on both sides of these cells as there was
a lower risk of galvanic corrosion.

All materials were dried in a vacuum drier overnight at 60�C prior to being
put inside the glovebox. The materials were assembled as shown in figure 2.1 and
vacuum sealed in a pouch bag. A potentiostat was then used to apply a current.
More information on current densities and the process for cell cycling can be found
in Appendix section A.2.

Results: electrochemical cycling performance

Figure 2.2a shows the galvanostatic charging profile for PAN-based CFs cycled
against lithium metal at a current density of 37 mA/g. The first-cycle capacity
is around 410 mAh/g, dropping to around 260 mAh/g by the 10th cycle. The
galvanostatic profile is quite clearly staged, with a steep slope down to around 0.25
V, then a short plateau, and a shallow slope down to 0 V. The discharge profile is
staged in a similar way, albeit with a less defined plateau. The overpotential is low,
and the cycling stability appears to be good within the first 10 cycles, suggesting
efficient cycling with few side-reactions.

Figure 2.2b shows the galvanostatic charging profile for PAN-based CFs cycled
against sodium metal at a current density of 34 mA/g. The first-cycle capacity is
around 135 mAh/g, dropping to around 70 mAh/g by the 10th cycle. This is a
much lower capacity than was achieved for cycling against lithium, and is typical
for carbonaceous materials when cycled against sodium metal. The galvanostatic
sodiation profile is divided into two defined stages: a sloping region down to
around 0.1 V and a plateau stage down to 0 V. The overpotential is around 0.1 V
and appears to be consistent, suggesting a stable SEI layer.

Figure 2.2c shows the galvanostatic charging profile for PAN-based CFs cy-
cled against potassium metal at a current density of 30 mA/g. The first-cycle ca-
pacity is around 130 mAh/g, dropping to around 65 mAh/g by the 10th cycle.
This is similar to the capacities obtained when cycling against sodium metal, and
considerably lower than those achieved when cycling against lithium metal. The
galvanostatic profile has no defined plateau, with a relatively linear potassiation
curve down to 0 V. The overpotentials are much larger than for that of lithium
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Figure 2.2: Galvanostatic cycling curves for CFs against (a) lithium metal at a
current density of 37 mA/g (b) sodium metal at a current density of 34 mA/g
(c) potassium metal a current density of 30 mA/g metals. Figure modified from
Harnden et al. [111].
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or sodium, with a first depotassiation overpotential around 0.25 V and increasing
to 0.37 V by the 10th depotassiation. This suggests that the SEI layer is possibly
still growing, and there are other side-reactions taking place within the half-cell.
It is likely that the electrolyte used was sub-optimal, since there have been few
comprehensive studies published to date regarding potassium-based electrolytes.
Using a different solvent such as EC:PC, or EC:DEC may help to alleviate the large
and unstable overpotentials [112, 113].

Overall, lithium performs best in terms of capacity and cycling stability when
cycled against PAN-based CFs. Sodium and potassium appear to have similar
galvanostatic cycling characteristics.

2.2 Mechanical properties of carbon fibres after ion-insertion

Background: Mechanical properties after ion-insertion

To use ion-functionalised CFs in structural components, it is important to under-
stand the effects of ion-insertion on the mechanical properties of the CFs. An
overview of how the mechanical stiffness and failure strength of PAN-based CFs
after lithium, sodium, and potassium insertion is given here. Results are com-
pared with the CF properties measured prior to electrochemical cycling — known
as virgin CFs. Results for lithium-insertion are taken from Jacques et al. [114]
which was conducted prior to this thesis work, but is presented here for compar-
ison. The techniques and results in this section are summaries of those published
in papers A and B.

Techniques: Mechanical properties after ion-insertion

For each of the experiments, CF samples were prepared with end tabs as shown in
figure 2.3. Tabs were manufactured from DeltaPreg W105P/DT806W glass fibre
prepreg and were adhered to the CF tows using DeltaPreg AX003 epoxy adhesive.
A sheet of Whatman GF/A separator material was also adhered between the tabs
in order to simplify the manufacturing process inside the glovebox. Samples were
then cured in an oven for 1 hour at 120�C.

Toray T800HB CFs were used. Once the end tabs had been cured, samples were
left in an acetone bath overnight. This improved cycling performance, possibly
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Figure 2.3: An illustration of the CF tabbed samples used for in-situ tests of me-
chanical properties, expansion and voltage-strain coupling measurements

due to the partial removal of sizing.
A number of samples from each batch were then mounted in a tensile tester

and tested to failure (referred to as virgin samples). The rest were galvanostati-
cally cycled in pouch cells for a number of cycles, before being left at either 0%
SOC or 100% SOC. These samples were removed from their pouch cells, mounted
in a tensile tester inside a glovebox, and tested to failure. The stiffness was mea-
sured as the slope of the resulting force-displacement curve calculated using a
least-squares fit, while the failure force was taken as the force corresponding to
the first deviation from linearity of the force-displacement curve.

Results: Mechanical properties after ion-insertion

Table 2.1 summarises the changes in mechanical properties of PAN-based CFs af-
ter being electrochemically cycled with lithium, sodium, and potassium. It can be
seen that for lithation, sodiation, and potassiation, the axial stiffness of the CFs
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Table 2.1: The effect of electrochemical cycling on mechanical performance of
potassiated (K) [111], lithiated (Li) [114], and sodiated (Na) [115] CFs. Percent-
ages are given relative to virgin CFs.

K [111] Li [114] Na[115]
Current density (mA/g) 25 136 42

Charged capacity (mAh/g) 59 140 120
Charged axial stiffness change (%) �6 ± 3.3 +3 ± 5.9 +5 ± 2.9

Discharged axial stiffness change (%) �1 ± 6.5 +1 ± 3.6 +2 ± 3.5
Charged axial strength change (%) �12 ± 6.5 �19 ± 3.5 �28 ± 3.3

Discharged axial strength change (%) �6 ± 5.6 �7 ± 2.3 �6 ± 13.5

changes only slightly. Full potassiation of the fibres results in an axial stiffness
drop of up to 6%, while full sodiation results in an increase of the stiffness by
around 5%. These small stiffness changes all appear to be reversible, with dis-
charged CFs returning to their original stiffness within the margin of the experi-
mental error.

The mechanical strength of the CFs varies depending on the SOC and insertion-
ion. All ion-insertion results in a drop in mechanical strength, which is partially
recoverable (see table 2.1). For lithiated fibres the axial strength drops by 19% at
full lithiation, recovering to 7% less than the virgin strength when delithiated. For
sodiated fibres the axial strength drops by 28% at full sodiation. This is consider-
ably more than for lithiation. The sodiated fibres recover to around 6% of their vir-
gin strength when desodiated. Lastly, potassiated fibres show a 12% axial strength
drop at full charge, which recovers to around 6% of their virgin strength when
depotassiated. It should be noted however that the charged capacity at which
the potassiated fibres were measured was considerably less than the sodiated and
lithiated fibres (59 mAh/g vs. 120 and 140 mAh/g, respectively). It may well
be the case that the strength drop at full potassiation would increase when using
lower current densities to obtain higher capacities.

It should be noted that all of these results are based on ex-situ tests, conducted
at 0% and 100% SOC. Conclusions drawn from this data assume that any changes
in mechanical properties are most pronounced at 100% SOC. However — given
the non-linear galvanostatic profiles for each of lithium, sodium, and potassium
— it is possible that mechanical properties may vary during the course of charging.
This needs to be investigated more thoroughly for PAN-based CFs.
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From the data presented here it is clear that lithiation, sodiation, and potassi-
ation all result in a reduction in mechanical tensile strength. Sodiation results in
the largest reduction, followed by lithiation, and then potassiation. This strength
reduction is partially recoverable for all ions, to around 93% of the original value.
The mechanical stiffness of the CFs appears to be largely unaffected by the ion-
insertion.

2.3 Actuation & morphing

When PAN-based CFs are charged with ions they undergo a volume expansion
in both the radial and axial directions. This volume expansion is reversible on
discharge, and has been proposed as a method of enabling low frequency ac-
tuation which can be exploited in morphing structures. There are a number of
inherent advantages to exploiting ion-insertion mechanisms in CFs to enable ac-
tuation/morphing compared with conventional mechanisms. Firstly, the electro-
chemical reaction happens at low voltages and low currents, unlike piezo-ceramics
or shape-memory alloys, meaning that high voltage sources are not needed. Sec-
ondly, ion-insertion mechanisms offer an inherent zero-power hold, meaning that
once the ions are inserted and the current source is turned off, the deformations
will remain. Lastly, using ion-insertion as an actuation mechanism in CFs allows
the exploitation of the favourable mechanical properties of the CFs, enabling struc-
tural components to be morphed.

Background: Axial carbon fibre expansions

In this thesis the focus is put on axial expansion of the CFs, rather than radial ex-
pansion. The axial expansion is the most useful for structural actuation purposes,
as it corresponds to the direction of highest strength and stiffness of the fibres,
and is comparatively straightforward to measure. The radial expansion of the CFs
after lithiation has been assessed previously by Jacques et al. using ex-situ SEM
[81]. These measurements were performed at 0% and 100% SOC, meaning that
intermediate expansions and expansion-staging are unclear from the data. Due
to difficulties in locating fibre cross-sections, a statistical method was used to as-
sess the fibre diameters before and after charging. This method incorporated rel-
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atively large errors and the binary nature of the measurement meant that it was
not considered useful enough to repeat the same measurements for sodium and
potassium.

In the rest of this section the axial expansion of PAN-based CFs is presented
for sodiation and potassiation to complement the work carried out for lithiation
by Jacques et al. [81]. The techniques and results in this section are summaries of
those published in papers A and B.

Techniques: Axial carbon fibre expansions

The axial expansion testing was carried out using the technique first described in
Jacques et al. [81]. Toray T800HB CF samples were prepared with end tabs as
described in section A.1 and shown in figure 2.3. These samples were then soaked
with electrolyte, and inserted into pouch cells with the appropriate alkali metal as
a counter electrode.

The working principle of this technique is that the CFs are first strained to a
constant extension in a tensile tester, before being electrochemically charged and
discharged. The expansions are then observed through force variations DF. These
force variations can be correlated to expansions/contractions # using the CF axial
stiffness k and gauge length lg through equation 2.1.

# =
DF
lgk

(2.1)

An example of the acquired force-time curve is shown in figure 2.4, including
the stress-relaxation of the pouch cell bag.

The value of k was established by carrying out tensile tests of identical CF spec-
imens prior to electrochemical testing. This gave a linear load-displacement curve,
from which the gradient was calculated using a least-squares fit. The average gra-
dient from several identical samples was then taken to be the value of k.

This method relies on the assumption that the value of k remains constant
throughout electrochemical cycling. This assumption was verified by the results
described in section 2.2 and shown in table 2.1.

This axial expansion measurement method was chosen as it was relatively
simple, and meant that a standard tensile tester could be used for the measure-
ments. The downside was that to carry out mechanical and electrochemical mea-
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Figure 2.4: Typical curves for force and voltage against time for axial expansion
measurements. Figure modified from Harnden et al. [115].

surements simultaneously the CFs had to be tested while inside a pouch cell bag.
This meant that the CFs and the visco-elastic pouch cell bag material had to be
loaded in parallel. There was significant load-relaxation caused by the pouch cell
material after applying an initial strain (see figure 2.4). So as not to confuse force
variations from expansions/contractions with load relaxation in the pouch cell it
was necessary to allow the load relaxation to reach a relatively steady-state of de-
cay before applying a current to the electrochemical cell. Data from a reference
pouch cell bag could then be used to subtract the force variations due to load re-
laxation from the data in post-processing, leaving only the force variations from
CF expansions/contractions.

Results: Axial carbon fibre expansions

Figure 2.5 shows the axial strain for CFs inserted with lithium, potassium, and
sodium. It can be seen that lithiation offers by far the largest overall reversible
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Figure 2.5: Comparison of axial expansion for lithiation, sodiation, and potassia-
tion in PAN-based CFs. Modified from Harnden et al. [111].

expansion, reaching over 0.7% at a capacity of over 350 mAh/g.

The axial expansion of CFs inserted with sodium was considerably lower than
that of CFs inserted with lithium, with a maximum first cycle expansion of 0.15%,
and a reversible expansion of 0.09%. The irreversible 0.06% between the first and
subsequent cycles is thought to be due to sodium trapped in the CF microstruc-
ture.

Unlike the expansion curve for lithiation, the sodiation expansion curve is very
clearly staged (see figure 2.6). The expansion per capacity is higher at the begin-
ning, and decreases significantly after around 0.15 V. This staging corresponds
well with the staging in the galvanostatic cycling curve, as can be seen in figure
2.6. This result points towards different storage mechanisms in the CFs, poten-
tially indicating that sodium is being inserted between graphitic sheets during the
first stage, and filling of micropores is occurring in the second stage. See Paper A
for more details. It is acknowledged that this is still a point of ongoing debate, a
review of which can be found in [116].

The axial expansion of CFs inserted with potassium was found to be up to
0.24%, depending on the charge current used, as shown in figure 2.7. At faster
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Figure 2.6: Axial expansion of PAN-based CFs as a function of capacity for first
and second sodiation cycles. Figure modified from Harnden et al. [115].

charge rates the axial expansion of the CFs was approximately linear with charge.
However, a slight staging was observed at a slower charge rate (see figure 2.7).
This staging was much less clearly defined than for sodium, and is similar to the
staging in the galvanostatic cycling curve.

The capacity normalised expansion is defined as b, given in equation 2.2, where
# is the axial CF strain and q is the charge in [mAh/g].

b =
#

q
(2.2)

This allows the expansions to be compared directly in terms of capacity (see
table 2.2). Potassiated CFs undergo significantly more axial expansion per capacity
than sodiated CFs, with a b value of 2.35 ⇥ 10�5 g/mAh compared to 1.01 ⇥ 10�5

g/mAh. The expansion per capacity for potassiated CFs is slightly larger than
for lithiated CFs (see table 2.2). However, PAN-based CFs can store more than
twice as much lithium (354 mAh/g) at low current densities than potassium (170
mAh/g), meaning that lithiated CFs can deliver a much larger axial expansion.
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Figure 2.7: Axial expansion of PAN-based CFs as a function of capacity for varying
current densities of potassiation. Figure modified from Harnden et al. [111].

Using these axial expansions it is possible to calculate the actuation energies
(U) and powers (P) available from equations 2.3 and 2.4 respectively. Here, E is
the Young’s modulus of the CFs taken from the manufacturer’s data sheet [117]; r

is the CF tow density; and t is the time for one full charge cycle.

U =
E#2

2r
(2.3)

P =
U
t

(2.4)

Values for these are presented in table 2.2. It can be seen that potassiation
outperforms sodiation in terms of actuation energy and power, due to the larger
axial strains. However, it is clear that lithiation offers the largest energy and power
by a large margin.
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Table 2.2: Summary of actuation potential between potassium, lithium, and
sodium inserted CFs. Table reproduced from Harnden et al. [111].

Insertion
ion

Current
Density
(mA/g)

Capacity
(mAh/g)

Max.
Axial
Strain

(%)

b (g/mAh)

Time to
full

charge
(h)

Actuation
Energy
(J/kg)

Actuation
Power

(mW/kg)

Na [115] 34 90 0.09 1.01 ⇥ 10�5 3.1 65 5

K [111] 32 51 0.12 2.35 ⇥ 10�5 1.7 117 19

K [111] 15 89 0.19 2.14 ⇥ 10�5 5.7 293 14

K [111] 8 136 0.24 1.84 ⇥ 10�5 17.0 507 8

Li [81] 53 269 0.44 1.64 ⇥ 10�5 5.1 1572 85

Li [81] 15 354 0.72 2.03 ⇥ 10�5 24.4 4210 47

Background: Modelling expansions in laminated structural batteries

The results above regarding the axial expansions in PAN-based CFs — caused by
lithiation, sodiation, and potassiation — show that lithiation gives the largest ex-
pansions. This is negative for structural battery applications, but potentially posi-
tive for structural morphing. The next step is to see whether these expansions can
be tailored by altering the layup of the electrodes. The goal is to have low global
deformations for structural battery applications, but large global deformations for
structural morphing. Lithiation expansions in PAN-based CFs are modelled as
analogous to thermal expansions, and these were implemented in an analytical
model based on classical laminate plate theory (CLPT). In the following two sec-
tions the negative electrode is referred to as the anode and the positive electrode
as the cathode, which is typical — if somewhat problematic — terminology used in
Li-ion battery research. The techniques and results in this section are summaries
of those published in paper C.

Techniques: Modelling expansions in laminated structural batteries

The model is based on those developed by Kassapoglou and Lagace [118, 119]
which focussed on symmetric laminates under extensional loading. That method
was later generalised for other types of loading [120], and extended to unsym-
metric laminates [121], albeit with lack of consideration for the thermal loading
case. Finally, the model was developed further to include consideration for both
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unsymmetric laminates and thermal loading [122]. This last model has been fur-
ther developed here to account for lithium insertion strains for the modelling of
structural battery laminates.

Figure 2.8: (a) Schematic of basic structural battery unit consisting of quasi-
isotropic separator ply sandwiched between two unidirectional CF plies consti-
tuting the anode and the cathode. (b) General stacked laminate configuration for
analytical modelling. Figure modified from Dionisi et al. [123].

Figure 2.8 shows the coordinate system and layout of the modelled structural
battery laminate. The anode layers are modelled as unidirectional CF layers, where
ions insert into the fibres themselves. This results in both axial and radial expan-
sions/contractions when the fibres are lithiated/delithiated, inputs for which are
taken from Jacques et al. [81]. The cathode layers are modelled as active powder
material coated on the CFs, where the active material expands/contracts radially
by around 2% when lithiated/delithiated. Both anode and cathode layers there-
fore have an alignment angle associated with the fibre direction relative to the cell
orientation. The separator is modelled as a layer of isotropic inactive material that
neither expands nor contracts.

Two different symmetric two-cell layups were analysed: one with the cathode
layers on the mid-plane of the laminate [A/S/C/C/S/A], and one with the anode
layers on the mid-plane [C/S/A/A/S/C] (where C=cathode, S=separator, and
A=anode) — see the diagrams in figures 2.10a and 2.10b. Only aligned, and cross-
ply laminates (i.e. [0/90]) were considered when analysing in-plane stresses in
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order to avoid in-plane shear.

The model is compared against a finite element (FE) model in order to vali-
date the results. The FE model is composed of solid elements for obtaining the
normal stresses (C3D20R), while continuum shell elements were used to resolve
shear stresses.

The analytical model is capable of approximating global laminate deforma-
tions for generalised layups of structural battery laminates. This is limited to small
displacements since it is subject to Kirchhoff’s assumptions [124]. Extensions to
the model enable prediction of inter-laminar stresses, as well as delamination fail-
ure. The latter is, however, dependent on accurate input data for the inter-laminar
shear strengths, which are unavailable for any of the structural battery laminates
analysed and so were approximated here.

This form of analytical model was chosen for development as it is computa-
tionally efficient for simple geometries. It offers a way of computing global defor-
mations and inter-laminar shear strengths that is non-reliant on heavier duty FE,
and is comparatively simple for a designer to use. This makes it a useful tool when
investigating layups for structural batteries.

Results: Modelling expansions in laminated structural batteries

Figure 2.9 shows the in-plane strains #1 and #2 caused by lithiation at differing
charge currents, resulting in various maximum capacities. It was found that align-
ing both the electrodes in the same direction appeared to reduce the in-plane
strains. This is particularly true at slower charging rates, which result in higher
maximum capacities and hence larger fibre expansions.

The risk of delamination, frisk, was also assessed using estimated in-plane
shear strengths and a Quadratic Delamination Criterion [125]. It was then pos-
sible to sweep the angle of the anode layers with respect to the cathode layer and
assess the likelihood of delamination.

Figure 2.10a and 2.10b show the results from this analysis, with values of frisk >

1 indicating a risk of delamination. It can be seen that the laminate with the cath-
ode layers on the laminate mid-plane has a lower risk design, with the majority
of the in-plane expansion on the mid-plane causing comparatively small in-plane
shear stresses. The highest risk layup for this configuration is [30/0/25]s as can be
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Figure 2.9: In-plane expansions at varying charge rates. Figure modified from
Dionisi et al. [123].

Figure 2.10: (a) Risk of delamination for laminate with cathode layers around lam-
inate mid-plane (b) Risk of delamination for laminate with cathode layers on out-
ermost layers. Figures modified from Dionisi et al. [123].
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Figure 2.11: Example of twisting deformation. Figure reproduced from Dionisi et
al. [123].

seen in figure 2.10a.

When the laminate is configured with the cathode layers on the outside, i.e.
[C/S/A]s, all layups are at risk of delamination (see figure 2.10b). This is an im-
portant point to consider when it comes to the design of future structural batteries.

Using the model, it is also possible to envisage lay-ups that produce large de-
formations, which could be used to create solid-state morphing materials. For
example, an angle-ply laminate in the configuration [A/S/C]s with ply orienta-
tions [10/0/0/0/0/-10] gives considerable twisting deformation (k12) as shown
in figure 2.11. Maximum curvatures for bending-type morphing (k11) can also be
calculated. These are given in table 2.3.

Background: Morphing carbon fibre laminate

Expanding on the modelling work carried out in Dionisi et al. [123], a design for
a morphing CF laminate was conceived. It consists of two layers of unidirectional
CF separated by an electrically insulating separator, infused with an SBE. The CF
layers are charged to approximately 50% SOC with lithium prior to morphing — a
process referred to as activation. The working principle is that transferring lithium
between the CF layers causes one layer to expand, and the other layer to contract
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Table 2.3: Maximum curvature laminate orientations. Table reproduced from
Dionisi et al. [123].

Lay � up |k12|max Orientationmax
[A/S/C/C/S/A] 3.875e � 3 [10/0/0/0/0/ � 10]
[C/S/A/A/S/C] 3.615e � 3 [15/0/0/0/0/ � 15]

|k11|max
[A/S/C/C/S/A] 4.792e-3 [90/0/90/0/0/0]
[C/S/A/A/S/C] 4.851e-3 [90/0/90/0/0/0]

— creating a bending deformation as shown in figure 2.12. The techniques and
results in this section are summaries of those published in paper D.

Figure 2.12: An illustration of the concept for a morphing laminate consisting of
two CF layers, a separator, and infused with SBE. By transferring lithium from one
CF layer to the other, one layer contracts while the other expands. This creates a
bending deformation. Figure reproduced from Harnden et al. [111].

Techniques: Morphing carbon fibre laminate

Figure 2.13 shows an illustration of the manufacture of the morphing material.
The two electrodes were made from tows of Toray T800SC-12K-50C CF [127] that
had been spread into ⇡13 mm wide tapes by Oxeon AB, Sweden. Copper current
collectors were adhered onto the CFs using Electrolube silver conductive paint.
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Figure 2.13: Manufacture and activation of CF/SBE laminate used for morph-
ing and energy harvesting experiments. (a) Dry layup of CF layers either side
of ceramic-based separator. (b) Vacuum-infusion of SBE. (c) Heat cure of SBE. (d)
Activation pouch cell. (e) Image of resulting CF laminate. (f) Micrograph of CF
laminate. Figure modified from Harnden et al. [126].
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A glass plate was prepared with a layer of release film, and the two layers of CF
were laid on top, with a layer of ceramic separator (Freudenberg FS 3011-23 [128])
in between them (see figure 2.13a). A frame of pressure-sensitive vacuum tape
was adhered around the edge of the glass plate, piping inserted to allow infusion
of the SBE, and the whole setup was then sealed under a vacuum bag.

The SBE was mixed inside an argon filled glovebox. The SBE consisted of
60.2 wt % Bisphenol A ethoxylate dimethacrylate (BAED), 0.6 wt % 2,2’ -Azobis(2-
methylpropionitrile) (AIBN) and 39.2 wt % liquid electrolyte. The electrolyte con-
sisted of 1.0 M Lithium trifluoromethanesulfonate (LiTf) in ethylene carbonate
(EC):propylene carbonate (PC) 1:1 wt/wt.

The SBE was then vacuum-infused into the vacuum bag, before being cured
at 90�C in an oven for 45 minutes, as illustrated in figures 2.13b and c. Vacuum
infusion was chosen as it was easy to implement.

The cured composite was extracted from the vacuum bag inside the glovebox,
and prepared for activation with lithium (see figure 2.13d). The CF layers were
sandwiched between two layers of glass fibre filter paper (Whatman GF/A), and
two layers of lithium metal foil were used as counter-electrodes on each side of
the stack. Nickel current collectors were used to connect the lithium foils, and the
whole stack was then soaked in electrolyte (1M LiTf in EC:PC, 1:1 wt/wt). This
stack was then sealed inside a pouch cell bag and electrochemically cycled for
10 cycles, before being left at approximately 50% SOC. This meant that both CF
layers had expanded by the same amount, and had enough capacity remaining
to transfer the entirety of the lithium from the opposing CF layer. An image and
micrograph of the resulting laminate is shown in figures 2.13e and f respectively.

The experimental setup is shown in figure 2.14. The laminate was clamped at
one end to form a cantilever. A galvanostatic current was applied using a poten-
tiostat with voltage cut-off limits of �1.5 V and 1.5 V. As one layer is charged with
Li-ions it expands while the other layer loses Li-ions and contracts. This creates a
constant-curvature bending deformation in the cantilever.

This meant that it was only necessary to measure one point on the tip of the
laminate to correlate the results back to the modelling. The laminate was clamped
mechanically in a jig, and a camera was used to create a time-lapse video of the
deformations once a current was applied between the two CF layers. The time-
lapse video was filmed taking a new frame every 30 seconds, and combining the
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Figure 2.14: Experimental setup for morphing cantilever.

resulting frames into a 30 frame-per-second video. This means that every second
of video footage corresponds to 15 minutes in real time.

This video was then processed in Matlab using the Image Processing Toolbox. Us-
ing the same camera settings, images of a reference grid were taken with a known
grid-spacing. These images were then used to calibrate the images and remove the
lens distortion. With this calibration data, and Matlab’s Computer Vision Toolbox,
it was possible to use the point tracker function to select a point on the tip of the
cantilever and track it through all frames of the video. This returned displacement
data that could be correlated with the modelling described in the section below.

This method of measurement was chosen as it was easy to implement and ac-
curate enough for the purpose of the experiment.

The morphing CF laminate structure was modelled using two approaches. The
first was analytical, and the second using FE modelling. In both approaches the
strains due to lithium insertion were treated as being analogous to thermal expan-
sions.

The analytical approach was based on beam theory, and is analogous to the
modelling of a bi-metal thermostat [129]. A full description of this approach is
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given in the Methods section of paper D.

The FE modelling was done in ABAQUS [130] using 4-noded shell S4R ele-
ments. The two CF layers and separator were modelled using 3 orthotropic lay-
ers. The thermal expansion coefficient was correlated to the previously measured
lithium insertion expansions, using 0�C as 0% SOC and 100�C as 100% SOC. Dur-
ing the simulations the temperature was swept so as to correspond to the relevant
SOC from the experimentation.

These approaches allowed simple models to be constructed and compared
with one another, before experimental validation.

Results: Morphing carbon fibre laminate

Layer thicknesses were obtained using microscopy, showing a CF layer-thickness
of around 50 µm and around 20 µm for the separator. The homogenized longitudi-
nal in-plane modulus of the laminate was measured by destructive tensile testing
and was found to vary between 120 � 140 GPa.

The experiment for the morphing can be seen in the video in the supplemen-
tary information of paper D, which can be accessed using the QR code in figure
2.15. The video shows the cantilever being morphed at two different current den-
sities: firstly a downstroke followed by an upstroke and a return to centre are
performed at 44.2 mA/g — which results in each stroke taking about 20 minutes;
secondly, a downstroke followed by a return to centre are performed at 14.5 mA/g
— which results in a single stroke taking around 5 hours. The lower current den-
sity results in a higher capacity change between the two CF layers, resulting in a
larger bending deformation. Snapshots from the video as well as maximum tip
displacements can be seen in figure 2.15.

Results from both of the modelling methods can be seen in figure 2.16. The
analytical and FE results match exactly with one another. The results from the
modelling match closely with the experimental results. The deviation at high ca-
pacities is due to the cantilever tip hitting the wall in the experimental setup.

It was not possible to test the morphing concept using sodium and potassium
ion-insertion, due to the lack of a suitable SBE. However, using the same analytical
model described above it was possible to assess the deformations that other ions
would create. Figure 2.17 shows a comparison of lithium, sodium, and potassium
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Figure 2.15: Snapshots from the video of the morphing CF cantilever, as well as
voltage profile between the layers over time, and cantilever tip displacement. Fig-
ure modified from Johannisson et al. [131].
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Figure 2.16: Tip displacement from the analytical and FE modelling of the mor-
phing cantilever, as well as the experimentally measured results. The deviation
between the experimental values and the modelling towards the end were due to
the cantilever hitting the wall. Figure reproduced from Johannisson et al. [131].

insertion for the same trilayer cantilever setup.
It can be seen that lithium creates the largest overall deformation, since lithium-

insertion also produces the largest axial deformations (see table 2.2). However,
despite sodium- and potassium-insertion resulting in considerably lower axial ex-
pansions, the global deformation of a cantilever with thin layers is still large.
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Figure 2.17: Cross-sectional comparison of modelled displacements of morphing
CF composites using lithium, sodium, and potassium as the insertion ion. Note
that although axial CF expansion from sodium and potassium are considerably
lower than for lithium, the displacements are still relatively large. Figure modified
from Harnden et al. [111].

2.4 Strain-sensing

Lithiated CFs have been shown to exhibit a voltage-strain coupling through the
PECT effect. The effect is hypothesised to exist in sodiated and potassiated CFs,
however this has not been shown previously. By combining CFs with an SBE it has
been proposed that the PECT effect could be used for strain-sensing in structures.
The key metric that is investigated here is the magnitude of the voltage-strain cou-
pling, measured using a simple coupling factor representing the ratio of change in
voltage to change in strain. This coupling factor is measured at varying SOCs. A
larger coupling factor is desirable as it allows for more sensitive strain measure-
ments. Other metrics such as stability of the coupling factor over time, over the
number of cycles, and over different atmospheric conditions have not been con-
sidered.

Two sets of experiments are described in this section. Firstly, an investigation
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of the PECT effect in sodiated and potassiated CFs is presented. Secondly, experi-
mentation showing the PECT effect in a CF/SBE composite laminate is shown.

Background: Voltage-strain coupling in carbon fibres

It has been shown previously that CFs activated using lithium ions exhibit a voltage-
strain coupling known as the PECT effect [98, 100]. The effect is thought to arise
from mechanical strains altering the microstructure of the CF, and hence the chem-
ical potential of the inserted ions. This in turn alters the electrical potential of the
cell. This effect has also been observed in other ion-inserted materials [132, 95, 93].
This effect has not been measured previously for sodiated or potassiated CFs. It
is thought that the PECT response may be different and potentially larger given
the different insertion mechanisms that these ions exhibit in carbonaceous materi-
als. The techniques and results in this section are summaries of those published in
papers A and B.

Techniques: Voltage-strain coupling in carbon fibres

The voltage-strain coupling measurements were carried out using a similar set-
up as for the axial expansion measurements. Namely, a tabbed Toray T800HB CF
sample was made up in a half cell inside a pouch bag (see figures 2.3 and 2.1),
and then fixed in a tensile tester. A potentiostat was used to electrochemically
cycle the cell, and measure the cell potential. For lithiated CFs, the coupling factor
varied with SOC. A range of SOCs were therefore decided at which to measure
the coupling factor for sodiated and potassiated CFs: 0%, 20%, 40%, 60%, 80%,
and 100%.

On the second charge/discharge cycle of the cell, voltages corresponding to
the desired SOCs were noted. On the third cycle the current was stopped at the
appropriate voltages, and the ion concentration gradients allowed to relax for time
tOCP. This meant that there was a steady OCP on which to measure. For the
sodium cells tOCP was 5 minutes, however for the potassium cells tOCP was 60
minutes, as it took much longer for the OCP to reach a plateau. Once a plateau
was reached in the OCP, a cyclic force DF was applied using the tensile tester, and
the OCP was monitored using the potentiostat. The magnitude of DF depended
on the stiffness of the fibre bundle being tested but was typically between 30–60 N.
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Using the stiffness of the fibres — measured prior to testing, as for the expansion
measurements — it was possible to approximate the strain from the magnitude of
the cyclic force using equation 2.1.

The coupling factor kE# was then calculated using equation 2.5, where DEOCP

is the change in OCP.

kE# =
DEOCP

D#
(2.5)

For sodium and potassium the voltage-strain coupling was relatively small,
and was in fact on the same order of magnitude as the natural fluctuations of the
cell potential, making it difficult to approximate the magnitude of the response di-
rectly. To calculate the magnitude of DEOCP, the voltage signal was passed through
a fast Fourier transform (FFT), which returned a clear peak at the same frequency
as the cyclic loading. The amplitude of this peak was then taken as DEOCP.

The first cycle of the cell was never used to measure the voltage-strain coupling
since SEI formation is occurring, making it hard to know the actual SOC of the CF
electrode.

This method allowed relatively straightforward measurement of the coupling
factor of the PECT effect for the various insertion ions.

Results: Voltage-strain coupling in carbon fibres

Figure 2.18 shows the tensile voltage-strain coupling for lithium, sodium and potas-
sium inserted CFs at varying SOCs. The measurements for lithium-inserted CFs
were carried out prior to this thesis by Jacques et al. [100], and are shown here for
comparison.

The voltage-strain coupling for sodiated CFs was an order of magnitude less
than that found for lithiated CFs, giving a maximum coupling factor of 0.15 V/unit
strain at an SOC of around 45%.

The voltage-strain coupling in potassiated CFs was found to reach a maximum
of 0.26 at around 50% SOC. This is slightly higher than for sodiated fibres, al-
though still significantly less than for lithiated fibres. It is interesting to note, how-
ever, that the coupling factor is quite insensitive to the SOC, with a relatively flat
response with respect to SOC as can be seen in figure 2.18. This is advantageous
for future load-sensing applications.
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Figure 2.18: Comparison of voltage strain coupling for PAN-based CFs inserted
with lithium, sodium, and potassium. Figure modified from Harnden et al. [111]

Background: Voltage-strain coupling in carbon fibre laminate

The voltage-strain coupling in CFs has only been investigated using liquid elec-
trolytes previously. It has therefore not been possible to realise structural com-
ponents. It has also meant that only the tensile PECT response has been demon-
strated, with the compressive response remaining unknown. Following the results
of the previous section, it is known that from sodium, potassium and lithium, the
latter results in the largest-voltage strain coupling when inserted in PAN-based
CFs. By combining lithiated CFs with an SBE matrix it is possible to realise a
strain-sensing structural material. The techniques and results in this section are
summaries of those submitted in paper E.

Techniques: Voltage-strain coupling in carbon fibre laminate

The same design as for the morphing CF laminate was used: two layers of CF
either side of a separator, embedded in SBE. Manufacture of the laminate is pre-
sented in section 2.3 and figure 2.13. The two CF layers were then charged with
lithium to approximately 60% SOC — corresponding to the SOC with the maxi-



58 CHAPTER 2. METHODS & RESULTS

Figure 2.19: Experimental setup for measuring the compressive PECT response.

mum PECT shown in figure 2.18. A bending setup was then used, whereby it was
possible to deform the composite cantilever to a known radius using custom 3D
printed clamping jigs shown in figure 2.19. Knowing the thicknesses of each of the
layers of the composite it was possible to extract the average strain in each layer.
At the same time it was possible to measure the change in voltage between the CF
layers, as well as against a lithium metal reference electrode (shown in figure 2.19).
In this way the compressive PECT effect could be measured.

Results: Voltage-strain coupling in carbon fibre laminate

Figure 2.20a shows the strain state of the cantilever, from undeformed (straight) to
deformed (bent). The deformed state corresponds to a bending radius of 30 mm,
giving average strains of -0.09% in the compressed layer, and 0.09% in the ten-
sioned layer. Figure 2.20b shows the response of the OCP vs. the lithium reference
electrode to the strain inputs on the tensioned side of the composite. The magni-
tude of the response is approximately 0.52 mV. Figure 2.20c shows the response
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Figure 2.20: (a) The state of strain during periodic bending of the CF cantilever.
(b–c) The electrode voltage of the upper and lower CF electrode respectively vs. a
lithium metal reference electrode. (d) The OCP between the two CF layers when
undergoing bending deformation. Figure reproduced from Harnden et al. [111].

on the compressed side. It can be seen that the responses are generally equal in
magnitude but opposite in direction. This has implications for sensing as it means
with such a bending setup it is possible to achieve double the coupling factor. This
is achieved by measuring the OCP between two CF layers on either side of the
bending mid-plane. This is shown by the magnitude of the voltage change in Fig-
ure 2.20d, which is double that of the compressive and tensioned sides, for the
same strain input.
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The voltage-strain coupling can also be calculated analytically, with results cor-
responding well to experimental observations, as shown by the dashed black lines
in figures 2.20b–d. More details of the modelling can be found in Paper E.

2.5 Energy harvesting

Background: Energy harvesting

Figure 2.21: The experimental setup to measure the power available for energy
harvesting. The laminate was deformed to a constant curvature of known radius.
This created a potential difference between the CF layers, which in turn drives
a current. Different external electrical loads were connected in series with the
CF laminate and potentiostat while the change in current was measured. Image
modified from Harnden et al. [126].

For autonomous systems it is often advantageous to have the ability to har-
vest energy from the surrounding environment. This can add considerable life-
time to systems between charges/refuelling. By using multifunctional materials
to provide this energy harvesting functionality, it is possible to save mass and
often lower the need for harvested energy. Energy harvesting using the PECT ef-
fect has been demonstrated previously for a number of materials, including CFs
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[100]. However, previous studies have focussed on the use of liquid or gel elec-
trolytes, which are not capable of transferring significant mechanical loads. Here
we demonstrate a CF/SBE composite that is capable of harvesting mechanical en-
ergy while exhibiting a stiffness higher than aluminium. The techniques and re-
sults in this section are summaries of those submitted in paper E.

Figure 2.22: The current measured between the two CF electrodes under bending
deformation, where the strain difference corresponds to 0.18%. Image modified
from Harnden et al. [126].

Techniques: Energy harvesting

The same material configuration used for measuring the compressive PECT effect
in a CF laminate is used here: namely two CF layers, either side of a ceramic-
based separator, all embedded in an SBE. Manufacture of the laminate is presented
in section 2.3 and figure 2.13. The two CF layers were charged with lithium to
around 60% SOC — corresponding to the SOC with the maximum PECT response
shown in figure 2.18 — before the energy harvesting experiments. This allowed
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Figure 2.23: The voltage-current curve for the CF laminate undergoing bending
deformation with different external electrical loads. Image modified from Harn-
den et al. [126].

both tension and compression to be exploited to create a larger potential difference
between the two CF electrodes. The CF laminate was clamped in a cantilever
configuration, and deformed to a known radius using a set of custom 3D printed
clamping jigs (see figure 2.21).

Results: Energy harvesting

Firstly, a potentiostat was used to hold the voltage constant at 0 V and measure
the resulting current flow. A bending radius of 30 mm was used, corresponding
to a strain difference between the CF layers of 0.18% (-0.09% in the compressed
layer, and 0.09% in the tensioned layer). A current of around 2 µA was observed
— shown by the blue line in figure 2.22. This current flow corresponds to the
short-circuit current (SCC).

Secondly, the potentiostat was used to prevent current flow, and the OCP was
measured between the CF layers for the same bending deformation. An OCP
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Figure 2.24: The power profile resulting from bending deformation of the CF lam-
inate, with an active CF electrode mass of 43.6 mg. Image modified from Harnden
et al. [126].

change of 1.5 mV was measured. The OCP and SCC can be seen in figure 2.23
at the intercepts of the x and y axes respectively.

The idealised specific power output can then be calculated by multiplying the
OCP by the SCC and dividing by the active mass. The active mass in this case
corresponds to the mass of the exposed length of CF — calculated as 43.6 mg.
This gives an idealised specific power output of 69 nW/g. However, in order to
measure the actual obtainable power, a different setup is required.

By connecting a known electrical load in series in the external circuit and mea-
suring the current when the cantilever is deformed it is possible to calculate the
actual obtainable power, as described in Preimesberger et al. [110]. Several dif-
ferent resistors were used and were soldered to a stripboard with the appropriate
connectors to attach them in series with the composite cantilever and potentiostat
(see figure 2.21). The actual resistances of each of the resistors combined with the
connected wiring was measured using a multimeter and corresponded to electri-



64 CHAPTER 2. METHODS & RESULTS

cal loads of 10 W, 100 W, 1000 W, and 7000 W. The cantilever was then deformed to
a radius of 30 mm, corresponding to a strain difference between the CF layers of
0.18%. The current profiles for the deformation using various external loads can
be seen in figure 2.22. The current change drops linearly with increasing external
load, as is expected.

Using Ohm’s law it was possible to calculate the voltage drop from the mea-
sured current, and the known external resistance. The current-voltage curve is
shown in figure 2.23. It is linear as would be expected for low perturbations. Fig-
ure 2.24 shows the resulting specific power curve. The maximum power was mea-
sured to be 18 nW/g at an external load of 1000 W. This external load corresponds
approximately to the internal resistance of the CF vs. CF cell measured using
electrochemical impedance spectroscopy [126], as is expected from the maximum
power transfer theorem [133].
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Discussion

3.1 Electrochemical cycling & mechanical integrity

It was found that both sodium and potassium insert into PAN-based CFs, but with
lower capacities than for lithium. The mechanical stiffness of the CFs does not ap-
pear to alter dramatically when charged or discharged with sodium, potassium,
or indeed lithium. This is encouraging for structural multifunctional applications
using any of the three ions. The mechanical strength was affected quite dramati-
cally when fully charged with all three ions, with sodiated CFs showing the largest
strength drop of 28%. Although this strength drop is largely recoverable on dis-
charge, it would need to be accounted for in the design of future multifunctional
structures. Despite sodium showing the largest strength drop in this work, it is
thought that mechanically testing potassiated CFs at a higher capacity may result
in a larger strength drop. This should be further investigated.

Overall, lithium seems to be the most promising candidate for structural en-
ergy storage, showing the highest electrochemical capacity and most stable cy-
cling. Furthermore, lithiated CFs exhibit a lower mechanical strength loss than
sodiated CFs at full charge.

This conclusion is only true for the intermediate modulus PAN-based CFs
tested here, and may well be different for other CFs with different microstructures.
This should also be investigated.

It should also be noted that sodium and potassium battery chemistries have
been less intensively researched, and hence less well optimised. For example, new

65
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electrolytes may be developed that help increase the obtainable capacities by low-
ering overpotentials, and could enable more stable electrochemical cycling.

3.2 Structural actuation & morphing

Sodiation and potassiation both generate axial expansions in PAN-based CFs. Sodium
insertion generates a staged expansion that is quicker at the beginning, and slower
towards the end of the charge cycle. Potassiation expansions are larger than so-
diation expansions, and similar to lithiation expansions when normalised for ca-
pacity. However, lithium inserts into PAN-based CFs with a much higher capacity
than potassium, and therefore results in higher expansions, actuation energies and
powers. This means that for structural morphing, lithium is the best choice of ion
for intermediate modulus PAN-based CFs. The lower expansions exhibited for
sodiation are encouraging for sodium-based structural batteries, since electrode
swelling would be less prominent.

Although the simple hypothesis that a larger ion will produce a larger insertion-
expansion does not hold true for PAN-based CFs, it does hold true for other ma-
terials. For example, when lithium, sodium, and potassium are intercalated into
graphite they produce an expansion of the d002 spacing of the graphene layers of
13%, 15% and 60% respectively [79, 134, 135]. Due to the inhomogeneous nature of
the CF microstructure used here, it is likely that different ions insert into different
domains within the microstructure. It is probable that insertion into micropores
produces less expansion per ion, while intercalation between graphene layers pro-
duces more expansion. It would therefore make sense that lithium intercalates
more readily and with more capacity between graphene sheets, while sodium and
potassium prefer to insert into other domains within the CF microstructure.

It was shown through modelling that by using standard composite design tech-
niques it was possible to suppress or tailor global laminate deformations caused
by ion insertion. For example, having the positive electrode layers on the inside
of a two-cell laminate resulted in a much lower global deformation and a lower
chance of delamination. These considerations would have to be incorporated into
the design process for future multifunctional structures.

One aspect that was not considered in the model was asynchronous charg-
ing/discharging. It is possible to envisage different cells in different layers of the
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composite charging/discharging asynchronously in order to create different kinds
of deformation, or to minimise deformations. It would be an interesting extension
to this study to incorporate time dependency of charging/discharging into the
model.

It was shown that it is possible to create a CF/SBE composite that is capable of
morphing using lithium insertion. The laminate had a mechanical stiffness higher
than that of aluminium, and could change shape with low currents at low voltages.
It was also shown to be capable of a zero-power hold — maintaining its deformed
shape even after the control input was turned off. The frequency of morphing
is, however, still low, and therefore limits future applications. It is worth noting
that the electrochemical components of the composite shown in this study have
largely been optimised for energy storage — for example, the CF has been chosen
due to its good stiffness and relatively high electrochemical capacity, while the
SBE has been more optimised for mechanical stiffness and ionic conductivity. It
would be interesting to see if other CFs exist that perhaps have less capacity, but
larger deformations or faster charging capability. Likewise, it would be interesting
to optimise the SBE more for ionic conductivity and examine the possibility of
increasing the morphing frequency at the expense of some transverse mechanical
properties.

3.3 Structural strain-sensing

It was shown that sodiated and potassiated CFs both exhibit a PECT response
when strained. The magnitude of this response is considerably lower for both
sodiated and potassiated CFs than for lithiated CFs. This suggests that lithiated
CFs are the best candidate to create structural strain sensors based on the coupling
factor metric. The source of the PECT effect is still unknown. It is known that me-
chanical strains cause a change in the interlayer spacings of the CF microstructure
[49], and it seems plausible that this could cause a redistribution of ions to a new
equilibrium energy state. This would manifest itself in a change in electrochemical
potential. Since lithium seems to be able to access both graphitic and amorphous
regions of the CF microstructure, the change in equilibrium energy states caused
by the mechanical strain may be larger than for sodium/potassium. This is spec-
ulation, but could be an explanation for why the PECT response is so much larger
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for lithium than for sodium and potassium. It would be possible to test this hy-
pothesis by monitoring the PECT effect in carbons with different microstructures
— for example, purely amorphous versus turbostratic.

The dependence of the coupling factor on SOC seemed to be lower for both
sodiated and potassiated CFs than for lithiated CFs. This could be useful in struc-
tural battery applications where large changes in cell voltage due to mechanical
strains may be problematic. This would be particularly true for flexible batteries,
where the operating conditions of the battery may require it to undergo large me-
chanical deformations. The results presented here would suggest that sodium and
potassium chemistries in PAN-based CFs may be better suited to those kinds of
applications than to structural strain-sensing.

Other metrics that were not evaluated here include long-term endurance of the
PECT response, as well as sensitivity to environmental factors such as temperature
or pressure. It may be the case that sodiated and potassiated PAN-based CFs out-
perform lithiated CFs based on these metrics, and should be investigated further
in future.

A structural strain-sensing composite material consisting of CF layers embed-
ded in an SBE was demonstrated. It is the first time the PECT effect has been
observed while using an SBE instead of a purely liquid or gel electrolyte. The lam-
inate exhibited a longitudinal elastic modulus around 100 GPa. Using a bending
setup it was possible to measure the PECT response in compression in CFs for the
first time. It was found that the compressive PECT response was equal in magni-
tude but opposite in sign to the tensile PECT response. This allows for a greater
potential difference to be obtained using bending deformations when electrodes
are positioned either side of the bending mid-plane. This means that double the
coupling factor can be obtained. This also has implications for energy harvesting
as discussed in the next section.

3.4 Structural energy harvesting

It was shown that it is possible to create energy harvesting structures by exploiting
the PECT effect in lithiated CF/SBE composites. By deforming the composite lam-
inate in bending it was possible to achieve a larger potential difference between the
two CF layers, which in turn drives a current from which energy can be harvested.
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The power generated is relatively low in comparison to other PECT-based en-
ergy harvesters, although other studies focus on non-structural devices [96, 95].
The strains used in this study are also considerably lower than for other studies.
By increasing the strain, it is possible to increase the current between the CF layers,
and hence the power.

It is likely that further optimisation of the laminate materials can also result in
higher powers being obtained. For example, by removing the mechanical separa-
tor layer, the inter-electrode distance could be shortened. This would reduce over-
potentials, increase the current, and hence the power. The SBE should be capable
of electrically isolating the two CF layers from one another. Further optimisation
of the SBE should also be possible to increase ionic conductivity.

3.5 Application space

The application space for ion-functionalised CFs is large, incorporating many dif-
ferent fields: from gardening equipment to space flight, and from portable elec-
tronics to renewable energy production. Such CFs could be used in any appli-
cation in which lightweight energy solutions are needed, or in which morphing
and sensing materials could be advantageous. The key barrier to overcome is that
of cost. CFs are typically an expensive material to produce, and CF composites
are difficult and hence costly to manufacture. Monofunctional CF composites are
today only used in applications where the extra cost is offset by the benefit of the
high strength/stiffness to weight ratios offered, such as in high performance sports
equipment, aircraft and spacecraft. The same would be true for ion-functionalised
CF composites.





Chapter 4

What does the future hold?

The scope of the work presented in this thesis is relatively broad. Each of the
studies conducted has opened up a range of questions that remain unanswered,
ranging from unknowns regarding the fundamental interactions happening at the
atomic level, to application-based queries about safety of eventual technologies.
Figure 4.1 shows the Technology Readiness Level (TRL) scale developed by NASA
[136] to assist in assessing the progress of various technologies by rating them on
a 9 point scale. TRL 1 corresponds to a technology for which the basic principles
have been observed, whereas TRL 9 corresponds to a technology that has been
proven to perform successfully in the desired operating conditions in real-world
applications.

The work carried out in this thesis is considered to have spanned TRL levels
1–3. There are still many unanswered questions at these levels, and a lot of poten-
tial for improvements can come from more focussed work diving down into the
fundamental science that produces the multifunctionality. Looking to the future
development, there are also many challenges to be overcome to progress through
the so-called valley of death from TRL levels 4–6, and into commercial products
from TRL levels 7–9. This section gives a brief summary of some of the challenges,
divided up by TRL level.

71



72 CHAPTER 4. WHAT DOES THE FUTURE HOLD?

Figure 4.1: Technology Readiness Level scale developed by NASA. Image modi-
fied from NASA [136].

4.1 TRL levels 1–3

Currently the way that CFs are manufactured is not sustainable, with a large
amount of energy going into the various heating steps described in section 1.1.
The precursors used are typically petroleum by-products. Elements of the elec-
trolyte are also toxic, and the SBE uses thermoset polymer which makes recycling
difficult. Despite this, it has been shown through life-cycle assessment (LCA) that
structural batteries can reduce equivalent CO2 emissions significantly [137]. Ways
of transitioning from petroleum-based precursors for CFs to other precursors such
as lignin should be explored. Recycling methodologies should also be developed
at an early stage, which would be helped by creating SBEs based on thermoplas-
tic polymers. Similar LCA analyses need to be conducted for other functionalities
such as energy harvesting, strain-sensing and morphing.

It is clear from the work on axial expansions that different ions prefer different
domains within the CF microstructure. This has implications for the amount of
axial expansion that is available and most likely also for the amount of voltage-
strain coupling. It would be interesting in future to look into different kinds of
CF, with different microstructures to see the effect this has on the axial expansion
and voltage-strain coupling. For example, for PAN-based CFs, low modulus fi-
bres tend to have a lower percentage of graphitic carbon which might be more
favourable for ion-insertion using sodium and potassium. The orientation of the
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domains also matters in terms of whether more radial or axial expansion is pro-
duced. For example, if the graphitic domains were ordered transverse to the axial
direction of the CF, the global axial expansion could potentially be much larger
than the 0.7% observed by Jacques et al. [81], given that the interlayer spacing
increase in graphite has been measured at 13% [79].

For structural multifunctional applications it is important that components
perform well over at least a significant portion of the lifetime of a product. For ex-
ample, having to replace large components of a vehicle at regular intervals is not
sustainable environmentally or in terms of cost. It is therefore important to under-
stand the long-term performance of the functionalities and the interactions that
these effects can have. The effect of lithium insertion on the mechanical properties
of PAN-based CFs has been shown to be minimal up to 1000 cycles [138]. However,
this has not been proven for sodium or potassium insertion. The long-term cy-
cling effect on the PECT response remains unknown for CFs, although it has been
shown to remain relatively constant over time in other materials [93, 96, 95]. It is
important that this is known and characterised for energy storage, strain-sensing,
and energy harvesting applications. Similarly, the long-term characteristics of the
axial CF expansion are unknown, and need to be characterised for morphing ap-
plications.

To operate in the real world where the environmental parameters such as tem-
perature can change over time, it is important to understand these effects on ion-
insertion, and the resulting changes in observed expansion, capacity, and PECT
response. This has not been examined previously, and needs to be understood.

In Paper C, modelling showed that changing the layup of the laminated com-
posite could suppress or maximise global laminate deformations. It was also
shown that deformations could be tailored to obtain different modes. This needs
to be investigated further and validated experimentally.

The origins of the PECT effect are still poorly understood. Fundamental stud-
ies to investigate what happens at the atomic scale when a CF is strained, and
the corresponding behaviour of ions within the microstructure, would result in a
better understanding of this effect. This could lead to improvements in terms of
material and ion choice.

It is possible, as was shown in paper E, to create materials that perform more
than two functions simultaneously. Integrating several functionalities such as
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structure, energy storage, energy harvesting, strain-sensing, and morphing has
its own challenges. For example, a structural battery that is used to sense strain
has the opposing requirements of needing a significant PECT voltage change to
measure strain, while maintaining a stable discharge/charge profile for battery
functionality. However, there are obvious synergies, such as using the same mate-
rial to harvest and store energy. These interactions need to be investigated further
experimentally.

One of the current issues with multifunctional materials is that it is hard to
compare performance with monofunctional equivalents. For example, it is well-
established that a multifunctional structural battery will most likely have poorer
electrochemical capacity than a monofunctional battery, and poorer mechanical
performance than a monofunctional structure. However, at a systems-level the
performance overall may be better. A metric was proposed by Johannisson et al.
[139] for analysing multifunctional systems, with a focus on structural batteries
and supercapacitors. It will be important to continue to develop performance met-
rics that can characterise multifunctional benefits for the functionalities reported
in this thesis, such as structural strain-sensing, energy harvesting, and morphing.

The interface between the CFs and the SBE is critical to the design of structural
multifunctional materials. With the bicontinuous SBE system used in this thesis,
the interface must consist of good mechanical adhesion of the solid polymer back-
bone of the SBE, as well as good electrolyte contact to facilitate ionic access to
the CF surface. This interface could be tailored in future to enable better perfor-
mance of a particular functionality. For example, it may be possible to increase the
domain size of the electrolyte phase and increase energy harvesting performance
without losing significant structural performance. These relationships are poorly
understood and need to be investigated further. Similarly the effect of volume
changes of the CFs on the SBE are poorly understood, and need to be examined in
detail.

4.2 TRL levels 4–6

During the current research on multifunctional CFs using ion-insertion, most of
the focus has been on the elements of the fundamental electrochemical system,
namely the electrodes, separator, and electrolyte. There has been much less atten-
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tion given to the packaging of these components, and the peripheral systems that
would be required in order to incorporate these safely into a functional system
component.

The most obvious of these is perhaps the encapsulation that would be needed
to protect the electrochemical system from moisture and air. This encapsulation
would need to be lightweight, impervious to air and moisture, and to offer good
mechanical performance and adhesion to the underlying CFs. Sheets of ultra-thin
glass have been proposed previously [140], and needs to be trialled further to un-
derstand their properties and interactions in the multifunctional system. Other
material systems should also be explored.

CFs are relatively good conductors of electricity, although still significantly
poorer than metals like copper. It is predicted that for larger structures there
would need to be several contact points with the CFs for current collection. Dif-
ferent ways of doing this in a lightweight and structurally efficient way need to be
investigated and developed further.

Various control and data collection systems need to be implemented in order
for multifunctional materials to be able to operate. For example, in a multicell
structural battery, a battery management system (BMS) is required to balance the
different cell voltages, and protect the battery from operating outside of safe work-
ing conditions. Similarly, an array of structural strain sensors would require a
data collection and processing system to manage and interpret the various voltage
signals. These systems would need to be incorporated in a way that would not
compromise the gains achieved by using multifunctional systems.

If the structural components need to store electrochemical energy then obvious
safety issues can arise. For example, it is not clear how a CF/SBE composite be-
haves after impact — whether the liquid electrolyte is likely to ignite, or whether
electricity could be discharged in an unsafe way to the surrounding structure.
These issues need to be investigated and the hazards understood, quantified, and
mitigated against.

Design methodologies need to be incorporated into the product development
process for using multifunctional materials. For example, straightforward me-
chanical simulation would no longer be enough to characterise a system, with
multi-physics modelling that could incorporate the electrochemical processes most
likely becoming necessary. This would require a step-change in the way designers
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approach and evaluate designs. Repair of multifunctional structures needs to be
investigated. Design methodologies to allow for easy repair if one or more func-
tionalities fail need to be developed.

Lastly, large scale manufacturing of multifunctional composites needs to be
considered and methodologies for doing this in a sustainable and cost-effective
way would need to be developed and demonstrated. It may be possible to for-
mulate SBEs that can be applied to CFs and partially cured to form prepregs —
which could simplify the manufacturing process. Both the battery industry and
the composites industry work in the realms of laminated products, and the con-
vergence of the two industries’ knowledge and expertise would be required to
realise multifunctional composites based on ion-insertion.

4.3 TRL levels 7–9

Once multifunctional technology based on ion-inserted CFs reaches TRL levels
7–9, most of the scientific challenges should have been overcome, and it will be
possible to continue testing components and whole systems in a real world envi-
ronment in the intended applications. Much of the challenge at this stage would
lie in refining the technology to make it more reliable and cost-effective.

New engineering standards and certifications would need to be developed for
the safe inclusion of multifunctional components in systems. This would require
many working prototypes to be built and analysed in real-world environments.

One of the last remaining challenges would be to change people’s mindsets
regarding multifunctional components. Looking ahead to the commercial imple-
mentation of a technology so integral to a product there are many things that need
to be considered. The design, manufacture, and maintenance of products; the
ways they are used; the ways in which they are treated at the end of life could
all potentially change dramatically. Investors would need to be persuaded that
multifunctional components can bring value; original equipment manufacturers
(OEMs) would need to be persuaded that the technologies were implementable;
and small-to-medium enterprises (SMEs) would need to be persuaded to invest in
equipping themselves for production and maintenance. Lastly, consumers would
need to be persuaded that they are getting valuable, reliable, sustainable, and
safe products. The benefits of the technology therefore need be significant, well-
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established, and well-communicated in order to overcome industry inertia and
supersede conventional technologies.





Chapter 5

Contributions to field

5.1 Paper A

An investigation of sodium insertion into PAN-based CFs was conducted. It was
shown that sodium inserts into CFs with reasonable capacity, and that the mechan-
ical stiffness of the CFs remains largely unaltered by the introduction of sodium.
The mechanical strength, however, decreases significantly when sodiated — al-
though this strength loss is largely recovered on desodiation. These results are
significant to the development of sodium-based structural batteries.

It was found that PAN-based CFs expand axially when sodiated, and that this
expansion is staged corresponding to the galvanostatic charging curve. Expansion-
rate was fastest during the sloping section of the galvanostatic curve, and slower
during the plateau stage. This contributes to the ongoing discussion concerning
where sodium inserts in hard carbon-like microstructures.

Using the axial expansion combined with the electrochemical cycling profile, it
was possible to propose a method to estimate capacity losses due to SEI formation
and sodium trapped in the CF microstructure.

Sodiated CFs were shown to exhibit a PECT response in tension, which is sim-
ilar on both sodiation and desodiation cycles, but that generally does not vary sig-
nificantly with SOC. The magnitude of the PECT response is less than for lithiated
CFs by an order of magnitude.
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5.2 Paper B

It was shown that PAN-based CFs are amenable to potassium insertion. The capac-
ity of potassiation was found to be slightly higher than that of sodiation, possibly
due to potassium’s ability to intercalate. The capacity was significantly lower than
for lithiated CFs. The stiffness of the CFs is largely unaffected by potassiation, al-
though the mechanical strength drops at 100% SOC by around 12%. This strength
drop is largely recovered when the CFs are depotassiated.

Potassiated CFs expand axially, exhibiting an expansion that is approximately
linear with capacity. This expansion was larger than that of sodiated CFs, and
similar to that of lithiated CFs, when normalising for capacity. This shows that the
ionic radius is not the sole driving factor in determining how much a material will
expand. It is important to consider where the ions insert into the microstructure
— as this is likely to be as significant in determining overall expansion.

Analytical modelling of this expansion shows that considerable deformations
can be achieved in a morphing structure using potassiated CFs.

Potassiated CFs were shown to exhibit a PECT response, which was slightly
larger in magnitude than that of sodiated CFs, although less than for lithiated CFs.

Overall, it was shown that lithiation of CFs is the more promising route for-
ward for maximising functionalities in multifunctional structures based on inter-
mediate modulus PAN-based CFs.

5.3 Paper C

An analytical model was developed to show how laminated multifunctional com-
posites can be designed to either suppress or tailor global deformations, depend-
ing what is desirable for the particular application. The model is an extension of
CLPT, and is a computationally efficient way of analysing ion-functionalised lam-
inates with simple geometries. The analytical model was validated against an FE
model, with results matching closely.

It was found that placing the cathode layers close to the mid-plane of the lam-
inate helped to reduce global laminate deformation, while reducing the risk of
delamination.
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It was also shown that it was possible to tailor the deformation created by ion-
insertion by altering the laminate lay-up. This shows how ion-insertion could be
used to create a diverse range of deformations in morphing materials.

5.4 Paper D

A novel structural morphing material based on lithiated CFs was conceived and
demonstrated. It was shown that the CF/SBE composite could deform signif-
icantly and reversibly using low currents and voltages, and offer a zero-power
hold. The mechanical stiffness of the composite was shown to be around 120-140
GPa.

An analytical and FE model were used to predict the resulting deformations,
and results agreed well with experimental observations.

This concept has the potential to be developed further and could be exploited
in a wide variety of applications where structural morphing is required — such as
in the aerospace and renewables industries.

5.5 Paper E

A structural strain-sensing and energy harvesting material was demonstrated based
on lithiated CFs. The CF/SBE composite was deformed in bending, which allowed
the extraction of the compressive PECT response. This was found to be equal in
magnitude but opposite in sign to the tensile PECT response. This result enables
more sensitive strain-sensing with a larger coupling factor, and allows larger cur-
rents to be generated for energy harvesting.

The composite was shown to be capable of harvesting mechanical energy, albeit
with low power output. This is the first time a structural composite has been
shown to be capable of harvesting mechanical energy using the PECT effect.





Chapter 6

Conclusions

It is clear from the results presented in this thesis that ion-inserted CFs can be used
for creating a diverse range of multifunctional structures. Potassium and sodium
insertion in the intermediate modulus PAN-based CFs tested here offered lower
capacities, expansions, and voltage-strain couplings than lithium insertion. This
would suggest that lithium is a better candidate for activating CFs for the major-
ity of applications. However, there are niche applications in which sodium and
potassium may be useful — such as in flexible batteries where large strains could
be expected, and where voltage changes caused by the PECT response may be un-
desirable. Similarly, in applications sensitive to electrode expansions, sodium and
potassium insertion could be favourable. It should also be noted that these results
only apply to the specific CFs tested here, as it is expected that fibres with different
microstructures could exhibit substantially different characteristics.

CF/SBE composites have great potential for creating multifunctional energy
storing, morphing, energy harvesting, and strain-sensing structures. Such struc-
tures could help decrease the mass of vehicles, and hence reduce their energy con-
sumption. The concepts demonstrated here lay the foundation for further devel-
opment. Overall, there is still much to explore in this area, with the possibility to
further develop a new class of materials that can help contribute to lighter, more
functional, and more sustainable structures.
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Appendix A

Miscellaneous techniques & methods

In this appendix a general description of some of the steps taken for the CF prepa-
ration as well as the cell cycling are given. These methods are considered too basic
to include in the published articles, but may be of use to the reader wishing to
recreate the experiments.

A.1 Carbon fibre preparation

CF tows were split into lower fibre-count bundles prior to electrochemical and
mechanical testing. This technique is described below.

Fibre splitting

CF tows are most often supplied with 6000, 12000, or 24000 individual fibres per
bundle from the manufacturer. For the electrochemical measurements it was often
advantageous to have fewer fibres in a bundle. This was due to the fact that the
electrochemical reactions suffer from increased overpotentials when the distance
between electrodes is increased. This inter-electrode distance is increased by hav-
ing a larger number of fibres per tow. Another consideration is how thoroughly
the electrolyte penetrates into the fibre bundle when there are many fibres. The
ease of penetration increases with fewer fibres.

The fibre splitting process was done by hand, and involved separating a sin-
gle tow into several smaller tows depending on the number of fibres desired. In
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papers A and B around 2000 fibres per tow were used. Lengths of around 2 me-
tres were split at a time and subsequently wound onto a spool. The linear den-
sity (mass divided by length) was measured by weighing and measuring samples
from various points along the split fibre to ensure the consistency of the splitting.
A variation of up to 5% was considered reasonable for a single length of split fibre.

A.2 Cell cycling

Cell cycling was carried out using a potentiostat, and most often galvanostatically
(i.e. at a constant current).

The procedure for cycling of a cell was generally as follows. The mass of the
CF was calculated or measured in advance and was used to estimate the current
with which to charge/discharge the fibres to achieve the desired rate.

Equation A.1 was used to calculate the current I,

I =
mCFqmax

nhours
(A.1)

where mCF is the mass of the CFs [g], qmax is the maximum charge capacity of
the CFs [mAh/g], and nhours is time to reach full charge [h]. This gives the value
of I in [mA].

The value of qmax varies between types of CFs, and depends on the inserting
ion and cell format. For intermediate modulus CFs (e.g. Toray T800H or Toho
Tenax IMS65) cycling in liquid electrolyte against lithium the theoretical maxi-
mum capacity for lithium in graphite was used (372 mAh/g), as it has been shown
previously that the maximum charge capacity for these fibres is close to this limit
[81]. For other systems (e.g. cycling against sodium, potassium, or with an SBE)
it was necessary to first estimate the value of qmax. This was done by cycling at a
low current density (⇡10 mA/g), and taking the value of the maximum reversible
capacity as qmax.

To cycle the cells, the current collectors were connected to the potentiostat us-
ing standard crocodile clips, and the following scheme for cycling was used:

1. Monitor OCP for time tinitial

2. Apply negative constant current I until lower cutoff voltage Vmin
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3. Monitor OCP for time tOCP

4. Apply positive constant current �I until upper cutoff voltage Vmax

5. Monitor OCP for time tOCP

6. Repeat steps 2–5 for desired number of cycles ncycles

The value of tinitial was most often ⇡10 minutes. If the OCP was falling rapidly
it could indicate a cell that is short-circuited, or has some side-reactions progress-
ing that could affect the accuracy of the desired data. If the OCP was rising it
could indicate that the electrolyte was redistributing in the cell due to the vacuum
pressure. In such cases tinitial was extended in order to allow the OCP to stabilise.

The values of Vmin and Vmax were varied depending on the type of cell that was
being tested. For lithium cells the values Vmin = 0.002 V and Vmax = 1.5 V were
used. For sodium and potassium cells the values used were Vmin = 0.01 V and
Vmax = 2.5 V. In certain circumstances a constant voltage step was added between
steps 2 and 3 for up to 30 minutes in order to maximise the capacity (See Paper A).

The time tOCP was most often ⇡15 minutes to allow ion concentration gradi-
ents to relax between charge and discharge. However, when cycling using an SBE
a longer time of up to 60 minutes was used, as it was observed that the OCP would
take longer to stabilise with such a system.





Appendix B

Limitations of techniques

B.1 Pouch cell bag interference

One of the main limitations of the axial expansion and voltage-strain coupling
measurements arises from having to load the CF and the pouch cell bag in parallel.
This creates a number of problems.

Since the pouch cell bag is made from a visco-elastic material there is signif-
icant force-relaxation over time (shown in figure 2.4). This is most pronounced
immediately after applying an initial strain, and the response slows with time to
reach a state that could be approximated as being linear. This allowed data from
a reference pouch cell to be used to remove the pouch cell bag relaxation from the
expansion/voltage-strain coupling data.

Another problem is that since the pouch cell bag is opaque, it is not possible
to use visual techniques to directly measure the strain on the CFs. This meant
that it was necessary to use the pre-measured stiffness of the CFs to back-calculate
the strain (see equation 2.1). Consequently, the stiffness of each of the samples
had to be known in advance, and in practise meant that a significant number of
identical samples had to be manufactured. This was difficult, particularly in cases
where it was necessary to split larger fibre tows into smaller tows. As mentioned
previously, up to a 5% error in the number of fibres per sample was allowed, which
meant a similar variation in terms of the fibre stiffness measured. This error carries
over into the expansion measurement with up to 5% error in calculated strain. If
it were possible to directly measure the strain in the fibres it would reduce this
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source of error.
By implementing a visual measurement of the strain it would also be possi-

ble to eliminate the influence of machine compliance from the results. It should
be noted that in cases where expansion measurements are compared with one
another, the data has come from the same tensile tester. This means that the com-
parison is fair, as the influence of machine compliance is the same in each case.

B.2 Radial expansion measurements

The axial expansion setup used has a number of distinct advantages. It is relatively
straightforward, and can be conducted with standard lab equipment. These mea-
surements can be considered in-situ as they take place while the charge/discharge
of the CFs is occurring. The technique measures the macro-scale expansions,
rather than the micro-scale expansions, which is useful when exploiting such ex-
pansions on a macro scale.

One of the downsides of the technique, however, is that it is not possible to use
for measuring the radial expansion of the fibres. To measure transverse properties
it is necessary to have a matrix system. The nature of continuous FRC materials
means that the transverse direction is dominated by the matrix properties, unlike
the longitudinal direction, which is dominated by the fibre properties. This means
that it is not possible to correlate force variations to expansions in only the fibres
in the transverse direction, since there is significant influence on the stiffness —
and possibly the expansion — from the SBE.

Jacques et al. [81] were able to use ex-situ measurements using SEM along with
statistical analysis to approximate the radial expansion. These values are used in
the analytical modelling in Paper C. However it has so far not been possible to
measure the radial expansions/contractions in-situ.

B.3 Tow splitting

The tow splitting process was necessary to obtain a fibre count that was suitable
for tensile testing (e.g. a failure force within the operating envelope of the micro-
tensile tester), as well as to ensure a more uniform charge and discharge of the
fibres. However, the process used in this work was done manually, and took con-
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siderable amounts of time to obtain a suitable length of split tow. The process
could not be done on fibres that had been twisted during manufacture.

In addition to this, it was generally only possible to split lengths of around
2 m of the same fibre count which would yield approximately 15–20 tabbed sam-
ples. From this sample set, around 5 samples would be used for destructive tensile
testing, and the remaining samples for electrochemical testing. Depending on the
success of the electrochemical cycling it was often difficult to get the desired results
from a single sample set.

If it were possible to obtain tows with a lower fibre count (e.g. 1000–3000 fila-
ments) directly from the manufacturer, the testing could be streamlined consider-
ably.

B.4 Axial expansion measurements

The axial fibre expansion measurements were carried out using a method whereby
a certain amount of axial tensile strain was applied to the fibres, and the force
change caused by the ion-insertion expansion was then measured. This method
worked well for the fibres tested here, however it is limited in its application.

For the method to work, the axial expansion caused by ion-insertion has to be
less than the axial strain applied. In addition, the strain applied has to be lower
than the failure strain of the fibre. As a consequence, a fibre that has a relatively
low failure strain, but a large ion-insertion expansion, could not be tested using
this method.

Similarly, the method is based on the assumption that the axial stiffness of the
fibres remains constant during charge and discharge. This assumption was tested
by conducting tensile tests of virgin fibres, fibres at 100% SOC, and fibres at 0%
SOC. It was found that the stiffness changed very little for each of these states.
However, it could be the case that other fibres or materials exhibit stiffness changes
during charge, and it would then be necessary to know this stiffness change in
order to calculate the fibre expansion.
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B.5 Fibre tabbing

To be able to grip the CFs in a tensile tester it was necessary to adhere end tabs onto
the samples. This was done using epoxy adhesive which required a heat cure.

During this heat cure, the epoxy adhesive could sometimes be carried along
the fibres by capillary forces, into the working gauge length of the samples. This
would block the electrolyte from accessing the surface of the CFs in the electro-
chemical cell. Despite mitigation measures to prevent this from happening, it was
still often necessary to discard a number of samples after every cure due to this.

It is also possible that the heat cure has some affect on the sizing on the fibres —
although no obvious effects were noticed during the course of the experimentation
carried out in this thesis.

B.6 Encapsulation

All the experiments using CF/SBE composites in the morphing and energy har-
vesting setups had to be carried out inside a glovebox with an argon atmosphere.
This was because the lithium contained in the fibres and the electrolyte would
oxidise in ambient conditions due to the moisture and oxygen content of the air.

By encapsulating the composites to protect them from the moisture and oxy-
gen in the air, it would be possible to carry out the measurements outside the
glovebox. This would be advantageous for a number of reasons. Firstly, it would
enable larger sample sizes, as space is limited inside the glovebox. Secondly, it
would enable the demonstration of the morphing materials in more application-
like scenarios.

Although encapsulation would be beneficial in a number of ways, it would also
add complexity to the modelling and understanding of the composite structures.
The encapsulation and bonding would need to be accounted for in the analytical
and FE modelling.
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B.7 Electrochemical & mechanical measurement

synchronisation

The axial expansion and voltage-strain coupling measurements were carried out
using both a potentiostat to supply a current and monitor the electrode potential,
as well as a tensile tester to monitor the mechanical loads.

This results in two data streams that then need to be aligned and analysed to-
gether. For all cases presented here this alignment was done manually: starting the
measurements at the same time, and using the recorded time from the potentiostat
and the tensile tester to align the two data sets.

This was accurate enough for the purposes of this research. However, in order
to be able to extend this research it would be advantageous to be able to synchro-
nise the measurements electronically. This would simplify the post-measurement
data processing, and would allow the system to be characterised further; for ex-
ample, measuring the lag between application of a strain, and increase in the cell
OCP.

One way of doing this would be to programme an interface that could control
and read data from the potentiostat and tensile tester simultaneously.

B.8 Strain using constant curvature

During the energy harvesting and compressive PECT experiments several con-
stant curvature jigs were 3D printed, and used to deform the CF/SBE composite
cantilever to a known radius. Knowing the layer thicknesses of the cantilever it
was then possible to approximate the strain in each layer. This allowed compres-
sive strains to be applied without having to use a low aspect ratio sample as is
common in compressive testing of composites. It also allowed one electrode layer
to be compressed simultaneously to the other being tensioned. This is advanta-
geous in obtaining larger potential differences. There are, however, a number of
limitations of this method.

Firstly, there is a lower bound on the radius of curvature that can be applied,
due to the geometry of the cantilever. It is not possible for the tip of the cantilever
to bend beyond 90�. For longer samples (e.g. 50 mm) this limited the radius of
curvature to 30 mm. It would be possible to decrease the length of the sample



116 APPENDIX B. LIMITATIONS OF TECHNIQUES

to achieve a lower radius of curvature, however it would become impractical to
perform manual deformations with sample lengths below around 10 mm.

Secondly, using a bending deformation imposes a linearly varying strain through
the thickness of the sample. Since the whole CF layer is connected to the same cur-
rent collector, it is the average voltage change that is measured. To calculate the
PECT response for a given strain, the average strain through the thickness was
then assumed. It is thought that this is a relatively good assumption given the
thin CF layers. However, for thicker CF layers, the difference in voltage between
the top and bottom of the CF layer could be larger, and may not exhibit linear
behaviour. A higher fidelity voltage measurement might then need to be imple-
mented.
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