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Abstract

The transportation industry today faces many challenges because of
the rapid movement towards electrification. One major challenge is
the weight of the battery, which limits the effectiveness of the vehicles.
One of the possible routes to reduce the weight on a system-level is
introducing structural batteries, batteries that simultaneously store
energy and hold a mechanical load. Placing these batteries in a load-
bearing part of the structure reduces weight and increases effectiveness
on a system level. Carbon fibres are especially suited for structural
batteries because of the high performance as reinforcement material in
a polymer composite, as well as the ability to insert lithium to function
as negative electrodes in batteries.

Another field that has attracted attention the latest years is flexible
batteries due to the emerging of flexible displays and wearable elec-
tronics. Carbon fibres can be a suitable material in flexible batteries
due to the good conductivity, mechanical integrity and ability to form
an integrated flexible film with cellulose nanofibrils (CNF) as binder.

This thesis focuses on the usage of carbon fibres in structural and
flexible batteries. Lignin based and commercial carbon fibres are eval-
uated as negative electrodes using a combination of electrochemical
methods, material characterization and mechanical testing. Further,
the diffusion is characterized using nuclear magnetic resonance spec-
troscopy, revealing an inequality of axial and radial diffusion in carbon
fibres. The carbon fibres with a largely disordered structure show most
promise as a negative electrode, with a capacity similar to graphite and
having a high coulombic efficiency.

Carbon fibres used as current collectors are evaluated as well, both
continuous LiFePO4 coated carbon fibres with electrophoretic deposi-
tion for structural positive electrode applications and chopped carbon
fibres bounded by CNF as a layer in a flexible electrode. The LiFePO4
coated carbon fibres show promise as a structural electrode with mod-
erate capacity, high coulombic efficiency, good rate performance and
good adhesion between fibres and coating. The flexible electrodes with
carbon fibres as current collectors perform well with a high capacity,
good rate performance, low weight and high flexibility. The electrodes
withstand bending for 4000 times without any performance degrada-
tion.
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Sammanfattning

Transportsektorn står idag inför många utmaningar på grund av den
snabba utvecklingen mot elektrifiering. En stor utmaning är vikten
av batterier, som begränsar fordons effektivitet. En möjlig väg för att
minska vikten på en system-nivå är att introducera strukturella batte-
rier, batterier som lagrar energi och samtidigt är lastbärande. Genom
att placera dessa batterier i en lastbärande del av strukturen minskas
vikten och effektiviteten ökar på en system-nivå. Kolfiber är speciellt
lämpade för strukturella batterier på grund av den höga prestandan
som förstärkningsmaterial i en polymer-komposit, och förmågan att
interkalera litium för att fungera som negativa elektroder i batterier.

Ett annat fält som har fått uppmärksamhet de senaste åren är flexibla
batterier på grund av framväxandet av flexibla skärmar och kroppsnära
elektronik. Kolfiber kan vara ett lämpligt material i flexibla batterier
tack vare bra konduktivitet, mekanisk integritet och förmåga att for-
ma integrerade flexibla filmer med cellulosa nanofibriller (CNF) som
bindningsmaterial.

Denna avhandling fokuserar på användandet av kolfiber i strukturella
och flexibla batterier. Lignin-baserade och kommersiella kolfiber är ut-
värderade som negativa elektroder med hjälp av en kombination av
elektrokemiska metoder, materialkarakterisering och mekanisk test-
ning. Vidare är diffusionen karakteriserad genom nukleär magnetisk
resonans, som avslöjar en olikhet i radiell och axiell diffusion i kolfi-
ber. Kolfiber med en till stor del oordnat kol hade bäst prestanda som
negativ elektrod, med en kapacitet liknande grafit och en hög ström-
verkningsgrad.

Kolfiber som strömtilledare är också utvärderade, både kontinuerli-
ga LiFePO4 belagda kolfiber gjorda med elektroforetisk deposition för
strukturella positiva elektroder och korta kolfiber bundna av CNF som
ett lager i flexibla elektroder. De LiFePO4 belagda kolfibrerna är lovan-
de som en strukturell elektrod med måttlig kapacitet, hög strömverk-
ningsgrad och bra vidhäftningsförmåga mellan fiber och beläggning.
De flexibla elektroderna med kolfiber som strömtilledare har bra pre-
standa med en hög kapacitet, bra högströmprestanda, låg vikt och bra
flexibilitet. Elektroderna klarar av böjning 4000 gånger utan någon
prestandaminskning.
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Chapter 1

Introduction

This thesis focuses on the use of carbon fibres (CF) as negative electrodes
and current collectors for positive electrodes in lithium-ion batteries (LIB).
In particular structural electrodes meant to be used in structural or flexi-
ble batteries. LIB is one of the most common energy storage solutions for
portable electronics, and lately the demand for larger scale applications such
as usage in electric or hybrid electric vehicles is increasing. With these rela-
tively new applications, new challenges are arising, such as specific capacity,
lifetime, cycle stability et cetera.

One of the main problems of LIB is the weight, or rather specific energy.
The specific energy is around 200 Wh kg−1 [1] for LIB while for gasoline it is
around 12500 Wh kg−1 [2]. This poses a big challenge for the electrification
in the automotive industry if battery powered electric vehicles should have
a range comparable to conventional vehicles. More efficient electric engines
compared to combustion engines can partly bridge this gap. For long-range
electric vehicles however, a very heavy battery pack is needed, which leads
to a decrease in overall effectiveness of the vehicle. For a Tesla model S
with a 85 kWh battery, the battery pack alone weighs approximately 600
kg, which is around a third of the total weight of the car [3].

There are several ways to improve battery technology, optimizing the dif-
ferent materials, finding new ones with better electrochemical properties,
lowering the amount of additives or using innovative new designs and con-

1



2 CHAPTER 1. INTRODUCTION

cepts. One approach that has attracted attention the last years is using
multifunctional materials [4], where a material has more than one function.
Structural batteries is one example of this, where the battery holds a me-
chanical load while still maintaining the energy storage function, thereby
reducing weight on a system level and increasing effectiveness.

Another application where CF could be useful, is flexible batteries. Flexible
batteries has attracted attention the last years for applications such as flex-
ible displays or wearable electronics. Traditional metallic current collectors
are not a suitable material in flexible batteries due to delamination during
repeated bending. Integrating chopped CF could be a suitable replacement
since they could be integrated into the flexible electrodes as an additional
layer for the positive electrode, or be used as both current collector and
active material for the negative electrode.

This thesis investigates the electrochemical performance of CF in negative
electrodes or current collectors for positive electrodes in LIB. CF are ideal
negative electrodes for usage in structural or flexible batteries since they
insert lithium ions with similar performance as conventional graphite-based
negative electrodes and have a high conductivity [5]. In addition they possess
very good mechanical properties when used in structural composite materi-
als. Commercial CF as well as CF produced from lignin, a waste product
from the papermaking industry, is investigated in this work.

1.1 The lithium ion battery
Figure 1.1 illustrates the working principle behind a LIB. The negative
electrode typically consists of a graphite-based material, like mesocarbon
microbeads (MCMB). The positive electrode is most commonly a lithium
metal oxide/phosphate such as LiFePO4 or LiMnO2. For electrical contact
a copper current collector is typically used on the negative side and alu-
minum on the positive side, the different metals are chosen depending on
the oxidation/reduction potentials to avoid side reactions such as oxygen
evolution. Responsible for transporting ions between the electrodes is an
electrolyte, which ideally should have a high ionic conductivity and be elec-
trically insulating. This is normally a lithium salt, such as LiPF6, dissolved
in organic carbonates, such as a mix of ethylene carbonate and diethyl car-
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Figure 1.1: Schematic representation of a lithium-ion battery.

bonate. If the electrolyte is in liquid form a separator is needed to prevent
short-circuit, this is commonly micro-porous polyethylene with a thickness
around 30 µm. The electrolyte can also be in solid form, like a solid polymer
or a gel electrolyte. In that case the electrolyte itself acts as a separator and
no additional one is needed. For these electrolytes the ionic conductivity is
typically lower but other benefits such as safety (no leakage) is achieved.

During charge lithium-ions are oxidized and deintercalated from the metal
oxide/phosphate (positive electrode). Electrons travel in an external circuit
and the lithium-ions diffuse to the graphite (negative electrode). There,
they are intercalated and reduced, thereby closing the circuit. During dis-
charge the reverse reactions takes place, and the electrons produce a current.
An example of the reactions on each electrode and the overall reaction for
graphite and a lithium metal oxide electrode can be seen in eq. 1.1, 1.2 and
1.3,

Negative: xLi+ + xe− + C6 � LixC6 (1.1)



4 CHAPTER 1. INTRODUCTION

Positive: LiMO2 � Li1−xMO2 + xLi+ + xe− (1.2)

Overall: LiMO2 + C6 � C6Lix + Li1−xMO2 (1.3)

where M is a metal, like Cobalt or Manganese (LiFePO4 is a common positive
electrode as well). Right arrows are charging and left discharging, x varies
between 0 and 1, where 0 is fully discharged and 1 fully charged. LiC6
corresponds to theoretically maximum charged graphite, where one lithium-
ion is intercalated between every pair of aromatic carbon rings between the
graphite sheets.

The battery performance is affected by a number of factors. A high ionic
conductivity of the electrolyte is needed for the lithium-ions to diffuse suf-
ficiently fast across the electrodes. Since the electrolyte can be considered
concentrated, there will be mass transport limitations as well for high cur-
rents, this becomes important when cycling at higher current rates. For the
electrodes to intercalate ions efficiently, they are usually porous with micro
sized particles. What is limiting is both the solid-state transport within the
crystals, since the intercalation reactions take place throughout the entire
material, and the ionic transport in the pores. Too large particles or higher
currents will lead to concentration gradients building up within the particles,
limiting the maximum capacity of the battery.

Additionally, electrode additives are important for the battery performance
and normally makes up around 10 % of the electrode weight. To enhance the
electronic conductivity, carbon black is often added, this is particularly im-
portant for LiFePO4, which has a very low electronic conductivity. Binders,
like polyvinylidene flouride, are usually added as well for mechanical in-
tegrity.

Especially on the carbon electrode surface, a solid electrolyte interphase
(SEI) is formed by electrolyte decomposition, mainly at the first cycle [6].
The content of the SEI is polymers and lithium salts which passivate the
surface, hindering further electrolyte degradation. The exact content of the
SEI is highly debated and depends on many factors such as the chemistry



1.2. TYPES OF CARBON MATERIALS 5

used or operating conditions [6]. Some of what is believed to be the ma-
jor components are LiF, (CH2OCO2Li)2 or Li2CO3. Since lithium ions are
decomposed into the SEI, an irreversible capacity loss is inevitable during
the first cycles. An electrode with a small surface area can suppress this
effect. The SEI needs to conduct ions sufficiently and be stable so no fur-
ther electrolyte decomposition takes place, which would result in a battery
performance decrease.

1.2 Types of carbon materials
There are many different types of carbon materials used in batteries, whose
properties depend on precursor used in manufacturing,
carbonization/graphitization temperature, functional groups etc. Carbon
materials are often divided into hard carbons (carbon that can not be graphi-
tized), soft carbon (graphitizable carbon) and graphite with different degrees
of graphitization [7].

• Hard carbon Hard carbons are one of the most widely studied neg-
ative electrode material except for graphite. It has attracted attention
because of the higher capacity than graphite, not limited by the stage-1
intercalation compound, LiC6 (372 mAh g−1). This is because lithium
can be accomodated not only in the interlayer spacing but in microp-
ores as well, in the disordered structure [8]. One major setback is the
large first cycle irreversible capacity drop, so for practical use this has
to be either minimized or the electrode has to be pre-lithiated before
assembled in a battery cell. The exact structure with pore size dis-
tribution, crystallite sizes, amount of amorphous carbon etc depends
largely on the precursor used and the carbonization temperature. The
common feature in most hard carbons used as negative electrodes is a
sloping voltage profile due to insertion in sites with varying chemical
potentials [8].

• Soft carbon Non-graphitized soft carbons are generally not consid-
ered for lithium-ion battery applications due to its poor electrochem-
ical performance. However, it has attracted some attention for use
in sodium-ion batteries [9, 10]. The large interlayer spacings (can be
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around 0.37 nm compared to 0.3354 nm for graphite) has been shown
to be able to insert sodium by expanding. Promising rate performance
have been obtained as well. As opposed to hard carbons, the prop-
erties of soft carbons like graphitization degree and interlayer spacing
can be tuned by thermal treatment. The electronic conductivity is
higher than hard carbon and some forms, like carbon black, can be
used as conductive additives in electrodes.

• Graphite Graphite has long been the most common negative elec-
trode material. It has attractive features such as a flat and low voltage
profile, good cycle life, relatively high initial coulombic efficiency (>90
%), and low cost [11]. However, the capacity is limited to 372 mAh g−1

and the diffusion rate is between 10−13 and 10−11 m2 s−1, leading to
low power density [12]. Carbon materials are continuing to improve to
overcome these limitations and meet the demands of both high energy
density and power density. Nanostructured materials such as graphene
or carbon nanotubes, or more advanced composite materials such as
TiO2 nanotubes/graphene composites shows promise for future gener-
ation batteries [13]. Even though these materials present good results
in the lab many challenges still remain for practical applications, such
as price and scalability.

1.3 Carbon fibre electrodes
The main use for carbon fibres is in load carrying composite materials, often
when a high performance or a low weight is needed. There are two main
precursors used, polyacrylonitrile (PAN) and pitch, which produces carbon
fibres with varying properties and structure. The same manufacturing steps
are applied for both types of precursors; fibre formation, stabilization and
carbonization at high temperatures, usually between 1000 °C and 3000 °C.
PAN-based carbon fibres have a largely amorphous and disordered struc-
ture with nanocrystalline domains while pitch-based are more crystalline
[14]. PAN-based exhibit a higher tensile strength while the pitch based have
higher modulus. The PAN-based carbon fibres are the dominating type on
the market today.
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Even though LIB are the dominating battery type on the market where
energy density is important, there are still a few drawbacks and rooms for
improvement. Normally a battery cell only contains up to around 60 %
active material by weight [15], where the rest is additives, current collec-
tors, casings, et cetera. The copper current collector alone on the negative
electrode can make up around 25 % of the total electrode weight. Finding
ways to lower the amount of non-active material in LIB is therefore of large
interest and could result in much more effective battery designs.

Using carbon fibres as an alternative negative electrode in LIB has been
researched since the beginning of the 90’s [16, 17, 5, 18, 19, 20]. The reason
for this is that in addition to the mechanical properties, carbon fibres have
exhibited good electrical and electrochemical properties. It has been shown
that the carbon fibres reversibly insert lithium ions, reaching a capacity
of around 350 mAh g−1 [5, 17], which can be compared to the theoretical
maximum of graphite, 372 mAh g−1. Furthermore, the conductivity of some
fibres reaches values of around 1000 S cm−1 [5], which allows the carbon
fibres to be used without current collector, thereby substantially reducing
the weight of the battery. Because of the mechanical integrity and electrical
conductivity of carbon fibres, additives can be completely eliminated as well
when used as negative electrode. This further increases the active material
fraction and reduces weight.

Commercial carbon fibres

Figure 1.2: Illustration of the microstructure of a high modulus carbon fibre,
duplicated from [21].
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In order to understand the lithiation mechanism of carbon fibres, a detailed
understanding of the microstructure is important. Due to the superior lithi-
ation ability, this work is focused on PAN-based carbon fibres. These types
of fibres are typically used in high performance composites and can exhibit
high tensile strengths, up to around 6000 MPa, and a modulus around 300
GPa.

The microstructure of such fibres typically consists of microcrystals oriented
in the fibre direction, embedded in a substantial part quasi-amorphous car-
bon matrix [22]. The crystalline content normally varies around 30-50 %
[23]. More than the anisotropy of the crystals, the structure can also vary in
the radial direction of carbon fibres. Since graphite crystals are formed at
high temperatures at annealing from the outside, the surface might be more
crystalline with a more disordered core. A schematic sketch of a cross section
of high modulus carbon fibre is presented in figure 1.2. Ordered continuous
carbon layers are seen which wraps around a more disordered core. This
structure is an example and varies depending on fibre grade. The structure
is affected by the heat treatment temperature, where higher temperatures
results in larger and more oriented crystallites, while the interlayer spacing
decreases, meaning a higher degree of crystallization is obtained [24].

Figure 1.3: Reversible capacity versus heat treatment temperature for varios
carbon materials, duplicated from [25].

When lithium ions are intercalated into carbon fibres, all of the above fac-



1.3. CARBON FIBRE ELECTRODES 9

tors affect the capacity and rate performance. The ions can not diffuse
through graphite layers which means some degree of disorder is needed to
create lithium-ion pathways. A higher capacity has been obtained for rel-
atively disordered, amorphous PAN-based carbon fibres, as opposed to the
more crystalline pitch-based carbon fibres [5, 17]. Since graphite is the
most commonly utilized negative electrode material in lithium-ion batter-
ies, this might seem counterintuitive, but is explained by the orientation of
the graphite sheets along the carbon fibre axis, blocking lithium ion path-
ways. This suggests that the insertion mechanism is instead similar to that
of hard carbon, carbon that can not be graphitized. Figure 1.3, duplicated
from [25], shows reversible capacity for various hard and soft carbon, as
a function of heat treatment temperature. For the high heat treatment
temperatures to the right side of the graph, the capacities reach the the-
oretical maximum for graphite (372 mAh g−1) since the carbons become
highly graphitized. For the low heat treatment temperatures the capacities
increase after a minimum around 1700 °C, to around 900 mAh g−1. The
latter corresponds to amorphous carbon materials, which have a structure
with a lower density and micropores allowing lithium to be inserted to a
higher amount than in crystalline graphite. PAN-based carbon fibres are a
combination of these two extremes where a large, or possibly complete, part
of the capacity can be attributed to insertion in the amorphous regions of
the fibre microstructure.

Lignin based carbon fibres

One of the drawbacks of commercial carbon fibres is the high cost of the
raw material, the precursor alone makes up about 50 % of the total car-
bon fibre manufacturing cost [26]. Furthermore, PAN is synthesized using
propylene, which is produced from fossil fuel resources, therefore making it
a non-renewable resource. Hence, there is a need to search for alternative
precursors when producing carbon fibres. Lignin, which is a byproduct from
the papermaking industry, has over the last years attracted attention as a
carbon fibre precursor [27, 28, 29, 30]. It is an inexpensive, renewable and
abundant resource. The mechanical performance is still not on par with
commercial carbon fibres; the strength is typically around 500-1000 MPa
and the modulus around 80 GPa. This could be improved in the future
however, but presently lignin-based carbon fibres should only be considered
in applications where a lower mechanical performance is sufficient.



10 CHAPTER 1. INTRODUCTION

In addition to making carbon fibres, lignin has recently been studied as a
precursor for negative electrode materials in lithium ion batteries [31, 32, 33].
Some of the different forms studied includes fused electrospun carbon fibrous
mats, fused lignin carbon fibre mats, or as micro sized particles in a mixture
with pitch. At low current densities, relatively high capacities of around
300-400 mAh g−1 has been obtained, which is comparable to commercial
graphite-based negative electrodes. The cycling stability seems to be good.
There is however still some open questions, for fused carbon fibrous mats the
surface area is relatively high, which results in a large irreversible capacity
drop during the first cycle because of the SEI formation. The microstruc-
ture of lignin based carbon fibres is mainly amorphous, leading to similar
lithiation mechanisms as for PAN-based carbon fibres, or hard carbon.

Lithium insertion mechanism and diffusion in disordered
carbons

As mentioned above, the lithium insertion mechanism for PAN-based and
Lignin based carbon fibres is similar to hard carbon because of the amor-
phous structure. Dahn et al [25], proposed a ”house of cards” model where
the graphene sheets are not stacked in a parallell way, but instead arranged
randomly, similar to a house of cards, forming natural nanopores and cavi-
ties between the graphene sheets, where the lithium can be inserted. Since
lithium can be inserted on both sides of the graphene sheets, a higher capac-
ity than graphite can be obtained, which explains the high capacity values
for low temperature treated carbons in Figure 1.3. This leads to a theo-
retical maximum capacity of 744 mAh g−1, corresponding to Li2C6, twice
that of graphite, 372 mAh g−1 corresponding to LiC6. A schematic of the
principle is illustrated in Figure 1.4. A typical voltage profile for hard car-
bon is shown in Figure 1.5, it starts with a slope and ends in a low voltage
plateau. The sloping voltage profiles is proposed to arise from insertion of
lithium between carbon layers, and the plateau from filling of micropores
or on both sides of graphene layers as in the house of cards model. In the
latter the lithium is weakly bounded relative to lithium metal, hence the
low voltage. Other models suggests insertion into defect sites and a more
continuous distribution of chemical potentials because of the sloping voltage
profile.

Since lithium is inserted in such a different way in carbon fibres and hard
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Figure 1.4: Schematic showing the lithiation of (a) graphite and (b) single-
layer hard carbon, duplicated from [34].

Figure 1.5: Voltage profiles of hard carbon (resole resin heated to 1000 °C),
duplicated from [25].

carbons compared to graphite, differences in diffusion is expected. Kjell
et al [35] measured diffusion in a single PAN-based carbon fibre using an
electrochemical impedance model, the result for different states-of-charge is
seen in Figure 1.6. A strong state-of-charge dependence is seen which varies
from around 10−14 m2/s to around 4*10−12 m2/s. An inverse dependence of
state-of-charge is typically observed for graphite. Yu et al [36] measured a
diffusion coefficient ranging from around 10−14 m2/s at 0 % state-of-charge,
to around 6*10−15 m2/s at 30 % state-of-charge. The values for graphite
is lower as well, indicating beneficial transport properties for carbon fibres
compared to graphite. An alternative way of measuring diffusion, is by nu-
clear magnetic resonance (NMR), which will be covered in the next section.
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Figure 1.6: Diffusion coefficient vs. state-of-charge for a PAN based carbon
fibre (IMS65), duplicated from [35].

1.4 Nuclear magnetic resonance
One technique very useful for studying lithium ion batteries, is NMR. The
technique takes advantage of the magnetic properties of isotopes that res-
onate at specific frequencies when placed in a magnetic field. These fre-
quencies depends on the spin of the nucleus. A radio frequency (rf) pulse is
applied to perturbate the polarization at the resonance frequency and the
variations in the resonance frequencies gives detailed information about the
electronic environment around the nucleus. For lithium ion battery research,
6Li and 7Li can be probed. The NMR shifts are most commonly plotted as
a ppm value, since it is calculated as a ratio between (νsample − νref ) and
νref , where νsample is the sample frequency and νref the reference frequency.

7Li NMR has been proven to be a useful tool to study lithium interca-
lated carbon materials. Many in situ studies have been made with specially
designed cells, making it possible to probe the change in the electronic en-
vironment around the lithium nucleus during cycling. R. E. Gerald [37]
studied lithium intercalation in graphite and carbon tubes, see Figure 1.7
for NMR spectras for full lithiation. Fully lithiated graphite has a NMR
shift between 42-45 ppm, shifting to higher ppm values during lithiation.
Metallic lithium has a shift of 245 ppm [38], meaning that lithium moves to
a more "metallic" state for higher degrees of lithition.
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Figure 1.7: 7Li NMR spectra of (A) lithiated graphite; (B) lithiated sepiolite-
derived carbon tubes, and (c) 1 molar aquous fill for 0 ppm reference, du-
plicated from [37].

A commonly used NMR technique to measure diffusion is the spin-echo
pulse sequence. It works by first applying a 90° pulse to the spin system,
this rotates the magnetization down to the x-y-plane (from the z-plane).
The transverse magnetization then begins to dephase. After a certain time
interval, a 180° pulse is applied which rotates the magnetic field by 180°
around the x-axis, which causes the magnetization to rephase and produce
a signal called an echo. The time between pulses for instance can then
be increased which leads to an exponential decay of the pulse. This decay
follows the Stejsal-Tanner equation, see eq. 1.4.

S(TE)
S0

= exp
(
γ2G2δ2 (∆− δ/3)D

)
(1.4)

S(TE) is the signal with gradient, S0 the signal without diffusion weighting,
γ the gyromagnetic ratio, G the pulse strength, δ the pulse duration, ∆ the
time between pulses, and D the diffusion coefficient. The signal ratio is
measured and all parameters except the diffusion coefficient on the right
side of the equation are known, with experimental parameters or properties
of the nuclei. So plotting S(T E)

S0
vs. γ2G2δ2 (∆− δ/3) on a logarithmic scale

gives the diffusion coefficient by the slope. Different values can be achieved
by varying the time between pulses or pulse duration for instance.
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1.5 Positive electrodes
Even though carbon fibres are excellent candidates for structural negative
electrodes, they can not be used unmodified as positive electrodes. Some
kind of active positive electrode material has to be implemented. However,
because of the high conductivity, the carbon fibres can be used as current
collectors. This has been investigated previously in various ways [39, 40].
Furthermore, carbon fibres have been shown to have a better electrochemical
stability compared to aluminum [41], which is the current collector normally
used for LiFePO4-based positive electrodes.

Electrophoretic deposition is a coating technique that has been utilized pre-
viously to coat various substrates. It has been used to coat nanofibres and
nanotubes onto carbon fibres to improve the interfacial properties between
carbon fibres and matrix [42, 43]. It has also been used for LIB, specifically
to coat active electrode materials on a substrate to manufacture electrodes
[44, 45]. Combining these ideas a structural positive electrode could be
manufactured by coating active positive electrode materials on carbon fi-
bres. Paper III is an attempt at this by electrophoretically coating LiFePO4
on carbon fibres.

1.6 Structural batteries
Combining the mechanical and electrochemical properties of carbon fibres,
there is an evident concept where this can be utilized, structural batteries.
The idea is to make a battery that can hold a mechanical load, so it can be
placed in a structural load path, while still maintaining the energy storage
function. This would give benifits in the form of weight loss on a system
level, even if the battery performance is not on par with conventional bat-
teries. In this concept the carbon fibres would be the negative electrode,
and the positive electrode carbon fibres coated with a positive electrode
material. What is needed as well is a solid electrolyte that transfers load to
the fibres, much like in a conventional structural composite material. The
solid electrolyte functions as both separator and electrolyte as well. Carbon
fibres has attracted attention for use in structural batteries the last years
[17, 5].
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1.7 Flexible batteries
Another field that is rapidly growing are flexible electronics, such as wear-
able electronics [46] or flexible displays [47]. Flexible LIB is therefore a
promising storage device for such applications. Even though the technique
is not commercial yet, much research has been dedicated to flexible batter-
ies the latest years [48, 49, 50]. One way of realizing flexible LIBs, is by
binding conventional electrode materials with cellulose nanofibrils (CNF),
as has been shown previously [51, 52]. That way a flexible paper battery
with reasonable mechanical properties can be obtained. One remaining chal-
lenge is incorporating a suitable current collector. Conventional metallic foil
current collectors are not suitable for flexible batteries since loss of contact
between the active material and the foil is likely during repeated bending
[53]. Carbon nanotubes or graphene has been suggested as current collec-
tors for flexible LIB [53, 54]. The conductivity and performance has been
shown to be good, however, the preparation procedure is relatively complex
and the materials are expensive. One alternative is using carbon fibres due
to the high conductivity and mechanical properties. Furthermore, for the
negative electrode carbon fibres can be used as active material as well.

1.8 Scope of the thesis
The aim of this work is to investigate the electrochemical performance of car-
bon fibres for use as electrodes and current collectors in lithium ion batteries.
Furthermore, the microstructure, intercalation mechanisms, and diffusion of
lithium in carbon fibres is investigated.

The overall goal is to manufacture and characterize structural and flexible
negative and positive electrodes. Negative carbon fibres based electrodes are
characterized in terms of coulombic efficiency, microstructure and diffusion
(Paper I, II, IV, V VI). Both commercial and lignin-based carbon fibres are
evaluated.

There are few studies suggesting a way to realize positive structural elec-
trodes. Paper III aims at bridging this gap by manufacturing a LiFePO4
coated carbon fibre structural electrode by electrophoretic deposition.





Chapter 2

Experimental

In this work, carbon fibres has been used and characterized when used as
electrodes and current collectors in structural and flexible Li-ion batteries.
Different manufacturing processes, electrochemical characterization meth-
ods and material characterization methods have been used and an overview
is presented in this chapter.

2.1 Materials and component preparation

Cell preparation

For all papers, a two electrode pouch cell design was used. Half cells with
lithium foil as common counter and reference electrodes, and carbon fibres
used as freestanding working electrodes without any tabbing were used in
Paper I and II. For Paper III the LiFePO4 coated carbon fibres were con-
nected at the ends to an aluminum current collector using silver glue, which
was sealed in the pouch to avoid contamination. Paper IV and V used flex-
ible electrodes in both half-cell and full cell setups. Paper VI had tabbed
(epoxy tabs) carbon fibres as electrodes since a large tow was used. 250 µm
Whatman glass microfiber filters were used as separators, which was soaked
in 1.0 M LiPF6 in ethylene carbonate (EC):diethyl carbonate (DEC) (1:1 by
weight, BASF LP40) with or without 2 % vinylene carbonate (VC) additive
as electrolyte. VC is a common additive to stabilize the SEI and improve
the coulombic efficiency [55].

17
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Table 2.1: Carbon fiber grade and properties from manufacturer.

Manufacturer Grade Strength Modulus Density
(MPa) (GPa) (g cm−3)

Toray T300 3530 230 1.76
Toray T800 5490 294 1.81
Toray M60J 3920 588 1.93
Toray T1000G 6370 294 1.80
Toho Tenax IMS65 6000 290 1.78

The components were dried in a vacuum oven at 60 °C overnight prior to
cell assembly, which was carried out under inert atmosphere in an argon
filled glove box with <1 ppm O2 and H2O.

The commercial carbon fibres used in paper I are listed in table 2.1. All
fibres are PAN-based with a medium to high tensile strength, 3530-6370
MPa, and with medium to high modulus, 230-588 GPa. For Paper IV-VI
unsized IMS65 was used.

Lignin preparation

The lignin carbon fibres were prepared at RISE (Research Institutes of Swe-
den), and was not carried out by the author. Softwood kraft lignin was
isolated by the LignoBoost® procedure [56]. Black liquor was extruded by
industrial kraft pulping. The pH was reduced to around 10 by adding CO2
and then filtered. Solids containing large amount of lignin was suspended
in water and sulphuric acid added to adjust the pH to around 2-2.5. High
purity lignin was then recovered by filter pressing and displacement washing
with water of pH 2.5. The lignin was then vacuum dried at 80 °C and melt
extruded into lignin filaments. After that the filaments were fixed under 100
% tension in a frame and thermostabilized from 100 °C to 250 °C at a 0.2
°C/min rate, after which the temperature was kept constant at 250 °C for
15 minutes. After removing the filaments the last step was carbonization to
different temperatures, 1000 °C, 1200 °C, 1500 °C and 1700 °C, at a rate of
5 °C/min under nitrogen atmosphere.
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LiFePO4 coated carbon fibres

Figure 2.1: Schematic of the setup used for the electrophoretic deposition.

In Paper III an electrophoretic deposition (EPD) method was used to coat
carbon fibers with LiFePO4 (active positive electrode material), carbon
black (conductive additive) and polyvinylidene flouride (binder). A schematic
of the setup used is presented in figure 2.1. The coating ingredients stated
above were added to an EPD bath containing acetone, polyethylene glycol
p-(1,1,3,3-tetramethylbutyl)-phenyl ether (Triton X-100, a non ionic sur-
factant) and iodine. When iodine is added to the acetone, the following
chemical reactions forms protons: [57, 58]

CH3COCH3 ↔ CH3C(OH)CH2 (2.1)

CH3C(OH)CH2 + I2 → CH3COCH2I +H+ + I− (2.2)

The positively charged protons adsorb on the surface of the particles and get
accelerated and deposited on the negative electrode, in this case the carbon
fibres. The counter electrode is a platinum rod and the deposition time,
applied voltage and distance between the platinum and carbon fibers control
the thickness of the deposit. In Paper III everything was kept constant (300
s deposition time, 3.5 cm distance and 65 V applied voltage) throughout all
experiments. The role of the non-ionic surfactant, Triton X-100, is to help
avoid formation of aggregates, the EPD bath was also ultrasonicated for at
least 20 min prior to deposition.
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Flexible electrodes

The flexible electrodes in Paper IV and V were made with a water based pa-
per making process, shown schematically in figure 2.2. LiFePO4, Li4Ti5O12
(LTO) or carbon fibers (IMS65) were mixed in water (Milli-Q) with TEMPO-
oxidized cellulose nanofibrils (CNF) and Super-P carbon. An Ultra Turrax
D125 Basic disperser was used at 10000 rpm for 20 min to obtain a homoge-
neous slurry. The slurry was then vacuum filtered with ethanol, acetone and
pentane in sequence before drying the resulting film in 110 °C in vacuum for
one hour. When making carbon fibre layers as current collectors, two layers
were filtered in sequence with the carbon fibres last due to the low weight.

Figure 2.2: Schematic of the water based paper making process to produce
flexible electrodes.

2.2 Electrochemical methods

Galvanostatic cycling

Galvanostatic cycling was carried out at different current rates to determine
the capacity of the different electrodes. The voltage limits for the negative
electrodes were 0.002 to 1.5 V vs. Li/Li+, for the LiFePO4 based positive
electrodes the limits were 2.8 to 3.8 or 4 V vs. Li/Li+, for full cells 2.5 to 3.8
V and for the Li4Ti5O12 based negative electrodes the limits were 1 to 2.5
V vs. Li/Li+. The potentiostats used were Gamry Series G 750, Biologic
VMP-300 and Solartron SI 1287.
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High precision coulometry

In order to determine the coulombic effiency (CE) with a high accuracy, gal-
vanostatic cycling was performed in an in-house constructed high-precision
cycling setup. The setup is similar to the one established by Dahn et al [59].
A schematic view of the setup can be seen in figure 2.3. Current is supplied
by Keithley 220 current sources and the cells are placed in a temperature-
controlled box. In series with the cells high precision resistors (±0.01 %) are
connected and by measuring the voltage drop over the resistors the current
is determined with high precision. The cell voltage as well as the resistor
drop voltage is measured with Keithley 2700/2701 multimeters. For every
multimeter five current sources and cells are connected in parallel. With
this setup the CE can be determined with an accuracy of ±0.02 % for cells
cycled in C/10 or less.

All cells were cycled between 0.002 and 1.5 V vs. Li/Li+ with a C-rate from
C/50 to C/10 based on C = 372 mA g−1.

+

-
V

V

High-presision resistor x5

Keithley 220

current source x5

Keithley 2700

multimeter

Battery

cell x5

Temperature chamberTemperature chamber

+++++++++++++++

-------------
BatteryBat

cell x5cel

Figure 2.3: Schematic setup for the high-precision coulometry.

2.3 Spectroscopic and microscopic methods
The microstructure of the carbon fibres in Paper I and II were examined with
X-ray diffraction (XRD) and confocal Raman spectroscopy. The surface was
investigated with scanning electron microscopy (SEM) and for paper I and
IV the specific surface area was determined using the Brunauer-Emmet-
Teller (BET) method.
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X-ray diffraction

XRD measurements were carried out with a Siemens Diffractometer D5000
with a Cu Kα/Kβ source. The fibres were grinded (gently to avoid any
crystal structure damage) in a mortar and placed in the sample holder.
Graphite powder was measured without modification. A normal coupled
scan with diffraction angles between 20-50° (paper I) or 10-70° (paper II), a
step size of 0.01-0.04° and a dwell time of 2-6 s (paper I) or 60 s (paper II)
was performed.

Confocal Raman spectroscopy

In order to further evaluate the crystalline graphite content and the amount
of disordered carbon, confocal Raman spectroscopy was utilized. The mea-
surements were carried out with a Horiba Jobin Yvon Labram HR800 UV
microscope. The excitation source was a green laser (λ = 514 nm). The
magnifications used were 100x (paper I) and 20x (paper II). Spectra was
collected between 900-1900 cm−1, grating density 600 grooves per mm, 120
s exposure time, 3 spectra averaged and no filter. The peaks were fitted
using Lorentzian or Gaussian peaks, depending on best fit.

Scanning Electron Microscopy

SEM images where collected in Paper I-V mainly using a Hitachi S-4800
microscope. The accelerating voltage was 1-2 kV.

Specific surface area

The BET surface area was determined in paper I and IV using a Micrometics
ASAP 200 instrument utilizing N2 adsorption at -196 °C. Fibre sizing was
removed prior to measurements by submerging the fibres in a mixture of
dichloromethane, 1-methyl-2-pyrrolidone and dimethyl sulfoxide (2:2:1 by
volume), stirring for 48 hours and rinsing with acetone.

Nuclear Magnetic resonance

24000 IMS65 carbon fibre bundles were cycled with a VMP3 potentiostats
in a half-cell setup with lithium as counter electrode. The fibres were tabbed
with epoxy prepregs, using the same method as in previous studies [5]. A
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large number of carbon fibres had to be used because of the insensitivity
of the NMR technique, which detects very small signals from the 7Li spin.
Due to very large mass transport limitations in the 24k carbon fibre bundles,
very slow C-rates were used for lithiation. The following cycling scheme was
used: (i) Formation cycling at C/40 (1C = 372 mA g−1, based on the capac-
ity of graphite), one lithiation and one delithiation; (ii) lithiation at C/40
to a particular state-of-charge, voltage found by galvanostatic intermittent
titration technique in a previous study [35]; (iii) A sequence of resting for
several hours to let the open-circuit-potential (OCP) stabilize and lithia-
tion again until no large change in OCP was observed when resting, 3-4
times. After lithiation to different SOC the cell was opened in a glove box
and the fibres placed in a NMR tube, either in axial or radial direction,
see Figure 2.4. For axial measurements the fibres were placed as is in the
tube and for radial they were rolled around a thin Teflon stick. This way
differences in diffusion could be determined. Diffusion was measured using
a pulsed-gradient stimulated echo sequence. The NMR measurements were
carried out between 0 and 60 °C, and between 20 and 60 °C for the diffu-
sion measurements (limited by slow diffusion and spin-spin relaxation (T2)
shortening for lower temperatures).

Figure 2.4: Schematic of the fibre orientation within the NMR tube.



24 CHAPTER 2. EXPERIMENTAL

2.4 Mechanical methods

Repeated bending tests

In order to test the flexibility of the flexible paper based batteries, repeated
bending tests were carried out using a 3-point setup, see Figure 2.5 for a
schematic image. The bending was repeated 4000 times with the speed at
18 mm s−1, the distance between the supports was 20 mm and the depth of
the bending 9 mm. An Instron 5944 mechanical testing system was used.

Figure 2.5: Repeated bending setup for the flexible batteries
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Results and discussion

Results from papers I-VI are presented and discussed in this chapter, starting
with carbon fibres used in structural batteries, for both positive and negative
electrodes. Further, characterization of the lithium-ion diffusion in carbon
fibres is presented. The last part covers the usage of carbon fibres in flexible
batteries.

3.1 Structural batteries

Commercial carbon fibres as negative electrodes

Typical charge/discharge curves and the corresponding capacity and CE for
a PAN-based carbon fibre tow, T800, is shown in figure 3.1. All tested com-
mercial fibres exhibited a similar behavior, see table 3.1 for a summary of
the cycling data. Contrary to the flat plateau with a clear staging behavior
seen in graphite, corresponding to lithium insertion between the graphite
layers [60], a more sloped profile is observed. This sloped behavior is similar
to voltage profiles seen in hard carbons [60]. Hard carbons are carbons that
can not be graphitized and have a random layer distribution of sites in a
turbostratically disordered structure which results in a distribution of sites
where lithium can be inserted. This distribution generates a distribution of
chemical potential and hence, a sloping voltage profile. As will be shown
later, PAN-based carbon fibres have a similar microstructure, turbostrati-
cally disordered with a relatively large amount of amorphous carbons. The
lithium insertion mechanism should hence be similar to that of hard, or dis-

25
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Figure 3.1: (a) Galvanostatic charge/discharge curve and (b) capacity and
CE vs. cycle number, for a T800 fibre cycled at C/10 based on C = 372 mA
g−1.

ordered, carbons, with insertions in a distribution of sites such as micropores
etc.

The first cycle capacity is significantly larger than the following cycles,
around 400 mAh g−1 compared to around 250 mAh g−1. This first cy-
cle drop corresponds to SEI-layer formation as well as some trapped lithium
in the microstructure, which will be discussed further below.

The CE in figure 3.1 reaches a value of more than 99.9 % after around 20
cycles, which indicates a very stable SEI-layer.

Figure 3.2a shows the CE for all tested commercial carbon fibres as well
as a commercial MCMB graphitic electrode for comparison. The result for
the MCMB electrode is consistent with previous high precision coulometry
measurements made elsewhere [59, 61]. The effect of fibre sizing is also
shown. Sizing is an epoxy added on the carbon fibre surface to improve
fibre-matrix properties and handling. For the tested fibres it is based on
epoxy or polyurethane. Both sized and unsized fibres were cycled to evaluate
the effect of sizing on the electrochemical performance.

The unsized IMS65 fibre as well as the sized M60J converges to a lower CE
than the MCBM electrode, 99.7 % compared to 99.9 %. The other tested
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Figure 3.2: (a) CE vs. cycle number for all tested fibres as well as a MCMB
electrode, all cells cycled in C/10 based on 1C = 372 mA g−1. (b) Tenth cycle
CE vs. capacity for all fibres and Quallion MCMB for reference. Cycled at
C/10 if not otherwise indicated.

fibres are on par, or even surpasses, the MCMB electrode. T300 (unsized
and with 50B sizing), T800 sized, IMS65 sized and T1000 sized converges
toward 100 % while the MCMB electrode converges toward 99.9 %. This
means that the SEI-layer is very stable on carbon fibres and that the sizing
is chemically inert and does not result in more side reactions.

The main factor effecting the CE seems to be the total reversible capacity
as shown in figure 3.2b. For the samples cycled slower this is not surprising
since a low rate will result in more lithium lost per cycle, because the SEI-
layer grows with time rather than cycle number [61]. There are however
samples following this trend regardless of cycle rate. For IMS65, the sized
(E23) and unsized sample cycled in C/5 and C/20 (circled red in figure),
respectively, exhibits almost the same CE and capacity. That the sized
IMS65 fibre cycled in C/20 has almost the same capacity as the unsized
cycled in C/5 indicates a detrimental rate effect from the sizing, most likely
due to larger mass-transport limitations.

To further investigate the origins of the stable CE, the BET-surface area
was measured. For all fibres it is around 0.5 m2/g, which is essentially the
geometrical surface area, meaning that the carbon fibre surface is completely
non-porous. This means that the SEI-layer is very small and that a low
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amount of lithium is lost to sustain it (even though it is primarily formed
during the first cycle it slowly continues to grow over time). As a comparison
MCMB electrodes typically have a surface area of around 5 m2/g which
would explain that the CE converges to a lower value for that electrode.

Another conclusion one could make from the small surface area is that the
first cycle capacity drop from SEI-layer formation should be small for the
carbon fibres. It is however substantial, see table 3.1. The normalized first
cycle drop is ranging from 16-77 % of the first cycle capacity, and is larger
for fibres with lower density, see table 2.1. As a comparison the drop is
only 11 % for the MCMB electrode evaluated. The sizing does not seem to
have an effect in the first cycle irreversible capacity drop. The explanation
for this large drop is that lithium is irreversibly ”trapped” in the carbon
fibre structure. This was previously observed in our group as an irreversible
length change of the carbon fibres during lithiation [20]. Since the smallest
drop, and therefore least amount of trapped lithium, was seen for M60J, the
most graphitized tested fibre, the trapped lithium is most likely related to
the amorphous carbon content of the carbon fibre microstructure. This is
an explanation to why the CE starts low and increases to converge towards
unity and is very stable.

Lignin-based carbon fibers as negative electrodes

Figure 3.3: a) Galvanostatic charge/discharge curves of the first three cycles
for LCF carbonized at a) 1000 °C at 0.1C based on C = 372 mA g−1, b)
Rate performance of LCF carbonized to 1000 °C.
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Charge/discharge curves of lignin-based carbon fibres carbonized to 1000 °C
can be seen in figure 3.3a. Similar to commercial carbon fibres, a sloping
voltage profile is observed, i.e. characteristic for disordered carbons, with
insertion in randomly distributed sites. Only lignin-based carbon fibres car-
bonized to 1000 °C is shown but the results from higher temperatures is
discussed below as well. The voltage profiles for the other temperatures
looked similar. The large first cycle capacity drop is attributed, as with the
commercial carbon fibres, to SEI-layer formation and trapped lithium. The
overall trend is that the specific capacity is inversely proportional to car-
bonization temperature, a trend previously observed for disordered carbon
materials [25]. The third cycle discharge capacity was 348, 215, 159 and 101
mAh g−1 for carbonization temperatures of 1000, 1200, 1500 and 1700 °C,
respectively.

Figure 3.3b illustrates the rate capability and coulombic efficiency of the
lignin-based carbon fibres carbonized to 1000 °C for rates from C/10 to 2C.
Similar trends was observed for higher carbonization temperatures. The
capacities for 1C and 2C is around half or less compared to that of C/10.
The cycling stability is good and the capacity retention high, for the fi-
bres carbonized to 1000 °C it is as high as 99.7 % when a C/10 current is
reapplied after five 1C and five 2C cycles. For the other temperatures the
capacity retention is 92 %, 89 % and 94 % for 1200 °C, 1500 °C and 1700
°C, respectively. The capacity of the lignin carbon fibres carbonized to 1000
°C is similar to commercial graphitic electrodes (372 mAh g−1 theoretical
maximum) at low currents.

The initial CE for all fibres is relatively low, around 50-70 %, due to SEI-
layer formation and trapped lithium. It quickly rises to over 99 % indicating
a stable SEI-layer and a low amount of side reactions.

Microstructure of carbon fibres

As seen in figure 3.4 (left side), continuous carbon fibre tows are formed dur-
ing the lignin carbon fibre manufacturing. The lignin-based carbon fibres
carbonized to higher temperatures has a similar appearance, the diameter
varies between 13-15 µm and does not differ between carbonization temper-
atures. The commercial carbon fibre, M60J, is shown in figure 3.4 (right
side), most commercial carbon fibres have a similar appearance. The most
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Figure 3.4: SEM images of lignin-based carbon fibres carbonized to 1000 °C
(left) and commercial M60J high modulus fibres (right).

Table 3.2: XRD derived data and BET surface area

Sample d002 fwhm 002 peak Lc BET surface
(Å) (degree) (Å) area (m2/g)

Graphite (Timrex SLP30) 3.35 0.23 395 -
IMS65 3.50 4.64 19 0.42
T300 3.52 4.66 19 0.43
T800 3.51 4.66 19 0.52
T1000 3.49 4.35 20 0.41
M60J 3.41 1.17 75 0.58
LCF 1000 °C 3.81 8.10 11 -
LCF 1200 °C 3.76 7.46 12 -
LCF 1500 °C 3.68 6.87 13 -
LCF 1700 °C 3.61 6.62 13 -

apparent difference seen is the fibre diameter, which is around three times
larger for lignin-based carbon fibres compared to commercial, this could
have a detrimental effect on solid-state diffusion of lithium into the fibres,
since the distance becomes larger. Indentations in the surface of the com-
mercial carbon fibre along the fibre is seen, this is common and is an effect of
stretching during manufacturing. Differences in microstructure is explored
below.
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Figure 3.5: XRD spectra for Timrex SLP30 graphite, Toray M60J carbon
fibre, Toray T1000 carbon fibre and a melt-spun lignin-based carbon fibre
carbonized at 1000 °C. Intensities for all spectra normalized for comparison.

XRD spectra for commercial carbon fibres, a lignin-based carbon fibre as
well as a type of graphite (Timrex SLP30) for comparison are presented
in figure 3.5. Spectra for the commercial intermediate modulus PAN-based
fibres not shown (T300, T800, T1000 and IMS65) was almost identical to
T1000, indicating a largely similar structure. The spectra of the lignin based
carbon fibres carbonized to higher temperatures had a similar appearance
as for 1000 °C. The large peak around 2θ = 26° in figure 3.5 corresponds
to the 002 reflection for graphite, the smaller peak around 2θ = 43° to the
graphitic 100 reflection. For the carbon fibres there is a broad peak around
2θ = 44° which can be assigned to the 101 reflection [62]. Overall, the width
of the peaks is related to crystallinity of the materials, where a sharp peak
means a highly crystalline material and a broad peak less crystalline order.
There is a clear trend, from the lignin-based carbon fibres exhibiting almost
no long-range crystalline order, to the crystalline graphite.

Using Bragg’s law, the interlayer spacing, d002, can be calculated. Fur-
thermore, using the full-width at half-maximum (fwhm) of the 002 peak,
the average crystallite dimension, Lc, can be estimated using the Scherrer
equation, see eq. 3.1 below:
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Lc = Kλ

βcosΘ (3.1)

Where Lc is the crystallite sizes in 002 direction (perpendicular to the basal
planes), K a shape factor (set to 0.9 here), λ the X-ray wavelength, β the line
broadening at fwhm and Θ the Bragg angle. A summary of the XRD-derived
data is presented in table 3.2. The crystallite size is a lower bound estimate
since defects in the carbon materials give rise to further peak broadening
[63]. The interlayer spacing is very large for the lignin-based carbon fibres,
around 3.6-3.8 Å(slightly decreasing with carbonization temperature), large
for most commercial fibres as well, 3.50 Å, slightly lower for M60J, 3.41 Å,
and 3.35 Å for graphite. The crystallite sizes follow the same trend with
small sizes for most fibres, slightly larger for M60J and largest for graphite.
This is simply explained by the crystallization degree, a larger interlayer
spacing with smaller crystals corresponds to a lower degree of graphitization.
M60J exhibits a higher crystalline perfection than the other fibres, which
is to be expected since it is a ultra high modulus, highly graphitized fibre
and the rest intermediate modulus fibres. The lignin-based carbon fibres
are very amorphous and disordered materials, most likely the carbonization
temperatures (up to 1700 °C) are too low to form crystalline graphite to
any significant extent. For PAN-based carbon fibres, graphitization temper-
atures above 2200 °C is needed to form any significant amount of graphitic
carbon [64]. Another explanation could be that lignin-based carbon fibres
are unable to graphitize, similar to hard carbon.

In order to further characterize the microstructure of the carbon fibres,
confocal Raman spectroscopy was used. The Raman spectra of the lignin-
based carbon fibres is seen in Figure 3.6a, and commercial carbon fibres
in Figure 3.6b. The peaks corresponds to the following: D-band around
λ = 1350 cm−1, stems from disordered carbon, G-band around λ = 1590
cm−1, corresponds to in-plane bond stretching of sp2 carbon atoms, the
dominant mode in highly graphitized carbons, D’-band around λ = 1620
cm−1 is related to small crystallite sizes and disordered carbon [65, 66, 67].
From the Raman data the crystalline sizes, La, can be calculated using the
Tuinstra and Koenig relationship [68]:
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Figure 3.6: Raman spectra of (a) Lignin-based carbon fibres carbonized to
different temperatures, (b) Commercial carbon fibres. Spectra from crys-
talline graphite added as reference. All spectra normalized for comparizon.

ID

IG
= C ′(λ)L−1

a (3.2)

where C ′(λ) = (2.4 ∗ 10−10nm−3)λ4. This relationship is valid for more
graphitized carbons with larger crystallites. A summary of the Raman de-
rived data is presented in table 3.3. The ratio between the D- and G-peak
intensities, R, is a measure of how disordered a carbon is, where a higher
value is a more disordered carbon. All fibres exhibited smaller crystallite
sizes than the graphite, which is expected. For the high modulus fibre,
M60J, different ratios of ID/IG was found, leading to different calculated
crystal sizes. This could be interpreted as a shell-core effect, where the core
appears more disordered with smaller crystallites compared to the surface.
However, a later study (Paper X) investigated the cross section of the M60J
fibre with HR-TEM and found a homogenous, highly ordered microstruc-
ture for the entire fibre. A more likely explanation is therefore that it is an
orientation effect (R also depends on orientation) so the crystals are more
oriented on the surface compared to the core. All other fibres showed a ho-
mogeneous structure. This could explain the lower capacity of M60J since
the graphite sheets at the surface impede lithium-insertion.

The lignin-based carbon fibres have very small crystallites (see table 3.3)
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Table 3.3: Raman derived data

λD fwhmD λG fwhmG R La

Sample (cm−1) (cm−1) (cm−1) (cm−1) (ID/IG) (Å)

Graphite 1353 35 1581 18 0.12 367
(Timrex SLP30)
IMS65 1359 202 1590 92 0.90 49
T300 1361 210 1589 96 1.04 42
T800 1363 183 1597 84 0.94 47
T1000 1359 197 1587 94 0.96 46
M60J cross 1355 40 1587 36 1.61 27
section
M60J surface 1357 40 1586 28 0.40 110
LCF 1000 °C 1349 - 1600 - - 12
LCF 1200 °C 1354 - 1604 - - 13
LCF 1500 °C 1353 - 1607 - - 14
LCF 1700 °C 1350 - 1603 - - 16

and a large disorder. This is in agreement with the XRD studies. Due to
the large amount of amorphous carbon and small crystallite sizes, another
formula proposed by Ferrari and Robertson [66] was used to calculate the
crystallite sizes:

ID

IG
= C ′(λ)L2

a (3.3)

where C’(514 nm) = 0.0055 Å−2. The crystallite sizes increases slightly
with carbonization temperature but overall the structure is amorphous with
small crystalline domains.

The tensile strength and Young’s modulus of the lignin-based carbon fi-
bres carbonized to different temperatures is shown in table 3.4. It has re-
cently been shown that the mechanical properties of lignin-based carbon
fibres are strongly affected by the precursor [69] and manufacturing process
[70]. Lignin is a large, complicated molecule, which varies significantly in



36 CHAPTER 3. RESULTS AND DISCUSSION

Table 3.4: The mechanical properties of the lignin-based carbon fibres.

Carbonization Tensile strength (MPa) Young’s modulus (GPa)
temperature (°C)

1000 560.0 37
1200 584.7 27
1500 395.4 28
1700 362.6 27

structure between types of biomass, recovery method used and process for
delignification. The reported ranges for the tensile strength and Young’s
modulus is 150-1000 MPa and 28-83 GPa, respectively [71]. In this study
the lignin-based carbon fibres were not optimized for mechanical properties
and did not reach the top values reported. It is clear that a higher carboniza-
tion temperature reduces both the tensile strength and Young’s modulus,
especially the strength and the modulus seems to plateau after 1200 °C.

Carbon fibres made from lignin is still a relatively new material and the
mechanical properties does not rival commercial PAN-based carbon fibres
yet, which typically have a tensile strength of around 4000-6000 MPa and a
Young’s modulus of 300-600 GPa (see table 2.1). The benefits are instead
the renewable, cheap and environmentally friendly precursor. There is still
plenty of room for improvements of the mechanical properties, but even
today use in applications with a lower demand on mechanical properties
could be feasible.

LiFePO4 coated carbon fibers as positive electrode

In order to manufacture a structural positive electrode, elecrophoretic depo-
sition was utilized to coat LiFePO4 (active positive material), carbon black
(CB, conductive additive), and polyvinylidene flouride (PVDF, binder) onto
commercial carbon fibres. SEM images of the coated fibres can be seen in
figure 3.7. The composition in these images was 90:6:4 (LiFePO4:CB:PVDF,
by weight). Similar observations were found for different compositions. Note
that the compositions used is the bath compositions, which might not equal
the actual electrode compositions. Rigorous stirring by ultrasonication was
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used to minimize any difference. Cross-sections of coated fibres is seen in
figure 3.7a and c. Some areas of excessive coating is observed (figure 3.7a)
which might lead to a lower capacity because of loss of contact between car-
bon fibres and active particles (LiFePO4) in the coating. When conditions
in the EPD coating process is optimal (applied voltage, distance between
electrodes, stirring, coating time etc.) the fibres are coated individually (fig-
ure 3.7c) with a porous mass around the fibres. This is beneficial both for
use in a structural composite and for electrochemical performance since the
electrical contact distance between the coating and the current collectors
(carbon fibres) becomes small. Figure 3.7b shows a top view of the coated
fibres, the fibres are coated individually but some areas of excessive coating
is seen. Figure 3.7d shows a high magnification SEM images of the coating,
well distributed LiFePO4 particles with a size of around 300 nm and CB
particles of less than 100 nm in size is observed.

Typical charge/discharge voltage profiles for varying current rates of the
LiFePO4 coated carbon fibres is presented in figure 3.8, in this case for the
composition 92:4:4. The profiles looked similar with varying capacities for
all different tested compositions, see table 3.5. The voltage profiles with a
platau around 3.4 V vs. Li/Li+ are typical for LiFePO4 [72]. The specified
specific capacity of the carbon coated LiFePO4 used in this work is 150
mAh g−1 and on average the achieved capacity for the coated carbon fibres
is around half of that. This means that half of the active material is not
utilized, one of the main reasons could be loss of contact between active
particles and the carbon fibres in areas of excessive coating (see figure 3.7a).
The charge/discharge overpotentials is low, 39 mV at 0.1C and increases to
142 mV at 2C. The capacity retention is also good at around 0.85 at 1C
and 0.75 at 2C compared to the capacity at 0.1C. This indicates that the
internal resistances in the cell is low and is attributed to the individually
coated carbon fibres with a short electrical contact distance between active
particles and the carbon fibres. This also indicates that the conductivity of
the carbon fibres (588 S m−1) is high enough even for applications requiring
high power.

The rate performance for the different tested compositions of the LiFePO4
coated carbon fibres is seen in figure 3.9. Overall, little change between
compositions is seen, around 0.7 retention at 2C compared to 0.1C. This in-
dicates that a low amount of conductive additive (carbon black) and binder
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Figure 3.7: SEM images of LiFePO4 coated carbon fibres with composition
90:6:4. a) Cross section of area with excessive coating, b) Side view, c) Cross
section of area with individually coated carbon fibres, d) High magnification
image, well distributed LiFePO4 and carbon black particles is seen.

(PVDF) is sufficient for a good electrochemical performance. This is again
attributed to the individually coated carbon fibres and the short electrical
contact distance between current collector (carbon fibres) and active parti-
cles (LiFePO4). Increasing the amount of carbon black (figure 3.9a) have
little effect on the retention, a slight increase is seen when increasing from
4 wt.% to 6 wt.%, which means 6 wt.% is sufficient for a low cell resistance.
This can be compared to commercial LiFePO4 based electrodes that often
need an excess of 10 wt.% conductive additive because of the low conductiv-
ity of LiFePO4 [73]. This is one of the inherent problems with this electrode
material. Increasing the amount of PVDF (figure 3.9b) past 4 wt.% does
not have any benefits in terms of electrochemical performance, the retention
decreases slightly with a higher amount. This could be due to electrically
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Figure 3.8: Charge/discharge voltage profiles for the LiFePO4 coated carbon
fibres with composition 92:4:4.

Table 3.5: Discharge capacities of the LiFePO4 coated carbon fibres. *Not
enough samples for standard deviation.

Bath composition Average Specific Coating wt. %
capacity at 0.1C (mAh g−1)

92:4:4 108 ± 21 32
90:6:4 62 ± 7 31
88:8:4 90 ± 6 45
88:6:6 66* 50
88:6:8 75 ± 9 41

isolating effects of the PVDF. In terms of electrochemical performance 90:6:4
seems therefore to be a best composition.

In order for the LiFePO4 coated carbon fibres to be used in a structural
battery, the adhesion between fibres and coating is important. This was
evaluated indirectly using two different methods. First, 3-point bending of
the carbon fibres infused with epoxy to form a laminae was used. The lami-
nae was adhered to a polyethylene terephthalate (PET) substrate to put the
sample in tension, which made it possible to back-calculate the transverse
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Figure 3.9: Rate performance of the LiFePO4 coated carbon fibres for dif-
ferent compositions (see legends), a) varying amount of carbon black, b)
varying amount of PVDF.

Figure 3.10: Schematic of the 3-point bending test for the LiFePO4 coated
carbon fibres.

modulus and transverse ultimate tensile strength. This is related to the
adhesion since the force is applied perpendicular to the carbon fibres, see
figure 3.10 for a schematic. This test was carried out without coating and
with a coating of composition 88:6:6. The result showed no change in the
transverse modulus (approximately 2.4 GPa) and ultimate transverse tensile
strength (approximately 25 MPa) indicating that the coating to fibre adhe-
sion is sufficient to allow mechanical load transfer through the interphase.

To further evaluate the coating adhesion, double-cantilever beam (DCB)
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tests was used to measure the interlaminar fracture toughness. Coated car-
bon fibre bundles was placed in the mid-plane of a DCB specimen, which was
pulled apart with multiple loading/unloading steps. The DCB specimen is
a 22-ply carbon fiber/epoxy prepreg stacked in 0° direction, and the coated
carbon fibre bundles are placed in the same direction in the mid-plane. The
critical energy release rate, G1C , was measured. G1C is a measure of the
fracture energy and relates to the adherence between layers in a compos-
ite laminate. It was found to be around 500 J m−2 for uncoated samples,
around 200-300 J m−2 for samples with a thick coating and 300-600 J m−2

for samples with a thinner coating. This means that the interlaminar frac-
ture thoughness is similar for thinly coated fibres as uncoated fibres. This in
turn means that the adhesion between the LiFePO4 coating and the carbon
fibres is sufficient to function well in a composite material.

3.2 NMR measurements of lithiated carbon
fibers

Figure 3.11 shows 7Li spectra for fully lithiated carbon fibre samples in ax-
ial and radial directions. The inset shows a wider ppm range to illustrate
the lack of a metallic lithium signal (expected at 245 ppm [38]). The axial
sample shows two peaks, one at 0-3 ppm and one that varies between 12-25
ppm depending on the sample capacity. The peak at 0-3 ppm stems from
ionic lithium in the electrolyte around and between the fibres as well as in
the SEI-layer. The peak at 12-25 ppm corresponds to lithium intercalated
in the carbon fibres, this is also visible at the same ppm value for the radial
sample. The peak position shifts towards higher ppm values during lithia-
tion (see below). Since the microstructure in the carbon fibres consists of
microcrystallites embedded in a large part disordered carbon (Paper I, Pa-
per X), at least two 7Li NMR signals are expected, corresponding to lithium
inserted in the disordered structure and intercalated in the microcrystallites.
That one single peak is observed could indicate that there is a fast lithium
exchange between these two phases, this has previously been observed for
pitch-based carbon fibres [74]. For fully lithiated graphite (stage-1 inter-
calation compound LiC6), the peak position is usually between 42-45 ppm
[75, 76]. A position of around 25 ppm rather corresponds to a more dilute
stage (around LiC12), but the capacity observed in our measurements are
around 350 mAh g−1, almost corresponding to LiC6. The explanation most
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likely lies in how lithium intercalates into the disordered structure of the
carbon fibres. Comparatively more lithium can be inserted in disordered
carbons, values up to around 900 mAh g−1 has been observed [25]. This
could mean that there is comparatively less lithium in the crystalline parts
of the carbon fibres, and if lithium exchange between phases are fast (as
explained above), the single average peak could be shifted towards lower
ppm values.

Figure 3.11: 7Li NMR spectra of fully lithiated carbon fibre samples. Inset:
Spectrum of axial sample to show lack of metallic lithium signal (expected
at 245 ppm). All spectra recorded at 50 °C.

Figure 3.12 shows the correlation between the specific capacity (lithium load-
ing) of the axial and radial lithiated carbon fibre samples and the chemical
shift. For higher capacities, the peak is shifted to the left side, towards higher
ppm values and closer to LiC6 in graphite. The same trend is observed for
both the radial and axial samples. The values are rather scattered, which
is an effect of uncertainties in the capacity measurements due to the large
number of carbon fibres, giving large mass transport limitations (likely inner
fibres in the bundle have a lower SOC than outer ones for some samples,
which is evened out after resting). The overall trend is clear however, and
the same shift towards higher ppm values with SOC has been seen for many
different lithiated carbon materials [75, 76, 74, 77].

The diffusion coefficients (D) for each sample was determined using a stan-
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Figure 3.12: Specific capacity vs. chemical shift for the radial and axial
samples, measurements carried out at 50 °C.

dard pulsed-gradient stimulated echo sequence. D as a function of specific
capacity is seen in Figure 3.13a. The values are a bit scattered due to the
same uncertainties in capacity as explained above. The overall trend though
is an increasing D with loading of lithium, with values ranging from around
1*10−12 to 3.5*10−12 m2 s−1. An increasing D with capacity was previously
observed for these fibres using an impedance model [35]. For graphite how-
ever, the inverse dependence is expected [12, 78]. This further highlights the
difference in lithiation behaviour for graphite and these mostly disordered
carbon fibres. Figure 3.13b shows the correlation between D and chemi-
cal shift. Here the data is less scattered since the shift directly probes the
electronic environment around the nucleus, which is a better indicator of
the exact environment as opposed to the macroscopic property of capacity,
or lithium loading. The same increasing trend is seen, and here it is more
evident that there is an inequality between axial and radial diffusion. D is
around 3 times larger in axial direction compared to the radial, and the dif-
ference is increasing with lithium loading, or chemical shift. This indicates
a decrease of the in-plane diffusivity contribution to the overall diffusion for
the radial samples. This is because of the microscrystallites, which are more
oriented in axial direction, along the fibres, due to the manufacturing meth-
ods. And the diffusion in-plane is several order of magnitude larger than
along grain boundaries, perpendicular to the graphite planes, in graphite
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crystals [12].

Another explanation could be that the diffusion in the crystallites is neg-
ligable compared to the diffusion in the amorphous regions of the carbon
fibres. Many studies measured diffusion in graphite to be on the order of
10−15-10−14 m2/s [79, 80], which is several orders of magnitude lower than
the diffusion measured here. The high value of D measured by K. Pers-
son et al. [12] along the graphite planes could be due to the macroscopic
method used, which is more sensitive to defects and step edges. This would
mean that lithium is effectively ”blocked” by the crystallites, which lowers
the apparent D. The amount of obstruction would be a function of the pro-
jected area of the crystallites in the lithium pathway. And the crystallites
(IMS65) has a size of La = 4.9 nm and Lc = 1.9 nm, measured in Paper
I, see table 3.3 and 3.2, i.e. 4.9 nm along the graphite plane and 1.9 nm
in the perpendicular direction. So, if the crystallites are oriented along the
carbon fibre axis, a larger projected area would be blocked in radial direc-
tion, resulting in a lower apparent D, while D in the axial direction would
be closer to Damorphous. This inequality is important to take into account
when manufacturing batteries with carbon fibre negative electrodes.

Figure 3.13: NMR obtained diffusion coefficients vs. (a) specific capacity
for the radial and axial samples of lithiated carbon fibres; (b) chemical shift
of the radial and axial samples, all measurements carried out at 50 °C.

The temperature dependencies of the diffusion coefficients is seen in Figure
3.14. Both samples were lithiated to 100 % SOC. The values for the radial
diffusion is lower than axial as explained above. From the slopes the ap-
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parent activation energy was calculated to be Ea = 46 kJ/mol for the axial
samples and Ea = 38 kJ/mol for the radial samples. These values agrees
well with those calculated for LiC6 from first principles (46 kJ/mol) [80] and
measured by time-domain NMR in polycrystalline LiC6 (51-55 kJ/mol) [79].

To compare the previously measured D with impedance by Kjell et al. [35],
the values for the radial samples should be used. This is because for the
impedance measurements a single-fibre microelectrode was used, which was
submerged in electrolyte. And due to the much longer length of the fibre
compared to the thickness the diffusion can be assumed to be completely in
radial direction. Strictly speaking, for the NMR measurements the diffusion
is not measured ”radially”, but from the side because of the direction of the
magnetic field. This gives a measurement that varies from axial to radial, see
Figure 3.15 for a sketch of the difference. D measured with NMR ”radially”
is around 4*10−13 m2/s at room temperature for 100 % SOC. D measured
by Kjell et al. using the microelectrode system varied between 1.41*10−14

m2/s to 3.60*10−12 m2/s for a SOC between 5 % and 100 %. A value of
D = 4*10−13 m2/s was found for a SOC around 30 %. So D measured
with NMR is in the same order as the impedance results. The uncertainties
in the capacity measurements for the NMR measurements explained above
might mean that the SOC is lower than 100 %. This in combination with
the different technique (NMR vs. impedance model), more fibres (single vs.
24 k tow), slightly different diffusion direction (radial vs. side) are possible
reasons for the differences in D between impedance and NMR.

3.3 Flexible batteries
This section covers the use of carbon fibres in flexible paper batteries. They
are used both as active material and current collectors and are bound to-
gether using TEMPO oxidized cellulose nanofibrils (TOCNF). For flexibility
the carbon fibres are chopped. The resulting carbon fibres are varying in
length around 20-100 µm (thickness 5 µm). The chopping lowers the film
conductivity but it is still sufficient for them to be used as current collec-
tors. The fibres are still long enough for the conductivity to be superior to
carbon powders for instance. The motivation for replacing metallic current
collectors with carbon fibres is that metal often exhibit weak adhesion and
low contact area to the electrode material, and for flexible batteries detach-
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Figure 3.14: Temperature dependence of the diffusion coefficients of the
lithiated carbon fibre axial and radial sample.

Figure 3.15: Illustration of the difference of radial diffusion (measured with
impedence using a single carbon fibre electrode) and tangential to radial
diffusion (measured with NMR).

ment is likely during repeated bending. Other problems is the heavy weight
of metallic current collectors, that limits the energy density, as well as sus-
ceptibility to corrosion due to long-term exposure to corrosive chemicals.
[53]

Using carbon fibres simultaneously as active material and current collectors
have an even greater positive impact on energy density. For all electrodes
the intermediate modulus PAN based fibre IMS65 was used.
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Carbon fibres as current collectors

Figure 3.16: a) Cross section SEM image of the flexible Li4Ti5O12 electrode
(85:11:4 composition) with carbon fibres current collector, b) Li4Ti5O12-
electrode with high magnification, c) High Magnification of carbon fibre
current collector for the Li4Ti5O12 electrode, d) Cross section SEM image
of the flexible LiFePO4 electrode (85:11:4 composition) with carbon fibres
current collector, e) High magnification image of the LiFePO4 electrode
f) High magnification of the carbon fibre current collector of the LiFePO4
electrode.
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Figure 3.16 shows SEM images of flexible electrodes with carbon fibres as
current collectors, where an aqueous-based filtration process (see Experi-
mental part) was used to manufacture the electrodes. Figure 3.16a shows a
cross section of the Li4Ti5O12 (LTO) flexible electrode, composition 85:11:4
of LTO:Super-P carbon:TOCNF by weight for the LTO layer and 96:4 car-
bon fibre:TOCNF for the carbon fibre layer. The LTO layer appears homo-
geneous with a thickness of 90 µm and the carbon fibre layer around 40 µm.
The carbon fibre layer is highly porous after manufacturing but is pressed
flatter in a battery cell. Figure 3.16b shows a high magnification SEM image
of the LTO layer, LTO particles (size of around 1 µm) and Super-P carbon
(size of 10-100 nm) particles are well dispersed and bound by a TOCNF
web-like structure. Figure 3.16c shows a higher magnification image of the
carbon fibre current collector part of the LTO electrode, the carbon fibres
are bound by TOCNF sheets. Figure 3.16d shows a cross-section SEM im-
age of the LiFePO4 flexible electrode. The thickness of the LiFePO4 layer
is 40 µm and the carbon fibre layer around 10 µm. The compositions are
85:11:4 LiFePO4:Super-P carbon:TOCNF by weight for the LiFePO4 layer
and 94:2:4 carbon fibre:Super-P carbon:TOCNF by weight for the carbon
fibre layer. The layers appear homogeneous. Figure 3.16e shows a high
magnification SEM image of the LiFePO4 electrode, similar to the LTO
electrode the TOCNF binds together LiFePO4 particles (size of around 300
nm) and carbon black particles (size of 10-100 nm) with a web-like struc-
ture. The last SEM image (Figure 3.16f) shows the carbon fibre layer of
the LiFePO4 flexible electrode in high magnification, the carbon fibres are
bound by TOCNF sheets with some Super-P particles distributed in the
sheets.

The motivation for using LTO is that it could be an alternative to graphite
for flexible negative electrodes [81, 82]. The voltage profiles are higher at
1.55 V vs Li/Li+, which hinders lithium plating (at the expense of a lower
cell voltage and therefore energy density). Carbon fibres themselves inter-
calate lithium at lower voltages so they can be used as current collectors
without lithium intercalating. Furthermore, LTO exhibits almost no struc-
ture change during charge and discharge, which eliminates particle cracking
and fatigue problems. Other benifits is that high charging rates can be used,
as well as a low capacity fade. LTO has been shown to have only 5 % ca-
pacity loss after being cycled for 30 000 cycles at 15C for charge and 5C for
discharge [83].
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Figure 3.17: a) Voltage profiles of the flexible LTO electrode, b) Rate per-
formance of the flexible LTO electrode before and after 4000 times repeated
bending, c) Voltage profiles of the flexible LiFePO4 electrode with carbon
fibres (LFP/CF) and aluminium (LFP/Al) as current collector as well as
a commercial (Quallion) LiFePO4 electrode for comparison, d) Rate per-
formance of the flexible LFP/CF electrode compared to the commercial
LiFePO4 electrode.

Galvanostatic cycling of the flexible LTO and LiFePO4 electrodes with car-
bon fibre current collector is seen in Figure 3.17. Figure 3.17a shows voltage
profiles of the LTO electrode for different C-rates up to 10C, and the cor-
responding rate capability graph in Figure 3.17b. The profiles with a flat
plateau around 1.55 V vs Li/Li+ is typical for LTO and corresponds to the
reversible phase-transition between Li4Ti5O12 and Li7Ti5O12 [84]. Over-
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all, the cycling performance is good with very good rate capabilities, the
specific capacity is 174 mAh g−1 for 0.1C and 108 mAh g−1 for as high
as 4C. Even increasing the C-rate to 10C around 50 mAh g−1 capacity is
maintained. This indicates that the conductivity of the carbon fibres are
sufficient to be used as current collectors, even for very high currents. The
good rate performance of LTO makes it a suitable material for high power
applications.

To test the flexibility of the electrodes, 4000 times repeated bending (see
Experimental section for details) was carried out. Figure 3.17b shows the
rate performance before and after bending for the LTO electrode, overall the
performance is similar with a slightly lower capacity overall, which might be
due to cracks or loss of contact of active material. Nevertheless, this shows
that the electrochemical properties is largely maintained and shows that the
electrodes are highly flexible and can withstand repeated bending for many
times.

Figure 3.17c and d shows galvanostatic cycling of the flexible LiFePO4 elec-
trode with carbon fibre current collector (LFP/CF) compared to a com-
mercial LiFePO4 electrode (Quallion) and a flexible LiFePO4 electrode with
aluminium as a current collector (LFP/Al). Corresponding rate performance
up to 1C is seen in Figure 3.17d. Overall the charge/discharge overpoten-
tial is low and the specific capacity reached the LiFePO4 powders specified
value (150 mAh g−1). The rate performance is also good with a capacity
retention of 87 % at 1C compared to 0.1C. So, the performance is similar to
the commercial Quallion LiFePO4 electrode. The LFP/Al electrode has a
much larger charge/discharge overpotential which is ascribed to contact re-
sistances between the flexible electrode and the aluminium current collector,
highlighting the benefits of using integrated carbon fibres as current collec-
tors. The conductivity of this electrode was measured to 95 S m−1 using a
four-point probe. This can be compared to previous works with LiFePO4
flexible paper electrode without integrated carbon fibre current collectors
which exhibited a conductivity of around 0.1-1 S m−1 [85].

The voltage profiles before and after 4000 times repeated bending of the flex-
ible LiFePO4 electrode is seen in Figure 3.18. The capacity is again slightly
lower, which could be loss of contact of active material. But the difference is
small and the profiles are similar, which indicates that the flexibility of the
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electrodes is good and that they can withstand many repeated bendings.

Figure 3.18: Voltage profiles at 0.1C for the LiFePO4 flexible electrode with
carbon fibres as current collectors, before and after 4000 times repeated
bending.

Carbon fibres as active material

Since carbon fibres can be used simultaneously as current collector and active
material, this was also evaluated as a flexible electrode. A flexible electrode
was fabricated using 92 wt% chopped IMS65 carbon fibres and 2 wt% Super-
P carbon black bound by 4 wt% TOCNF using the same filtering method as
above. SEM images of the resulting electrode are seen in Figure 3.19. The
thickness of the electrode is around 55 µm, the length of the chopped carbon
fibres varies around 10-50 µm. The carbon fibres are bound by sheets of
TOCNF with Super-P carbon particles distributed with some agglomeration
(normal for nano sized particles).

Cycling performance of the flexible carbon fibre electrode is seen in Figure
3.20. The voltage profiles look similar as for the as delivered continuous car-
bon fibres (see Figure 3.1 for voltage profiles of T800, another intermediate
modulus PAN-based carbon fibre with similar microstructure as IMS65, the
voltage profiles for IMS65 looks identical), indicating lithium insertion into
the carbon fibres. The capacity reached is around 300 mAh g−1, which is
also similar to the as delivered continuous fibres. The rate performance is
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Figure 3.19: Carbon fibres based flexible battery with the composition 94:2:4
carbon fibres:Super-P carbon:TOCNF by weight, a) Cross section, b) Top
view.

seen in Figure 3.20b, and the retention at 1C compared to 0.1C is around 50
%. This indicates that the carbon fibres provide sufficient conductivity in
the electrode, even in chopped form. The declining capacity during the first
few cycles is attributed to SEI-layer stabilization as well as trapped lithium
in the microstructure.

Voltage profiles before and after 4000 times repeated bending of the car-
bon fibre flexible electrode are seen in Figure 3.21. Hardly any difference
is observed between the samples which means that the electrode is highly
flexible and withstands being bended many times. This is attributed to the
properties of the TOCNF.

Combination to full-cell

To test the performance of the flexible paper electrodes in a full cell assembly,
the flexible LiFePO4 electrode with carbon fibres as current collector and
the flexible carbon fibre electrode (see previous section for details) were
assembled to a full cell. A Whatman glass microfiber filter (250 µm thick)
was used as separator. See Figure 3.22a for voltage profiles at 0.1C. The
first cycle capacity drop is attributed to the SEI-layer formation and trapped
lithium. The capacity is around 120 mAh g−1 based on the weight of the
LiFePO4, which means that not all of the active LiFePO4 material is utilized
(specified specific capacity 150 mAh g−1 of the material used). This could be
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Figure 3.20: Cycling performance of the flexible carbon fibre:Super-P car-
bon:TOCNF electrode, a) Voltage profile at 0.1C, b) Rate performance.

Figure 3.21: Voltage profiles at 0.1C for the carbon fibre flexible electrode,
before and after 4000 times repeated bending.

due to balancing issues. The gravimetric energy density is around 150 Wh
kg−1 based on the mass of the electrodes and current collectors (note that the
mass of the pouch, separator and electrolyte was omitted due to oversizing
of those components). This is in the same range as commercial lithium-ion
batteries (100-200 Wh kg−1 [86]). However, significant weight savings could
be achieved using carbon fibers as current collectors. This is demonstrated
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by comparing the weight percentage of the active material for the flexible
electrodes compared to commercial (Quallion) electrodes, see Figure 3.22b.
The mass of the electrodes as well as the current collectors was included in
the calculations. The flexible LiFePO4 electrode was compared to a Quallion
LiFePO4 electrode with a 20 µm aluminium current collector (full electrode
thickness 55 µm) and an increase of active material from 50.1 % to 64 %
was achieved. The negative flexible carbon fibre electrode was compared to
a Quallion Meso-carbon microbeads electrode with a 10 µm copper current
collector (full electrode thickness 40 µm) and a large increase from 26.8 %
to 94 % was achieved. This is because the carbon fibres are acting as both
current collectors and active material, and the copper current collector is
relatively heavy. This illustrates that large weight savings could be achieved
with a positive impact on gravimetric energy density. Especially for the
negative electrode a drastic improvement of active material is realized. The
multifunctionality of the carbon fibres allows them to be used as-is, acting
as load bearers, active material and current collectors simultaneously. This
eliminates the need for conductive additives and heavy current collectors.

Figure 3.22: a) Voltage profiles of a full cell with a flexible LiFePO4 elec-
trode with carbon fibers as current collectors as positive electrode and a
flexible carbon fiber electrode as negative, cycled at 0.1C. b) Active weight
percentage of active electrode material including current collectors for the
flexible LiFePO4 electrode and flexible carbon fiber electrode compared to
commercial (Quallion) electrodes.
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Conclusions

This work has investigated carbon fibres for use in structural and flexible
batteries. Both lignin based carbon fibres and commercial PAN-based car-
bon fibres has been evaluated as negative electrodes. For positive electrodes,
carbon fibres has been evaluated as current collectors, both for structural
and flexible batteries. Lastly, NMR has been used to characterize lithium
diffusion in carbon fibres, to elucidate the differences in axial and radial
diffusion.

Commercial PAN-based carbon fibres were found to have a specific capacity
similar to graphite (around 350 mAh g−1), the most common negative elec-
trode material on the market. A low degree of graphitization with a large
amount of disordered carbon was found to be a favourable microstructure
for lithium insertion. Furthermore, the coulombic efficiency of the evaluated
carbon fibres was in some cases even higher than graphite, which was at-
tributed to the low surface area (around 0.5 m2 g−1). Lignin based carbon
fibres was evaluated and the microstructure was found to be even more dis-
ordered. The lowest carbonization temperature tested (1000 °C) was found
to be the most favourable for lithium insertion. The first cycle capacity drop
is large for these materials, which is common for disordered carbon and is
attributed to trapped lithium in the carbon structure.

LiFePO4 coated carbon fibres by electrophoretic deposition (EPD) was eval-
uated as a potential positive structural electrode. The adhesion of the coat-
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ing was tested with double cantilever beam tests and 3-point bending of the
fibres embedded in an epoxy matrix. It was found to vary depending on the
thickness of the coating, and for thin coatings the adhesion was similar to
fibres without coating. So, the coated fibres were found to work well in a
carbon fibre reinforced composite material. Electrochemical investigations
revealed a moderate specific capacity (around 80 mAh g−1), a high coulom-
bic efficiency and a good rate performance. As a proof-of-concept study, it
was shown that LiFePO4 coated carbon fibres by EPD could be viable as
structural positive electrodes.

Diffusion measurements by pulsed gradient stimulated echo NMR revealed
that the diffusion coefficient in IMS65 (PAN-based carbon fibre) is around
three times higher in axial compared to radial direction. This was attributed
to the orientation of the microcrystallites in the fibre direction of the car-
bon fibres. This positively affects the axial diffusion since diffusion along
the planes in graphitic crystals is several orders of magnitude higher than
along grain boundaries in the perpendicular direction. Another explanation
could be that the diffusion in the crystallites is negligible compared with the
amorphous regions of the carbon fibres. This is supported by very low values
of D often measured for graphite, several orders of magnitude lower than
our measurements for carbon fibres (around 10−15-10−14 m2/s vs. ~10−12

m2/s). The lower diffusion in radial direction could be explained by elon-
gated crystallites (measured to be around 5 nm along the planes and 2 nm
perpendicular by XRD and Raman), hindering lithium diffusion to a larger
extent in the radial direction compared to the axial. The activation energy
was found to be 46 kJ/mol and 38 kJ/mol for axial and radial diffusion,
respectively. This corresponds well to values reported for graphite.

Chopped carbon fibres were found to be a suitable material for use in flexible
batteries. They were evaluated as current collectors and as active material
in flexible electrodes manufactured using an aquous paper-making process
with the mechanical integrity stemming from cellulose nanofibrils (CNF) as
binder. Replacing traditional metallic current collector is beneficial since
de-lamination is a problem during repeated bending. The mechanical prop-
erties of the flexible paper-electrodes was similar with carbon fibre electrodes
as other particle (LiFePO4 for instance) based electrodes, where only a slight
increase in stiffness was observed. The conductivity increased around 100
times (to around 100 S m−1) by adding the carbon fibres, making it possible
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to use the electrodes without additional current collectors. 4000 times re-
peated bending tests were carried out to evaluate the flexibility, and for all
electrodes no large difference in performance was seen before or after bend-
ing. Furthermore, a large increase of active material was seen compared
to commercial electrodes. For a flexible LiFePO4-based electrode with a
chopped carbon fibre current collector, an increase of active material from
50 % to 64 % was achieved compared to a commercial (Quallion) LiFePO4
electrode. For the negative electrode, using chopped carbon fibres as both
active material and current collector resulted in an increase of active mate-
rial from 27 % to 94 %, compared to a commerical (Quallion) mesocarbon
microbeads (MCMB) electrode. This is because most of the weight per-
centage (90 %) is the carbon fibres, and a very low amount of CNF (4 %) is
needed for mechanical integrity. This is compared to the commercial MCMB
electrode where a very large weight percentage is the Cu current collector.
This provides large benefits for a low weight, or high energy density, flexible
battery.

Overall, carbon fibres show many benefits as an electrode material. The me-
chanical properties are good, making them suitable in structural batteries.
The diffusion is several orders of magnitude higher than graphite, making
it a better suited material for high power applications. The capacity is on
par with graphite. Furthermore, the conductivity is sufficient for the carbon
fibres to be used without conductive additives or additional current collec-
tors, or be used as current collectors for positive electrodes. There are some
remaining challenges, like a large first cycle irreversible capacity drop. A
detailed understanding of the lithium insertion mechanism and the relation-
ship to the microstructure is important in improving these materials even
more, and eventually adapting them to battery applications. This thesis
is a step towards that goal, but there are still much work to be done, like
continuing to explore lignin-based carbon fibres or combining the structural
positive and negative electrodes with a solid electrolyte to manufacture a full
structural battery. Because of the promising multifunctional properties of
carbon fibres (electrochemical, mechanical, electrical) I believe carbon fibres
will continue to be important in the development of structural and flexible
batteries.
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