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“Don’t panic” 
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Abstract 
 
Lithium-ion batteries have, in recent years, experienced a rapid development 
from small everyday devices towards hybrid electric vehicle (HEV) 
applications. Due to this shift in application area, the battery performance and 
its degradation with time are becoming increasingly important issues to be 
solved.  

In this thesis, lithium-ion batteries are investigated with focus on lifetime 
performance of an existing battery chemistry, and development of electrodes 
for so-called structural batteries. The systems are evaluated by electrochemical 
methods, such as cycling and electrochemical impedance spectroscopy (EIS), 
combined with material characterization and modeling.  

Lifetime performance of mesocarbon microbeads (MCMB)/LiFePO4 cells was 
investigated to develop an understanding of how this technology tolerates and 
is influenced by different conditions, such as cycling, storage and temperature. 
The lifetime of the LiFePO4-based cells was found to be significantly reduced 
by cycling at elevated temperature, almost five times shorter compared to 
cycle-aged cells at ambient temperature. The calendar-aged cells also showed 
major signs of degradation at elevated temperatures. The overall cause of aging 
was electrolyte decomposition which resulted in loss of cyclable lithium, i.e. 
capacity fade, and impedance increase.  

Commercially available polyacrylonitrile (PAN)-based carbon fibers were 
investigated, both electrochemically and mechanically, to determine their 
suitability as negative electrodes in structural batteries. The electrochemical 
performance of carbon fibers was found to be excellent compared to other 
negative electrode materials, especially for single or well-separated fibers. The 
mechanical properties, measured as changes in the tensile properties, showed 
that the tensile stiffness was unaffected by lithium-ion intercalation and 
cycling. The ultimate tensile strength, however, showed a distinct variation 
with state-of-charge (SOC). Overall, carbon fibers are suitable for structural-
battery applications. 

Key words: aging, carbon fibers, LiFePO4, lifetime performance, lithium-ion 
batteries, multifunctional materials, structural batteries 



 
 

 
 
Sammanfattning 
 
Utvecklingen av litiumjonbatterier har de senaste åren tilltagit eftersom nya 
användningsområden såsom hybrid- och elbilar nu blivit aktuella. För att 
batterierna ska klara de påfrestningar en sådan förändring medför behöver man 
förbättra prestandan samt öka livslängden. 

I denna avhandling har litiumjonbatterier studerats med fokus på livslängd för 
en existerande batterikemi samt utveckling av elektroder för så kallade 
strukturella batterier. Systemen utvärderades elektrokemiskt m.h.a. cykling och 
impedansspektroskopi kombinerat med materialkarakterisering och 
modellering.  

Celler baserade på ”mesocarbon microbeads” (MCMB)/LiFePO4 studerades 
för att utvärdera vilken påverkan olika faktorer såsom cykling, lagring och 
temperatur har på livslängden för just denna kemi. Resultaten visade att cykling 
vid hög temperatur förkortade livstiden väsentligt, den blev nästan fem gånger 
kortare än för cykling vid rumstemperatur. Vid hög temperatur uppvisade även 
de kalenderåldrade cellerna tecken på prestandadegradering. Den generella 
orsaken till åldring var nedbrytning av elektrolyten som resulterade i förlust av 
cyklingsbart litium, d.v.s. kapacitetsförlust och en ökning av cellimpedansen. 

Kommersiella PAN-baserade kolfibrer studerades, både elektrokemiskt och 
mekaniskt, för att avgöra deras lämplighet som negativa elektroder i 
strukturella batterier. Den elektrokemiska prestandan hos de testade 
kolfibrerna visade sig vara mycket god speciellt för enskilda fibrer jämfört med 
andra elektrodmaterial. Dragstyvheten hos fibrerna uppvisade ingen påverkan 
från interkalation av litiumjoner. Draghållfastheten däremot visade en tydlig 
variation med laddningstillståndet hos fibrerna. Den generella slutsatsen från 
dessa studier är att kolfiber kan anses mycket lämpliga för användning i 
strukturella batterier.  
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Chapter 1 

1 Introduction 
 
At the end of the 20th century, the demand for rechargeable batteries increased 
due to the emerging wireless technology market. The high energy and power 
density of the lithium-ion battery made this growth possible and today lithium-
ion batteries power all sorts of everyday portable devices such as smart phones 
and laptops. Lithium-ion batteries have since then experienced a rapid 
development fueled by the automotive industry’s need for producing more 
fuel-efficient vehicles, such as hybrid electric vehicles (HEV), in order to 
reduce the dependency on non-renewable energy sources and CO2 levels. As 
the applications are shifting from portable consumer electronics to vehicles, 
where larger power and energy demands together with an extended lifetime1 
and the possibility to operate under extreme conditions are critical2; 
performance and its degradation with time are becoming increasingly 
important issues to be solved.  

Battery performance can be improved in several ways. A common approach is 
to try to find new materials with superior electrochemical properties. 
Minimizing the amount of inactive material (less weight impact) is another way 
to increase the specific energy and power in a battery. The development of 
new smart designs and concepts that can add other values to the battery or its 
application is also a viable approach. In recent years, the use of multifunctional 
materials has attracted more and more attention in other research areas due to 
the possibility of combining several properties in a single entity3. Structural 
batteries, energy storage combined with load-carrying properties, are based on 
the idea of multifunctionality, achieving optimization of mass and volume on a 
system level instead of on cell level.  
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A greater insight into the effects of aging on the performance over time is also 
needed to improve existing technologies and develop the next generation of 
batteries. This knowledge could also contribute to the design of battery 
management systems4,5 and more reliable on-board state-of-health (SOH) 
indicators6.  

For a more detailed understanding of performance and its degradation with 
time, a toolbox combining electrochemical experiments with material 
characterization and physics-based electrochemical modeling is required. In 
this thesis, both aging in a conventional lithium-ion battery system and the 
development of new multifunctional electrodes for structural batteries are 
investigated using the above-mentioned toolbox. 

1.1 Lithium-ion batteries 
A lithium-ion battery cell consists of two porous composite electrodes, a 
positive and a negative, separated by an electrolyte, a lithium-ion conducting 
medium in liquid or solid form7. In case a liquid electrolyte is used, a porous 
separator is needed to prevent short circuits. Both electrodes are of the 
lithium-ion intercalating type, i.e. the active materials can store lithium ions in 
their crystal lattice. In addition to the active material (typically metal oxides or 
phosphates for the positive electrode and carbon for the negative), the 
electrodes also include a binder and, if necessary, a conductive additive. The 
active material and binder are coated onto current collectors, usually aluminum 
for the positive and copper for the negative electrode.  

 
 

Figure 1.1 Illustration of the working principle of a lithium-ion battery during 
discharge. 
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The working principle is based on the transport of lithium ions from one of 
the electrodes through the electrolyte to the other electrode while the electrons 
travel through the external circuit (figure 1.1). Depending on the direction of 
the ions, the cell is either charged (positive to negative) or discharged (negative 
to positive). 

1.2 Aging in lithium-ion batteries 
Aging can be defined as the change in performance with time and use. One of 
the great challenges when working with lithium-ion batteries is to predict and 
diagnose aging. This is made more difficult since there are no strict guidelines 
on how to evaluate performance degradation and degradation in lithium-ion 
batteries is furthermore a relatively slow process at ambient temperature. To 
reduce testing time from years to months, variable conditions such as cycling 
at different current loads, state-of-charge (SOC), SOC window and different 
temperatures are often used in order to estimate lifetime. However, due to the 
complex nature of lithium-ion batteries identification of the factors and 
mechanisms behind performance degradation is challenging. In addition, 
depending on the application, the cause of aging can be more or less 
detrimental to the performance. In general, applications such as portable 
consumer electronics, where the battery functions as the primary energy 
source, are more sensitive to capacity fade than increase in cell impedance 
(power fade). Applications such as HEVs, on the other hand, use the battery as 
an energy buffer for short high-power pulses, and are therefore more sensitive 
to power fade than capacity fade.  

 
 

Figure 1.2 Electrode imbalance caused by loss of cyclable lithium. Notations: Q original 
capacity window (left), Q* reduced capacity window (right).  
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The capacity is connected to the cyclable charge available in the battery, i.e. the 
amount of lithium ions that can be transferred from one electrode to the 
other during charge or discharge. Capacity fade can develop from loss of 
active electrode material8-10, or loss of lithium ions through electrolyte 
decomposition reactions and solid electrolyte interphase (SEI) formation11-20. 
A loss of cyclable lithium will also cause a shift between the positive and 
negative electrode, resulting in a smaller capacity window16,21, as illustrated in 
figure 1.2. So even if all the active material in both electrodes remains the 
degree of utilization decreases.  

Increasing cell impedance can be a result of contact losses within the porous 
electrodes or to the current collector, loss of active electrode material, 
formation of resistive surface films, and changes in electrode or separator 
morphology9,22-24. However, several of the different mechanisms mentioned 
above can cause both capacity fade and increased cell impedance. An overview 
of the basic electrode-aging mechanisms is shown in figure 1.3. 

 
 

Figure 1.3 Overview of electrode aging mechanisms.  
 
Graphitized carbon-based materials are the most frequently used in the 
negative electrode in lithium-ion batteries even though they are not 
electrochemically stable in the most common electrolytes. However, at the 
beginning of cycling an SEI is formed25, which protects the electrode from 
further degradation but also causes an initial irreversible capacity loss as it 
consumes lithium.  The thickness of the SEI should be sufficient to enable 
lithium intercalation into the graphite particles and prevent side reactions from 
taking place at the same time. A continuous growth of electrolyte 
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or current collector26-30, and elevated temperatures9,31,32. Deposition of 
electrolyte decomposition products can influence pore size and structure, 
electrolyte wettability, and contact resistances of the positive23,30,33-38 and 
negative9,16,17,31,38,39 electrodes, as well as the separator porosity 40-42.  

High current loads have also been reported to cause cracking in the active 
material in the positive electrode34,43,44, and is thought to originate in the 
substantial mechanical stresses created in the active material by concentration 
gradients45,46. Unlike the total particle breakup seen for many positive 
electrodes, the cracking of the negative electrode material is more often located 
on the surfaces9,47. Cracking is also likely to isolate active material particles 
from electrochemical reaction, since it causes contact losses within the 
electrode and to the current collector38,43,44,48. The mechanical stresses in the 
battery have also been shown to be detrimental to the polyolefin-based 
separators often used in commercial cells, causing pore closure49.  

Contaminants, such as water, are also responsible for aging, especially for the 
LiPF6 salt used in lithium-ion batteries which decomposes into hydrofluoric 
acid in contact with water. Hydrofluoric acid is highly reactive and will damage 
the electrodes as well as the electrolyte. The following reactions have been 
proposed for the salt decomposition50:  
 

LiPF6 ⇌ LiF + PF5 

PF5 + H2O → OPF3 + 2HF 

 
Due to the reactivity of the LiPF6 salt with water, manufacturing of lithium-ion 
batteries requires a controlled, moisture-free, environment and packaging 
which will prevent moisture from penetrating the cell. Several other 
mechanisms have been proposed for the decomposition of the carbonate-
based electrolyte solvents19,20. 

An important thing to remember is that lithium-ion batteries are a group of 
batteries with varying composition and that the degradation processes are 
connected to the specific chemistry and to the specific conditions used9,33. So 
in order to obtain an accurate assessment of the aging for a specific 
application, tests have to be constructed so that a suitable set of parameters is 
used that mirrors the right kind of conditions.  
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1.3 Multifunctionality in lithium-ion batteries 

1.3.1 Carbon-fiber electrodes  
Since lithium ions can basically be reversibly intercalated into most kind of 
carbons51,52, it is possible to use continuous carbon-fiber tows as electrode 
material. A fiber-based electrode can be designed so that no current collectors, 
conductive additives or polymeric binder will be needed; the structural integrity 
of the electrode is given by the fibers themselves and the need for a fully 
covering current collector is made redundant since carbon fibers have 
reasonably good electrical conductivity53,54. These multifunctional features 
enable the minimization of the amount of inactive materials required to 
assemble a functioning negative electrode. In a conventional lithium-ion 
battery only one third of the theoretical specific energy remains if the weight of 
all the inactive components, not including the casing or protective circuitry, are 
accounted for, with the largest contribution from the copper current collector. 
In figure 1.4 a scanning electron microscope (SEM) image of a conventional 
negative electrode consisting of graphite powder and polymeric binder can be 
seen together with an image of a polyacrylonitrile (PAN)-based carbon fiber, 
illustrating the differences between the two kinds of electrode. 

The two most commonly used precursors for commercial manufacturing of 
carbon fibers are pitch and PAN55. In general, PAN-based fibers usually 
exhibit higher ultimate tensile strength while pitch-based fibers often have 
higher tensile modulus, i.e. resistance to extension under load. However, 
depending on the precursor and manufacturing process, the fiber 
microstructure, and thus the fiber properties, will vary significantly56. 
Traditionally, the battery community has favored the pitch-based fibers as 
electrode material due to a higher degree of graphitization57,58, but research has 
shown the disordered structure of PAN-based fibers to be more favorable for 
lithium-ion intercalation59-62.  
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Figure 1.4 SEM images of a) a conventional negative electrode, and b) a PAN-based 
carbon fiber. 

1.3.2 Structural batteries 
Carbon fibers are typically used as structural reinforcement in composite 
materials due to their high tensile properties to weight ratio. Adding a solid 
polymer electrolyte (SPE) instead of a liquid-based electrolyte to a fiber-based 
electrode results in something similar to a carbon-fiber reinforced plastic; 
carbon fibers surrounded by a polymer matrix. Based on this, the idea of a 
structural battery was born. By combining electrochemical and mechanical 
properties in the same material, a structural battery could function both as a 
structural element and as energy storage, having the possibility to become a 
fully integrated part of a device. In addition, an increase of power and energy 
density on a system level could be achieved. Portable electronics and HEVs are 
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some areas that would benefit greatly by the use of multifunctional materials in 
the form of structural batteries, especially since conventional batteries are 
considered to be purely structurally parasitic as they only add to the weight of 
the device and nothing to the structural integrity.  

For a structural battery, both strength and stiffness are of great importance. 
The mechanical properties of the PAN-based carbon fibers make them very 
suitable for an application with these kinds of requirements. Commercially 
available carbon fibers will of course be more practical and cost-effective to 
use since it is relatively easy to obtain large volumes of high quality fibers 
produced in a reproducible way. In addition to the fibers, the surrounding 
matrix is also required to have sufficient mechanical properties, as well as ionic 
conductivity. Unfortunately, ionic conductivity and mechanical stability are 
conflicting properties in SPEs, related to the cross-linking density of the 
network. The best SPEs of today have shown conductivities as high as 
10-5 S cm-1 63, although standard liquid electrolytes have conductivities in the 
region of 10-2 S cm-1 7. But as a load-carrying component in a structural battery, 
a lower conductivity can be accepted due to the synergetic effect of 
multifunctionality. Previous studies have shown it possible, by using 
monomers with different functional groups, to tailor the properties of the 
polymer electrolyte so that adequate mechanical properties could be achieved 
while maintaining some of the conductivity64-67. Other advantages that can be 
achieved with SPEs are improved safety, temperature stability, and the 
possibility to fabricate batteries in any shape or size68. 

The design used for most of the “true” structural batteries, i.e. not the ones 
based on structural packaging69,70, is based on a laminate structure similar to 
that used in conventional lithium-ion batteries, consisting of thin-film 
electrodes and solid electrolytes71-74.  A laminar structured battery is relatively 
easy to manufacture but the drawback is the conductivity of the SPE. A 
solution to this problem is either to find better electrolytes or to decrease the 
transport distance of the lithium ions in the electrolyte. 
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Chapter 2 

2 Scope of the Thesis 
 
The aims of this thesis have been twofold and focused on the evaluation and 
characterization of existing battery technologies, and the development of 
electrodes for new concepts using electrochemical methods.  

In recent years, LiFePO4-based systems have become a popular choice since 
the chemistry is considered to be safe, inexpensive and environmentally 
benign75. The lifetime performance of LiFePO4 has been investigated to 
develop an understanding of how this technology tolerates and is influenced by 
different conditions, such as cycling, storage and temperature. Since this 
project was partly funded by the Swedish automotive industry, the study was 
performed with focus on an automotive application. Cycle aging was, hence, 
investigated using a synthetic hybrid drive cycle. For this study a method was 
adopted which combined extensive electrochemical experiments with materials 
characterization and modeling for a thorough analysis of aging, and was 
performed in collaboration with other parties. 

The second project has focused on the development of structural energy-
storage composites i.e. structural batteries. Such batteries are desired for their 
possibility to reduce system weight and provide energy for future energy-
storage applications, such as electric vehicles. To realize a structural battery, 
materials adapted for both electrochemical and mechanical usage must be 
developed for the negative and positive electrodes, as well as for the electrolyte 
and separator layers. Within this project, studies aimed at finding new suitable 
electrode and electrolyte materials, as well as how to design a structural battery, 
were initiated. However, the main part of the research included in this thesis 
has been focused on the different electrochemical and mechanical properties 
of commercially available carbon fibers as a structural negative electrode.  
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As a starting point for this study, the possibility to use commercially available 
PAN-based fibers as a multifunctional negative electrode was evaluated 
electrochemically. Since the microstructure of a carbon fiber is not only 
responsible for the intercalation but also the mechanical properties the impact 
of lithium intercalation on said properties is an equally important issue that 
needs to be addressed before carbon fibers can be deemed suitable for 
structural batteries. Therefore, experiments were performed to evaluate the 
effect of cycling on the tensile properties of carbon fibers. 
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Chapter 3 

3 Experimental 
 

3.1 Aging of LiFePO4-based cells 
The aging study was performed with laboratory-made pouch cells and based 
on mesocarbon microbeads (MCMB)/LiFePO4 graphite chemistry. The 
electrodes were supplied by Quallion LLC. Table 3.1 lists the cell 
specifications.  

Table 3.1 Cell specifications. 
Positive electrode  

Active material  LiFePO4, Phostech P2 / 84 wt.% 
Current collector material Aluminum / 20 µm 
Loading thickness 35 µm 
Porosity 27 % 
Loading density 8 mg cm-2 

Negative electrode  

Active material MCMB graphite / 90 wt.% 
Current collector material Copper / 10 µm 
Loading thickness  30 µm 
Porosity 45 % 
Loading density  3.8 mg cm-2 

Separator   

Material PP/PE/PP, Celgard 2320 
Thickness  20 µm 
Porosity 39 % 

Electrolyte 1M LiPF6 EC:DEC (1:1 w/w), Merck LP40 
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The aging scenarios consisted of parallel cycle and calendar aging, performed 
at two different temperatures, 22 °C and 55 °C, and one state-of-charge (SOC), 
60 %. A 300 seconds long charge-neutral synthetic hybrid drive cycle76 with a 
20 % SOC window, starting with discharge pulses from 60 % SOC (i.e. the 
cells were cycled between 60 % SOC and 40 % SOC) was used for the cycle 
aging (figure 3.1) while the calendar-aged cells were fixed potentiostatically at 
60 % SOC.  

 
 

Figure 3.1 Synthetic hybrid drive cycle used for cycle aging.  
 
To investigate the full cell performance degradation over time, reference 
performance tests (RPT) were conducted after every 500th cycle, at the target 
temperature. For the calendar-aged cells, the performance was tested at the 
same time as the cycled cells (Paper I). The RPTs included: 

• 1C-discharge capacity evaluation based on beginning-of-life (BOL) nominal 
capacity. 

• Potentiostatic electrochemical impedance spectroscopy (EIS) measured at 
60 % SOC.   

In addition to the RPTs, the resistance of the first discharge pulse of the 
hybrid cycle was used as a continuous, non-interruptive, reference 
performance test. The cells were continuously cycled until one of the two end-
of-life (EOL) criteria was reached for the cycling cells. End-of-life was 
considered to have been reached when either less than 50 % of the nominal 
BOL 1C-discharge capacity remained or the synthetic hybrid drive cycle no 
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longer could be completed without reaching outside the cut-off voltages. The 
calendar aging was terminated when the cycle-aged cells reached EOL. 

After reaching EOL, the cells were disassembled and the performance 
degradation of the harvested electrodes was investigated further combining 
electrochemical experiments with materials characterization and modeling for a 
thorough analysis of aging. The electrodes were evaluated electrochemically by 
capacity measurements (at 0.1C) and EIS in a three-electrode setup. SEM was 
used to examine the electrode morphology. The electrode/electrolyte interface 
composition, which is known to change during aging, was investigated using x-
ray photoelectron spectroscopy (XPS) (Paper I). A physics-based EIS model, 
where the 0.1C-capacity measurements and SEM images served as input, was 
set up to analyze the experimental three-electrode EIS data (Paper II, cells 
aged at 22 °C). For comparison, the performance at BOL was also evaluated 
using the same approach. The methodology for detection of aging was, as for 
the full cells, based on the observable changes between BOL and EOL. 

3.2 Carbon fibers 
Working with carbon fibers in electrochemical applications requires special 
care since stray fibers easily cause short-circuits. Therefore, to facilitate 
handling, the fiber tows were equipped with tabs and attached to a non-
shrinking heat-resistant paper, shown in figure 3.2, whenever experiments were 
performed on more than one fiber. Tabbing of the fiber tows enabled 
investigations of the effect of electrochemical cycling, i.e. lithium intercalation, 
on the mechanical properties both ex situ and in situ. Tensile tests were 
performed with a micro tensile stage, using fiber tows since single-fiber 
measurements are more sensitive to micro defects whereas a tow will have a 
predominantly ameliorative effect on the mean results. All electrochemical 
experiments were performed in laboratory-made pouch cells with carbon fibers 
as working electrode and lithium metal foil as counter electrode. 
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Figure 3.2 Tabbed carbon-fiber specimen used for electrochemical and tensile testing. 
 
Commercially available carbon fibers are usually equipped with a coating, also 
known as sizing, consisting of either epoxy or polyurethane (PU) based resin 
to ease the handling and enhance the bonding between the fibers and the 
surrounding matrix in composite manufacturing. To distinguish between the 
different types of fibers, “desized” refers to a fiber where the sizing has been 
removed by washing in acetone and “unsized” refers to a fiber which has been 
taken out of production by the manufacturer prior to the sizing step.  

3.2.1 Electrochemical characterization of commercially available 
fibers 

Fiber tows – Several grades of fiber tow (table 3.2), with suitable mechanical 
properties, were chosen and evaluated electrochemically. The performance of 
the fibers was characterized in terms of specific capacity obtained after ten full 
cycles. The impact of sizing and lithiation rate on capacity were also 
investigated (Paper III). 

Table 3.2 Carbon fiber properties as specified by the manufacturers. 

Grade 
Diameter 

/μm 
Strength
/MPa 

Modulus
/GPa 

Sizing 
Electrical Resistivity 

/Ωcm ×103 

T300 7 3530 230 Epoxy 1.5 
T800 5 5490 294 Epoxy 1.4 
M40 5 4410 377 Epoxy 0.8 
M46 5 4210 436 Epoxy 0.9 
UTS50 7 4800 240 PU 1.6 
IMS65 5 6000 290 Epoxy 1.45 
UMS45 4.7 4500 430 PU 0.97 
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Single fibers – To characterize the electrochemical properties of the carbon 
fibers further, an experimental investigation was performed on single IMS65 
fibers. For this purpose a special pouch-cell configuration was developed to 
facilitate interpretation of the electrochemical measurements for modeling 
purposes. The cell was designed so that the negative current collector was 
encompassed in the heat seal of the pouch cell (figure 3.3) to avoid 
interference from the current collector on the measurements, i.e. only the 
carbon fiber was in contact with the electrolyte. An oversized lithium metal foil 
was used in order to also minimize any impact from the counter electrode on 
the measurements. The electrochemical properties, kinetics and mass 
transport, were mainly characterized using impedance spectroscopy and 
analyzed with a physics-based EIS model. The impedance measurements were 
performed for several SOCs (5-100 %) to investigate its effect on the 
properties for both unsized and sized fibers. In addition, the impact of SOC 
on the electronic conductivity was also studied. For comparison to the fiber 
tows the impact of sizing and lithiation rate on the capacity of single fibers 
were also investigated (Paper IV).  

 
 

Figure 3.3 Schematics of cell used for electrochemical measurements of a single fiber 
(counter electrode not shown). 
 

2 
cm

C
arbon fiber

Heat seal

Current 
collector

Pouch cell
Electronically conducting 

silver paint

Separator w. 
electrolyte



 
CHAPTER 3.  EXPERIMENTAL  

16 
 

3.2.2 Impact of lithium intercalation on carbon fiber properties 
The impact of lithium intercalation was investigated for two fiber grades, 
IMS65 and T800, in two different ways. The first way was to cycle fiber tows 
for an extended period of time and test the tensile properties ex situ after a 
certain number of cycles (1, 10, 100 and 1000) had been completed. Tensile 
properties were measured for cycled fibers in either lithiated or delithiated state 
and compared to uncycled fibers to determine the impact of intercalation 
(Paper V). The second way was performed in situ by applying a constant 
tensile extension to the pouch cell during cycling and measuring the variations 
of tensile load carried by the fiber tow, i.e. expansion in the longitudinal 
direction. The setup used for the second method is shown in figure 3.4. In 
addition, the transverse (radial) expansion was also investigated using SEM 
images of fiber cross-sections (Paper VI).  

 
 

Figure 3.4 Test setup for in-situ measurement of fiber expansion in the longitudinal 
direction. 
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Chapter 4 

4 Results and discussion 
4.1 Observed effects of aging in LiFePO4-based cells  
Aging was investigated in laboratory-made pouch cells based on mesocarbon 
microbeads (MCMB) graphite/LiFePO4 chemistry. Several methods, 
electrochemical, materials characterization and modeling, were used to evaluate 
the effect of aging. This section has therefore been divided into subsections 
accordingly, concluding with an overall discussion of performance degradation. 

4.1.1 Full cell performance 
At 22 °C, the cycled cells reached EOL after 14000 cycles (115 days including 
RPTs) while the cells cycled at 55 °C only managed 3000 cycles (25 days 
including RPTs) before reaching EOL. Total cycle lifetime at 22 °C was thus 
almost five times longer than at 55 °C. The development of the 1C-discharge 
capacity for the different temperatures and aging conditions over time is 
shown in figure 4.1. At 55 °C, the calendar- and cycle-aged cells showed a 
similar capacity-loss behavior. For the lower temperature, a more significant 
variation in capacity was observed between the calendar- and cycle-aged cells. 
At ambient temperature, cycling-induced processes appear to dominate the 
capacity loss while the contribution from cycling-related processes appears to 
be much less pronounced at 55 °C.  

EOL was, as described in section 3.1, defined as either 50 % of the initial 
capacity or the inability to complete the synthetic hybrid drive cycle. At both 
22 °C and 55 °C, cells failed due to the second criterion, the inability to sustain 
the high rates in the hybrid drive cycle within the specified voltage window.  
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Figure 4.1 Capacity retention compared to BOL over time for cycle and calendar-aged 
cells at 22 °C and 55 °C. Notations: cycle aged (o), calendar aged (x), 22 °C (solid 
lines) and 55 °C (dashed lines). 

The impedance measured for the 22 °C cycle-aged cell showed a slight change 
in the high-frequency semi-circle shape but with a similar magnitude and 
position of the curves compared to BOL (figure 4.2a). The impedance of the 
22 °C calendar-aged cells was very similar to BOL, which indicated that no 
major performance degradation had occurred. This is also supported by the 
1C-capacity retention in figure 4.1. At 55 °C, the impedance of the cycle-aged 
cells displayed variations at both high and low frequencies, showing an 
increased number of semi-circles and changes in the slopes of the low-
frequency tails, respectively. The 55 °C calendar-aged spectrum, unlike its 
ambient temperature counterpart, displayed similarities to the 55 °C cycle-aged 
cells (figure 4.2b). The different results seen at low frequencies for cells cycled 
at the two temperatures might be interpreted as differences in mass transport 
in the active electrode material and electrolyte, whereas the increased number 
of semi-circles at higher frequencies can be interpreted as resistance changes in 
different parts of the cell. 
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Figure 4.2 Full cell EIS measured at a) BOL (+) and EOL for cycle-aged cells at 
22 °C (o), and 55 °C (*), and b) 55 °C cycle (*) and calendar-aged cells (x).  
Inset: Magnification of the high-frequency area. Colored squares (⎕) denote frequencies 
1000, 1 and 0.01 Hz for the different cells. 
 
In this study, only two different interruptive RPTs were used during the 
lifetime in order to maximize the cycle time and minimize aging caused by the 
RPTs themselves. It was therefore advantageous to use the existing data from 
the synthetic hybrid drive cycle as an additional performance test. So by using 
the data from the initial five second 20C-discharge step, any variations in 
discharge resistance over time could be monitored. A current pulse resistance, 
like the one described above, can be divided into two different contributions77:  

• The instantaneous voltage drop related to contact resistances, activation 
polarization and ohmic potential drop in the electrolyte, i.e. ohmic losses. 
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• The voltage changes during the pulse, related to diffusion polarization in 
the electrolyte and active electrode material. 

The discharge resistances were also used to gain further insight into the 
impedance changes during cycle aging, and can be considered as 
complementary in the sense that they demonstrate the resistance evolution at 
the target temperatures, 22 °C and 55 °C, while the impedance spectra were 
acquired at room temperature for the cycle-aged cells.  

The total increase of the discharge resistance was most pronounced at 55 °C, 
and dominated by ohmic losses (figure 4.3b). At 22 °C, the time-independent 
ohmic losses and time-dependent diffusion polarization showed more equal 
contributions to the total discharge resistance over time (figure 4.3a). However, 
it is important to consider the effect of the different measurement 
temperatures between the two methods when comparing the results. If the 
discharge-resistance measurements had been performed at ambient 
temperature the losses caused by cycling at 55 °C would have been even more 
substantial, as the impedance measurements showed. Interestingly, for both 
temperatures the current pulse resistance data showed, like the impedance, that 
the diffusion polarization increases during prolonged cycling, indicating 
changes in the pore structure of the electrodes. Changes in pore structure of 
the electrode and separator will also affect the effective conductivity and may 
thus influence the time-independent losses to some extent as well.    
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Figure 4.3 Discharge resistances relative to BOL for cells cycle aged at a) 22 °C and 
b) 55 °C. Notations: total resistance (□), time-independent ohmic losses (+), and 
diffusion polarization in the electrolyte and active material (o). 

4.1.2 Materials characterization results 
After reaching EOL, the cells were disassembled and the electrodes were 
harvested for materials characterization, using SEM and XPS. 

Cycle-aged negative electrodes – At BOL (figure 4.4a), an electrode with a clear 
porous structure composed of MCMB graphite particles of different sizes and 
shapes was observed using SEM. After aging at 22 °C, the SEM showed an 
electrode with smoothened contours due to surface cracking (inset figure 4.4b), 
and a reduced porosity compared to BOL. After aging at 55 °C, the electrode 
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displayed a substantial decrease in porosity with a thick surface layer of 
electrolyte decomposition products (figure 4.4c).  

 

 

Figure 4.4 SEM images of harvested negative electrodes (a) at BOL, and after cycle 
aging at (b) 22 °C and c) 55 °C. 

From the XPS, some interesting differences were detected between the 
electrodes cycle-aged at the two temperatures. At 55 °C, larger relative 
amounts of LiF and P-O containing compounds were detected than at 22 °C. 
Cycling at elevated temperatures is, however, known to cause an accelerated 
decomposition of the LiPF6 salt78, which would explain the differences 
observed by XPS and SEM. Elevated temperatures have also been reported to 
affect decomposition products towards more stable but less ionically 
conductive inorganic products79,80. For both temperatures, the XPS results 
showed that the relative amounts of deposited electrolyte products were so 
large that the signal from the MCMB graphite was no longer visible. This 
indicates that increased amounts of electrolyte products had become deposited 
on the electrode surfaces during cycle aging. However, due to the limited 
probing depth of the XPS instrument used in this study it was not possible to 
determine the thickness of the deposited electrolyte products at the two 
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temperatures. In general, elevated temperatures are considered very 
detrimental to the stability of the negative electrode SEI and often regarded as 
the main reason for cell aging under such conditions9. 

Cycle-aged positive electrodes – The electrode morphology at BOL (figure 4.5a) 
displayed a clear porous structure just as for the negative electrode, but with a 
lower porosity due to the smaller LiFePO4 particles, which is in accordance 
with the electrode specifications in table 3.1. From the SEM images, the 
morphology of the 22 °C electrode (figure 4.5b) appeared significantly altered 
compared to BOL with deposits partly covering the surfaces, cracks in the 
active material particles at several locations (circled areas in figure 4.5b), and a 
decreased porosity. At 55 °C (figure 4.5c), the overall morphology seemed less 
affected by aging and more similar to BOL than at 22 °C.  

 

 
 

Figure 4.5 SEM images of harvested positive electrodes (a) at BOL, and after cycle 
aging at (b) 22 °C and c) 55 °C. 

In several cases, the XPS of the positive electrode/electrolyte interfaces 
displayed similar trends in composition as the corresponding negative ones. 
The XPS results also indicated, similarly to the negative electrode, that the 
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relative amounts of deposited electrolyte products were so large that the signal 
from the phosphate in the LiFePO4 was hardly visible. This seems to be 
somewhat contradictory to the indications from the SEM images where the 
55 °C electrode exhibited less visible signs of aging than at 22 °C. However, if 
the layer of decomposition products on the electrode was thin enough this 
might not be visible with the SEM but with XPS, since the latter is a more 
surface-sensitive technique. An additional difference between the electrodes 
used for XPS and SEM is that the former was not washed prior to the 
measurement, which could also possibly explain the discrepancy.  

Calendar-aged electrodes, 55 °C – The impact of cycling on the electrolyte 
degradation was investigated comparing XPS of 55 °C cycle- and calendar-aged 
electrodes. The XPS of the calendar-aged electrodes showed significant 
differences in electrode/electrolyte interface compositions compared to the 
cycle-aged case, indicating that cycling causes other electrolyte degradation 
processes than storage. The difference in electrolyte decomposition on cycling 
and storage aging has previously been suggested in the literature19. In contrast 
to the significant differences in XPS, both the capacity loss and the impedance 
increase of cycle- and calendar-aged cells at 55 °C were comparable. These 
results are most noteworthy and indicate that the cells, in spite of differences 
in the electrolyte decomposition processes, can exhibit similar appearance in 
electrochemical performance degradation.   

4.1.3 Harvested electrode evaluation  
In addition to the materials characterization, the harvested electrodes were also 
evaluated electrochemically and with a physics-based EIS model. For this 
purpose, the harvested electrodes were reassembled in a three-electrode setup, 
using new electrolyte and separator, and the 0.1C-discharge capacity and EIS at 
60 % SOC were measured. At 22 °C, the capacity of the cycle-aged positive 
and negative electrodes had decreased by 15 % and 9 %, respectively. At 
55 °C, however, no significant changes in capacity could be detected for the 
cycle-aged positive electrode, but the corresponding negative electrode had lost 
12 % in capacity compared to BOL.  

Cycle-aged negative electrode, 22 °C – The impedance spectrum showed a 
significant increase of the semicircle and a shift along the real axis (figure 4.6). 
From the EIS model analysis, a considerable increase in resistive surface films 
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and decrease in electrode porosity were detected compared to BOL. The 
resistive surface film and porosity decrease correspond to the XPS results 
where the contribution from the active material was no longer visible due to 
deposition of electrolyte products, as well as the results from SEM. The 
decomposition of the electrolyte is, in this case, most likely caused by exposure 
of fresh electrode material on the surface connected to the intercalation-
induced volume changes. Exposed electrode material is also more susceptible 
to graphite exfoliation due to co-intercalation of solvent molecules which 
would account for the observed loss of active material (9 %). 

 Cycle-aged positive electrode, 22 °C – The three-electrode impedance measurement 
showed a substantial change compared to BOL; the semicircle has become 
expanded in both the imaginary and real directions and the minimum in 
imaginary impedance at the beginning of the low-frequency tail has 
disappeared (figure 4.6). The results from the EIS model analysis showed, as 
suggested from the SEM images, a substantial decrease in electrode porosity, 
particle cracking and loss of active electrode material.  The observed active 
electrode material loss (15 %) was suggested to be caused by isolation of pieces 
of the porous electrode rather than by cracking of separate particles. The 
decrease in porosity is likely the result of deposition of electrolyte 
decomposition products since most of the surface was covered with deposits 
according to the XPS characterization. Even though similar effects of aging 
were observed on both the positive and the negative electrode, the impact on 
performance was different. A possible explanation for this is that the positive 
electrode has a lower porosity to begin with (27 %) compared to the negative 
electrode (45 %), making it more susceptible to deposition of electrolyte 
decomposition products. 

Cycle-aged electrodes, 55 °C – Preliminary results from the EIS model analysis on 
the electrodes cycle-aged at 55 °C indicated that a substantial increase in 
resistive surface film growth and subsequent decrease in the negative electrode 
porosity had occurred. The positive electrode showed signs of increased 
contact resistances and a minor change in porosity. 

 



 
CHAPTER 4.  RESULTS AND DISCUSSION 
  

26 
 

4.1.4 Correlation of electrode aging on full cell performance 
Aging at ambient temperature – At EOL, the full cells aged at 22 °C had lost 
11 % (calendar) and 44 % (cycled) in 1C-discharge capacity. Due to the rate 
used for the capacity evaluation there is a need to separate the contributions of 
polarization due to impedance increase and available charge (cyclable lithium 
and active electrode material) on the measured data. The different 
contributions were deciphered using the harvested electrode EOL 
performance, as explained in detail in Paper II, section 5.3. In the calendar-
aged case, the decrease in full cell 1C-discharge capacity was caused by loss of 
cyclable lithium. However, both loss of cyclable lithium (~84 %) and cell 
impedance increase (~16 %) were suggested as the source of capacity loss in 
the cycle-aged case. Loss of cyclable lithium is, as described above, most likely 
to originate on the negative MCMB graphite electrode. In this study only the 
degradation of the harvested electrodes could be detected since new electrolyte 
and separator were introduced in the three-electrode setup. Therefore, 
performance degradation related to the electrolyte and separator, such as 
decreased electrolyte wettability and changes in separator porosity, are not 
accounted for.  

Even though both electrodes showed clear signs of aging, the positive 
electrode contributed more to the full cell performance degradation and 
impedance increase. This can be seen in figure 4.6 where the full cell, and 
positive and negative electrode impedance at BOL and after cycle aging at 
22 °C is presented. At BOL, the full cell shows a strong resemblance to the 
positive electrode compared to the negative electrode. This resemblance also 
remains at EOL, showing that the positive electrode is limiting at ambient 
temperature. The overall cause of performance degradation after cycle aging at 
22 °C is capacity fade due to loss of cyclable lithium from electrolyte 
decomposition reactions. However, deposition of the electrolyte 
decomposition products also resulted in increased impedance due to the 
buildup of resistive surface films on the negative electrode, and a decreased 
porosity in both electrodes. 

Aging at elevated temperature – For 55 °C, where the assumption that most of the 
loss of cyclable lithium occurs electrochemically might not be correct, 
deciphering the contributions to the 1C-discharge capacity is not as 
straightforward. However, the data in figures 4.2 and 4.3 and the XPS results 
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indicate that a larger part of the 1C-discharge capacity loss (figure 4.1) in the 
cycle-aged case originates from an impedance increase due to the substantial 
changes in mass transport and discharge resistance compared to at 22 °C. The 
preliminary results also indicate that the negative electrode seems to limit the 
lifetime at elevated temperature, while the positive electrode was shown to be 
limiting at ambient temperature.   

 
 

Figure 4.6 Full cell and harvested electrode EIS spectra (1000 Hz – 10 mHz). 
Notations: BOL (+) and 22 °C cycle aged (o). Blue and red squares (⎕) denote 

frequencies 100, 10, 1 and 0.05 Hz for BOL and EOL, respectively. 

4.1.5 Overall discussion of performance degradation 
The XPS, SEM and modeling results obtained from the harvested electrodes 
all indicated that layers of electrolyte decomposition products had become 
deposited in the pores of the electrodes. Deposition of electrolyte 
decomposition products causes the electrode porosity to decrease, which 
impairs the mass transport, but also results in the formation of resistive surface 
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films, which increases the ohmic losses. Electrolyte decomposition also 
consumes lithium ions which results in capacity fade and imbalance between 
the electrodes, as illustrated in figure 1.2. The observed changes in electrode 
performance and morphology can effectively account for the performance 
degradation of the full cells. However, depending on aging temperature, the 
cause for impedance increase varied. At ambient temperature the positive 
electrode was shown to be limiting while the negative electrode seemed to limit 
the lifetime at elevated temperature. 

An important thing to remember about the system investigated in this thesis is 
that the electrolyte did not contain any additives. Commercial cells, however, 
usually include a cocktail of different additives to improve the cyclability and 
lifetime of the cells, as well as their safety81. Improved performance can be 
achieved with additives that 1) facilitate the formation of SEI on graphite, 
2) reduce the irreversible capacity of the SEI formation and extended cycling, 
3) enhance thermal stability of LiPF6 against the organic electrolyte solvents, 
4) protect positive material from dissolution (mainly manganese-based 
materials) and overcharge, and 5) improve electrolyte properties such as ionic 
conductivity, viscosity, wettability of the polyolefin separator. Several of the 
above listed additive properties could have improved the lifetime significantly, 
if added to the investigated system.  

The finding that different electrolyte decomposition processes can result in 
similar appearance in electrochemical performance degradation implies the 
necessity to combine electrochemical methods with other techniques to 
investigate aging. The cells which were cycle-aged at the two temperatures also 
showed different electrochemical performance, as well as XPS results, at EOL. 
These results all confirm that aging is a complex set of processes which 
becomes accelerated to different extents at different temperatures. This raises 
the question of whether elevated temperatures can be used as a representative 
scenario for accelerating aging to investigate performance degradation at 
ambient temperature. Elevated temperatures should therefore be used with 
care for anything other than a “worst-case scenario” investigation. 
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4.2 Carbon fibers 
In this section, the possibility of using commercially available PAN-based 
fibers as multifunctional negative electrodes is evaluated and discussed from 
electrochemical and mechanical points of view. 

4.2.1 Electrochemical performance of fiber tows  
All of the tested fibers showed some ability to intercalate lithium ions. 
However, the reversible capacity of the fiber tows varied significantly between 
the different grades when cycled at 100 mA per gram of fiber, ranging from 
177 mAh g-1 for unsized IMS65 to only 24 mAh g-1 for desized UTS50 after 
ten full cycles. The capacity retention over ten cycles for a selection of fibers 
can be seen in figure 4.7. Of all the tested fibers IMS65, T800 and T300 were 
found to be the most promising ones, regarding capacity. The results also 
indicated that fibers with intermediate modulus (T800 and IMS65) have better 
electrochemical properties than those with high modulus (UMS45). Tensile 
modulus is a property not only related to the degree of graphitization but also 
to the alignment of the graphitic basal planes in the fiber56, factors that will 
have a distinct effect on the ability to intercalate lithium ions.  

 
 

Figure 4.7 Capacity retention over ten cycles for a selection of the tested fiber tows. 
 
Impact of sizing and rate on capacity – Comparing the obtained results for the sized, 
desized and the unsized samples of the IMS65 fiber (figure 4.7), it is evident 
that the sizing has a large influence on the reversible capacity for this specific 
fiber. Similar results were observed for sized and unsized T300, where the 
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latter had a capacity of 130 mAh g-1 compared to less than 100 mAh g-1 for the 
former. For some of the other fibers (T800 and UMS45) the impact of sizing 
was less pronounced.   

The capacity was found to be very dependent on the lithiation rate, as shown 
in figure 4.8 for a tow of unsized IMS65; a reduction in current by a tenth 
resulted in a twofold increase in capacity. This trend was also observed for 
sized T800 and sized IMS65 fibers.  

 
 

Figure 4.8 Capacity of an unsized IMS65 fiber tow for two different lithiation rates. 

4.2.2 Electrochemical properties of single fibers 
In order to fully determine the utility of carbon fibers as electrode material, the 
intrinsic electrochemical properties needed to be investigated. To investigate 
these properties, single fibers were used together with other well-characterized 
battery components. The properties were mainly determined from EIS 
measurements by fitting of a physics-based model. 

From the experimental EIS data alone, a strong dependence on SOC could be 
distinguished for both the unsized and sized fibers. Both the charge-transfer 
resistance and mass transport, described by the exchange current density and 
solid-phase diffusion coefficient, respectively, appeared to improve with higher 
SOC. Like the impedance, the electronic conductivity also seemed to depend 
and improve with SOC. However, no distinct influence of sizing could be 
observed from the EIS measurements. 

0 50 100 150 200 250 300 350 400
0

0.2

0.4

0.6

0.8

1

1.2

Capacity / mAh g −1

E
le

ct
ro

de
 p

ot
en

tia
l /

 V
 v

s 
Li

/L
i+

 

 
17.7 mA g −1

177 mA g −1



 
CHAPTER 4.  RESULTS AND DISCUSSION 

 

31 
 

The results from the EIS model analysis affirmed the experimental 
observations that both the mass transport and exchange current density 
improves with higher SOC. This SOC dependence clearly indicates that the 
fiber microstructure becomes more favorable with lithium intercalation. The 
optimized diffusion coefficients and exchange current densities for unsized 
and sized IMS65 at 5-100 % SOC are shown in figure 4.9a and b, respectively. 
From the optimized parameters, just like the experimental data, it was not 
possible to distinguish any differences in electrochemical performance with 
sizing. Thus, sizing seems to have an impact only on tow level and should 
therefore be considered a tow property. 

 

 
 

Figure 4.9 Optimized a) diffusion coefficients and b) exchange current densities for 
single unsized and sized IMS65 fibers. 
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In figure 4.10 the performance of a single unsized IMS65 fiber, lithiated at two 
different rates, is shown. At slow rates, the performance is very similar to that 
observed for a tow of unsized IMS65 (figure 4.8). However, at faster rates the 
tow exhibits a much lower capacity than the single fiber. The cause for the 
deviation is that a tow, unlike a single fiber, shows similarity to a porous 
electrode, though a very poor one, which increases the polarization of the cell 
at higher currents. This observation is also in agreement with the finding that 
to fit an electrochemical model to experimental EIS data, from a tow-based 
cell, an advanced porous geometry was required to describe the electrode.  

One of the functions of sizing is to keep the fibers in a tow together to ease 
handling. A tow with the sizing intact will, therefore, most likely have a 
different porous structure than one where the sizing has been removed. The 
varying impact of sizing seen on the capacity of tow-based cells could, hence, 
be explained by differing porous structures in the presence or absence of 
sizing. Sizing can possibly also affect the electrolyte wettability of the fibers so 
that only parts of the tow are in contact with the electrolyte and therefore the 
capacity is negatively affected at higher rates. 

 
 

Figure 4.10 Capacity of a single unsized IMS65 fiber for two different lithiation rates. 
 
Compared to other carbon materials investigated using the same method43,82, 
single IMS65 fibers displayed excellent kinetic and mass transport properties, 
especially at high SOCs. Hence, in a battery application, separated fibers will be 
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4.2.3 Impact of lithium intercalation on the mechanical 
properties of carbon fibers 

Ex-situ evaluation – The impact of lithium intercalation on the mechanical 
properties, the ultimate tensile strength and the tensile stiffness, was 
investigated. Ultimate tensile strength corresponds to the maximum tensile 
stress (force) a material can withstand before failure, while the tensile stiffness 
is measured as the slope of a tensile curve (force (N) vs. extension (%)) where 
the deformation is linearly elastic.  

Figure 4.11 presents normalized tensile test curves of IMS65. The tensile 
stiffness appears to be unaffected by lithium intercalation and cycling since the 
slopes of all curves remain unchanged. The ultimate tensile strength, however, 
shows a distinct variation with SOC. After lithiation, the ultimate tensile 
strength of the fiber drops and is partly recovered when the fiber is delithiated 
again. The magnitude of the drops in strength remained reversible and 
unchanged for more than 100 cycles. After 1000 cycles, the capacity of the cell 
had decreased considerably and therefore the loss in tensile strength was 
reduced as less lithium was intercalated into the fibers. Cell failure was 
attributed to the degradation of the lithium counter electrode. In addition to 
the reversible drops in ultimate tensile strength, an initial irreversible loss 
occurred after the first lithiation. A permanent loss in strength suggests that 
some lithium becomes irreversibly intercalated in the fiber.  

 
 

Figure 4.11 Tensile curves of desized IMS65 fiber tows. Notations: Uncycled (red), 
after 10 cycles (green) and 100 cycles (black) at lithiated (dashed line) and delithiated 
(solid line) states. 
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The trends of the changes in the tensile properties were similar for both grades 
of fiber. Even though the fibers exhibited some changes in tensile strength 
with SOC the magnitude was low enough to not compromise the applicability 
of the carbon fiber as structural electrode. 

4.2.4 Intercalation-induced expansion 
As observed from the ex-situ evaluation, the ultimate tensile strength of the 
carbon fiber drops upon lithium intercalation and the magnitude of the drop 
seems to be connected to the amount of intercalated lithium. Since 
intercalation of lithium ions is known to cause volume changes in carbons, 
both longitudinal and transverse expansions of the fiber are expected to occur 
as a result. For example, in graphite, the interlayer spacing increases by about 
10 %, with a simultaneous expansion of about 1 % of the basal planes as 
lithium ions are intercalated51,52,83,84. 

Longitudinal expansion – In figure 4.12 the variations in tensile load carried by 
IMS65 specimens subjected to constant extension during electrochemical 
cycling at several rates are shown. As a reference, to distinguish the variations 
of the load carried by the specimens, a separate test measuring the load 
relaxation of the bag was performed.  

 
 

Figure 4.12 Lithium intercalation induced expansion of IMS65 at different rates. 
Notations: Bag relaxation (+), 192 mA g-1 (solid line), 54 mA g-1 (dash dotted line), 
and 14 mA g-1 (dashed line).  
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During lithiation, the fiber expands and the force drops with a reversal of the 
effect during delithiation, which causes the load to fluctuate upon cycling. Both 
the frequency and amplitude of the fluctuations vary with cycling rate. 
However, the variations in amplitude are caused by the mass-transport 
limitations arising in the fiber tow with higher cycling rates, as described above. 
For a fully lithiated fiber, with a capacity approaching 372 mAh g-1, the 
reversible longitudinal expansion is approximately 1 %. This is especially 
noteworthy, as the basal planes in the microstructure of a carbon fiber tend to 
be oriented more parallel to the longitudinal axis56,85. The longitudinal 
expansion is of the same magnitude as for graphite which suggests that it is 
caused by a volume change in the basal planes. This longitudinal expansion 
might correspond to an internal tensile stress in the carbon fiber, which is also 
supported by the changes in ultimate tensile strength observed from the ex-situ 
study. 

Like the ex-situ experiments, a permanent expansion was observed after the 
first lithiation, for all rates. For the subsequent cycles, however, the expansion 
was reversible. Hence, the irreversible intercalation of lithium ions occurs 
during the first cycle and must therefore contribute to the initial irreversible 
capacity loss of the cell together with the SEI formation. Since the capacity 
corresponding to the SEI formation is unknown, the amount of trapped 
lithium cannot be calculated directly from the first cycle. However, the capacity 
dedicated to the irreversibly intercalated lithium ions can be estimated 
assuming that 1) for the following lithiations no more SEI is formed and the 
capacity originates from intercalation only, and 2) the ratio of any capacity 
dedicated to intercalation and induced expansion remains constant for all 
cycles, as explained in detail in Paper VI, section 3.4. 

The estimation of the capacity that corresponds to trapped lithium is shown in 
figure 4.13, together with the reversible capacity and the initial irreversible 
capacity loss, for five cycling rates. At lower rates, the initial irreversible 
capacity loss displays a stable behavior but decreases as the rates increases. 
However, at the lower rates, more and more lithium becomes irreversibly 
intercalated (trapped) in the fiber. The difference between the irreversible 
capacity and the trapped lithium is attributed to the SEI formation, which 
seems to vary with rate and exhibits a maximum for intermediate rates. These 
results suggest that a larger part of the initial capacity loss originates from 
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irreversible lithium intercalation, and less from SEI formation, at the highest 
and the lowest rates. 

 

Figure 4.13 Irreversible capacity loss, trapped lithium, and reversible capacity at 
different cycling rates for IMS65. 
 

Transverse expansion – The SEM investigation of cross-section areas revealed a 
transverse expansion between 8 % and 13 % for a fully lithiated fiber, and 
2-3 % for a delithiated fiber, indicating that an expansion also occurs in the 
radial direction of the fiber upon lithium intercalation. Like the longitudinal 
expansion of the carbon fiber, the transverse expansion correlates to the 
increase in interlayer spacing upon intercalation seen in graphite. However, due 
to the disordered microstructure of the studied carbon fibers, some differences 
might be expected compared to the crystalline graphite. Nevertheless, as the 
results suggest, the expansion caused by lithium intercalation is governed by 
the expansion between and in the graphitic basal planes. Similar expansions 
were observed for both fiber grades, and since both display comparable 
mechanical properties their microstructure must have some kind of 
resemblance. For an application such as a structural battery, where the 
mechanical properties are of paramount importance, expansions like these 
need to be taken into consideration in the development process.  

4.2.5 Overall discussion of carbon fibers 
The electrochemical evaluation of commercially available PAN-based carbon-
fiber tows showed that all of the tested grades displayed some ability to 
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intercalate lithium ions. As tows, the fibers would not be suitable for any 
application which requires high current loads other than one where the 
mechanical properties are also needed. However, further studies revealed that 
single fibers have superior electrochemical properties compared to other 
negative electrode materials. Single or properly separated fibers could, in 
addition to structural-battery applications, possibly replace the powder-based 
negative electrodes commonly used in lithium-ion batteries. However, an issue 
that inhibits the usage of carbon fibers in conventional battery applications is 
the cost. According to the manufacturers, the cost of carbon fibers range 
between 3 and 30 times that of battery-grade graphite powders, depending on 
the grade of fibers. Carbon-fiber electrodes would also require a new 
manufacturing process for the batteries, but with the benefit of excluding the 
binder and therefore a lot of solvent, and reducing the amount of copper 
current collector. In all, carbon-fiber electrodes could contribute to the 
reduction of weight in conventional lithium-ion batteries as well.   

For carbon fibers to be used in structural batteries, however, some issues need 
to be addressed specifically, such as the drawbacks of fiber tows and the 
intercalation-induced volume changes, to achieve optimal energy storage and 
structural performance in a final application.  

In order to realize a structural battery, extensive research into electrolyte 
systems and positive electrodes with suitable electrochemical and mechanical 
properties will be required. However, due to the required multifunctionality of 
these materials, this will be a very challenging task.     

Carbon fibers could, in addition to pure battery applications, also be used for 
actuation or sensor applications. These other application areas would utilize 
the intercalation-induced reversible longitudinal expansion of the fiber to 
provide mechanical work as operating mechanism. 
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Chapter 5  

5 Conclusions 
 
The aim of this thesis has been to evaluate and characterize the performance 
of two different lithium-ion battery systems. Similar techniques were used for 
the investigations, extensive electrochemical experiments with materials 
characterization and modeling. This proved to be a very powerful toolbox.  

5.1 Aging in LiFePO4-based cells 
The lifetime performance of the MCMB graphite/LiFePO4 system was 
investigated to develop an understanding of how this technology tolerates and 
is influenced by different conditions, such as cycling, storage and temperature. 
Overall, elevated temperature was, unsurprisingly, found to be the most 
detrimental condition to the lifetime of the tested system. Cycling at elevated 
temperature resulted in a significantly reduced lifetime, almost five times 
shorter compared to cells cycled at ambient temperature. Calendar lifetime was 
also considerably reduced at elevated temperature. For the cycling cells, the 
cause of EOL was, independently of temperature, the inability to complete the 
synthetic hybrid drive cycle. Both full cell impedance and discharge-resistance 
measurements indicated an increase in ohmic losses and diffusion polarizations 
for the cycle-aged cells. 

The negative and positive electrodes, harvested from the cycle-aged cells, 
displayed extensive deposition of electrolyte decomposition products at both 
temperatures. This was found to be the main cause of aging in the full cells as 
it consumes cyclable lithium, i.e. capacity fade, and changes the morphology of 
the electrodes which increases the impedance. However, the target temperature 
at which the cycling was performed seemed to affect which electrode 
dominated the impedance increase. At ambient temperature, the positive 
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electrode was the limiting one, and at elevated temperature, the negative 
electrode showed more substantial signs of aging. 

From the XPS on cycle and calendar-aged electrodes at 55 °C some interesting 
dissimilarities in electrolyte decomposition were found. In contrast to the 
significant differences in XPS, both the full-cell capacity loss and impedance 
increase of cycle- and calendar-aged cells at 55 °C were comparable. These 
results indicate that the cells, in spite of differences in the electrolyte 
decomposition processes, can exhibit similar electrochemical performance 
degradation, i.e. lithium-ion battery aging is a complex set of processes which 
becomes accelerated to different extents at different temperatures. These 
findings also imply the necessity of combining electrochemical methods with 
other characterization techniques to investigate all aspects of aging.  

5.2 Carbon fibers 
As a starting point for the development of structural batteries, the possibility 
of using commercially available PAN-based fibers as a multifunctional negative 
electrode was evaluated both electrochemically and mechanically.  

The electrochemical performance of single carbon fibers was found to be 
excellent compared to other negative electrode materials. A strong SOC 
dependence was seen in the mass transport and kinetic (exchange current 
density) properties, as well as electronic conductivity, which all improved with 
lithiation. Sizing was established to have no impact on the electrochemical 
properties of single fibers and should only be considered a tow property. 

The mechanical properties, measured as changes in the tensile properties of 
carbon-fiber tows, showed that the tensile stiffness was unaffected by lithium 
intercalation and cycling. The ultimate tensile strength, however, showed a 
distinct variation with SOC. Similar to graphite, the carbon fibers 
demonstrated a reversible longitudinal and transverse expansion induced by 
lithium intercalation, correlating to an increase in the interlayer spacing by 
about 10 %, and a simultaneous expansion of about 1 % of the basal planes, at 
100 % SOC. In addition to the reversible expansion, an irreversible expansion 
occurred after the first lithiation. This was attributed to the irreversible 
intercalation of lithium ions and was found to depend on the rate of 
intercalation during the first lithiation.  
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Overall, carbon fibers can be considered suitable for structural batteries; 
however, some issues need to be addressed specifically, such as the drawbacks 
of fiber tows and the intercalation-induced volume changes, to achieve optimal 
energy storage and structural performance in a final application.  
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