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Li-ion battery technology is currently the most efficient form of electrochemical energy storage.
The commercialization of Li-ion batteries in the early 1990’s revolutionized the portable
electronics market, but further improvements are necessary for applications in electric vehicles
and load levelling of the electric grid. In this thesis, three new iron based electrode materials for
positive electrodes in Li-ion batteries were investigated. Utilizing the redox activity of iron is
beneficial over other transition metals due to its abundance in the Earth’s crust. The condensed
phosphate Li2FeP2O7 together with two different LiFeSO4F crystal structures that were studied
herein each have their own advantageous, challenges, and scientific questions, and the combined
insights gained from the different materials expand the current understanding of Li-ion battery
electrodes.
The surface reaction kinetics of all three compounds was evaluated by coating them with
a conductive polymer layer consisting of poly(3,4-ethylenedioxythiophene), PEDOT. Both
LiFeSO4F polymorphs showed reduced polarization and increased charge storage capacity upon
PEDOT coating, showing the importance of controlling the surface kinetics for this class of
compounds. In contrast, the electrochemical performance of PEDOT coated Li2FeP2O7 was at
best unchanged. The differences highlight that different rate limiting steps prevail for different
Li-ion insertion materials.
In addition to the electrochemical properties of the new iron based energy storage materials,
also their underlying material properties were investigated. For tavorite LiFeSO4F, different
reaction pathways were identified by in operando XRD evaluation during charge and discharge.
Furthermore, ligand involvement in the redox process was evaluated, and although most of
the charge compensation was centered on the iron sites, the sulfate group also played a role
in the oxidation of tavorite LiFeSO4F. In triplite LiFeSO4F and Li2FeP2O7, a redistribution of
lithium and iron atoms was observed in the crystal structure during electrochemical cycling.
For Li2FeP2O7, and increased randomization of metal ions occurred, which is similar to what
has been reported for other iron phosphates and silicates. In contrast, triplite LiFeSO4F showed
an increased ordering of lithium and iron atoms. An electrochemically induced ordering has
previously not been reported upon electrochemical cycling for iron based Li-ion insertion
materials, and was beneficial for the charge storage capacity of the material.
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Populärvetenskaplig sammanfattning

Batterier är den bäst balanserade formen av elektrokemisk energilagring som
finns idag vad gäller små förluster, stor energilagringskapacitet och minimerad självurladdning. Av de tillgängliga batteritekniker som finns idag så har
Litium-jonbatterier (Li-jonbatterier) störst förmåga vad gäller energilagringskapacitet. En effektiv och bärbar energikälla är viktigt för en stor del av
dagens teknik, och sedan Li-jonbatterierna kommersialiserades under tidigt
1990-tal så har Li-jonbatterierna möjliggjort en revolution inom området
portabel elektronik. Mobiltelefoner, bärbara datorer och läsplattor är några
exempel på elektroniska apparater där Li-jon batterier används. Jämfört med
de första Li-jon batterierna så kan dagens motsvarigheter lagra två till tre
gånger så mycket energi (ca 0,200 kWh per kilo batteri) och priset har sjunkit kraftigt (i bästa fall till runt 1400 kr per kWh lagringskapacitet).1 Trots
Li-jonbatteriernas goda egenskaper och den positiva utvecklingen de senaste
åren, så krävs ytterligare förbättringar om de ska användas i stor skala i elbilar och för lagring av energi från sol- och vindkraft. Priset för att installera
solkraft har sjunkit markant de senaste åren, och i vissa länder är det t.o.m.
mer fördelaktigt att installera solkraft än kolkraft enligt Världsekonomiskt
forum (även utan subventioner). Den nästa stora utmaningen för förnyelsebar elgenerering ligger troligtvis i effektiv och billig energilagring för att
uppnå balans när solen inte skiner och vinden inte blåser.
I den här avhandlingen har järnbaserade material för den positiva elektroden i Li-jonbatterier studerats. Just järn är fördelaktigt att använda på grund
av dess rika förekomst i jordskorpan och låga toxicitet. Materialen i Lijonbatterier kan liknas vid ett nätverk av tunnlar, där små Li-joner kan färdas
in och ut. Li-jonen bär på en positiv laddning och hjälper till att balansera
laddningen från de elektroner som tillförs materialet utifrån, t.ex. från en
solcell. Man kan likna föreningarna vid en traditionell kalender, där man vart
fjärde år skjuter in ett extra blad för skottdagen. I ett batteri skjuter man in
Li-joner i materialets tunnelnätverk istället (se figuren på nästa sida). På
engelska kallas inskjutandet av en extra dag i kalendern för intercalation,
varför man ofta kallar material i Li-jonbatterier för interkalationsmaterial.
Grafit är ett annat interkalationsmaterial som används i den negativa elektroden där Li-joner interkaleras mellan kollagren i materialet. Man kan därför
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likna Li-jonbatterier vid en gungstol, där Li-jonerna gungar fram och tillbaka
mellan tunnelnätverken i den positiva och negativa elektroden. Vid uppladdning förs litiumjonerna in i den negativa elektroden, och vid urladdning förs
de in i den positiva elektroden. Figuren nedan visar ett material för positiva
elektroder i Li-jonbatterier: litiumjärnfosfat (LiFePO4)
Arbetet i den här avhandlingen har syftat till en fördjupad förståelse för
elektrokemiska- och materialegenskaper hos nya positiva batterielektroder
baserade på järn. Då de material som studerats här inte är kommersiellt tillgängliga så har de förs framställts, sedan karaktäriserats för att säkerställa
tillräcklig renhet, och slutligen utvärderats i prototypbatterier. Arbetet har
delvis syftat till att identifiera de olika mekanismer som avgör energilagringsförmågan i materialen. Li-jonerna måste färdas från en saltlösning och
in i små korn av interkalationsmaterial. I vissa fall är denna ytprocess ett
långsamt steg som kan skyndas på genom att belägga materialet med ett
ledande skikt. Det visade sig vara viktigt för de sulfatbaserade materialen,
men mindre viktigt för det fosfatbaserade material som studerats här. Även
själva tunnelstrukturen i materialen har visat sig förändras när Li-jonerna
färdas in och ut ur materialet. Den förändrade tunnelstrukturen kan påverka
fysiska parametrar såsom spänningen man får ut från batteriet, eller hur stor
andel av Li-jonerna som man kan ta ut. Den här typen av grundforskning är
viktig för förståelsen av nya elektrodmaterial i Li-jonbatterier. Tillsammans
visar resultaten på hur man kan arbeta och tänka kring utvecklingen av nya
material som kan lagra så mycket energi som möjligt, där energin snabbt kan
levereras vid behov, men ändå på ett säkert och billigt sätt.

Figur I. En bild av tunnelnätverket i litiumjärnfosfat (LiFePO4) där litiumjonerna
kan färdas. LiFePO4 är ett material som används i moderna litiumjonbatterier.
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1 Background

The World’s energy use is today mainly based on fossil fuels; however, the
situation is starting to change. From an environmental, political, and economic point of view there is an interest in reducing the dependence on energy from finite resources by replacing them with renewable alternatives. Oil,
gas and coal still dominated the energy sector in 2016,[1] but the cost of solar
power decreased by 80% between 2007 and 2015.[2] In December 2016, the
World Economic Forum reported that installing new solar and wind power
plants is economically more viable than building coal based power plants in
more than 30 countries, including Brazil, Mexico and Australia.[3] Yet, the
increased use of intermittent solar and wind power is demanding for the
electric grid, and the World Energy Council claimed that the next great challenge for solar power lies in reducing the cost of the energy balancing system.[2] One of the largest energy sectors is transportation. It accounts for
about one fourth of the energy use, and is dominated by fossil fuels.[4]
Transportation also influences the local air quality, and e.g. the city of Oslo
issued a temporary ban on diesel vehicles based on the high levels of nitrogen oxides in the air in 2017.[5]
Different forms of energy storage exist, but battery technology is currently attracting the most interest.[2] Large performance improvements have been
achieved recently, and Li-ion batteries outperform any other battery technology currently available in terms of energy storage capacity.[6,7] Since their
commercialization in 1991,[8] the specific energy has more than doubled to
200 Wh kg-1 and the cost has been reduced to $150/kWh on the cell level.[9]
This progress has revolutionized the portable electronics market, but further
work is required for a similar evolution regarding electromobility and electric grids. The goal set by the US car industry is 350 Wh/kg at a cost of
$100/kWh.[10] A significant part of the future improvements will likely include streamlined production and better electrode engineering.[11] However,
the role of the universities lies within exploratory research regarding new
materials, as well as the attainment of a fundamental understanding of the
underlying mechanisms in battery electrodes. With this motivation, funding
was granted for a Swedish battery materials group. Research on both positive and negative electrodes as well as new electrolytes for Li-ion batteries,
and battery systems beyond Li-ion technology was financed. The work presented in this thesis constitutes the part concerning new iron based materials
for positive electrodes in high-power and elevated temperature applications.
1

2 Introduction

For large scale applications of batteries in e.g. electric vehicles, the cathode
materials need to be based on abundant and non-toxic elements such as
iron.[12] This is the motivation behind the focus on iron based materials in
thesis. As a starting point for the discussion, some important concepts for Liion battery technology are introduced. The working principles of Li-ion batteries, as well as the current state-of-the-art battery technologies are described. As previously mentioned, the Li-ion battery technology is the commercially available type of batteries that can store the largest amount of
energy by weight or volume,[6,7] but need further improvements for large
scale applications. The energy and power density of different battery technologies are summarized in Figure 1, showing approximate numbers for the
different battery cells.[13,14] The two last sections in this chapter are devoted
to possible new candidates for iron based Li-ion insertion electrodes, and
theoretical aspects for improving the energy and power densities for Li-ion
batteries further. The information presented here serves as a background to
the new findings presented later in the thesis.

Figure 1. A simplified representation of the power and energy densities for different
battery technologies, with approximate numbers on the axes.[13,14]
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2.1 The Li-ion Battery: Working Principle
Li-ion battery technology is based on a family of different chemistries, rather
than a single battery system. However, they all almost exclusively rely on
Li-ion insertion materials in present commercial batteries.[9] In such materials, a guest ion (e.g. Li+) is inserted into and extracted reversibly from a
crystalline host framework for thousands of cycles. At the positive electrode,
referred to as cathode in the battery literature, Li+ is used to balance the
charge of redox active species, such as the Co4+/3+ redox couple. When cobalt
is reduced from +IV to +III by accepting an electron from the outer circuit,
Li+ is inserted into the material to maintain the charge balance. Vice versa,
when cobalt is oxidized back to +IV, Li+ is extracted from the material. The
standard reduction potential for the transition metal ions in positive electrode
materials are high, typically 1 V with respect to the standard hydrogen electrode (SHE), and thereby provide suitable potentials for the positive electrode.[15] For the negative electrode, labelled anode in the battery literature,
carbon based materials are commonly used.[16] Upon electrochemical cycling, Li-ions are intercalated and extracted into the layered crystal structure
of graphite. In this way, Li+ travels back and forth between the insertion
materials in the positive and negative electrodes, as illustrated in Figure 2.
Thus, the technology is sometimes referred to as the “Rocking Chair Battery”.[6,15] The standard reduction potential for Li-ion insertion into graphite
is very low; it is only slightly higher than the standard reduction potential of
Li+/Li(s) which lies at -3.045 V with respect to SHE. The large difference in
standard potential between the positive and negative electrode is the origin
of the high cell voltage of Li-ion batteries of around 4 V. The typical chemical reactions at the positive and negative electrodes are summarized below
(following the example of the cobalt redox activity in LiCoO2 and Li-ion
insertion in graphite), with their mid-point potentials (Emp) for the insertion/extraction reactions2 translated to the SHE scale.
Positive electrode:
Emp ≈ 0.9 V vs. SHE
Negative electrode:
Emp ≈ -2.9 V vs. SHE
When charging the battery, the Li-ions are extracted from LiCoO2 and inserted into graphite. Thereafter, the energy can be delivered in form of a
direct electric current at the voltage of about 3.8 V by closing the outer circuit.
2

The formal potential is the measured electrode potential relative to a reference electrode
when the amount (rather than the activities) of the oxidized and reduced species are equal.
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Figure 2.The working principle of Li-ion batteries. Li-ions are extracted and reinserted into the crystalline hosts of the positive and negative electrode materials.

The active materials at the respective electrodes are typically in the form of
small particles that are mixed with a conductive carbon additive and held
together by a polymeric binder. The reason for using small particle sizes is
the slow Li-ion transport in the solid state, together with the often electronically insulating nature of the positive active materials. During the manufacturing process, these materials are dispersed in a liquid media, and the active
material slurry is cast onto a metal current collector. Thereby, a porous electrode with a percolating electronically conductive network is achieved. A
scanning electron microscopy image of one of the electrodes used in the
present work is shown on the right in Figure 3.
Often in battery research, only one of the insertion electrodes is studied.
In this case, lithium metal in large excess is used as a combined counter and
reference electrode. The set-up is often referred to as a “half-cell”, i.e. the
term is used differently in battery science than in standard electrochemistry
literature. Here, it refers to the study of a single electrode against a Li-metal
electrode. Figure 3 shows the cross-section of a research type Li-ion battery
half-cell drawn to scale. A separator made of polyethylene or polypropylene
(or sometimes glass fiber) is soaked with electrolyte and placed between the
positive and negative electrodes to ensure electronic insulation and ionic
conduction between the two electrodes.[17] The separator is highly porous
and allows ionic transport between the electrodes, while being electronically
insulating to prevent short-circuiting. The porous structure of the polyolefin
material in the separator is often achieved by stretching it during the manufacturing process. A scanning electron microscopy (SEM) image of a common battery separator is displayed in the inset of Figure 3.

4

Figure 3. The cross-section of a Li-ion battery “half-cell”, drawn according to scale,
with Li-foil as the negative electrode, a ~10 μm polyolefin separator, and a 20-100
μm thick composite positive electrode. The figure shows the thinnest separator and
thickest positive electrode used in this thesis. The images of the Li-foil and separator
were provided by David Rehnlund and Carl Tengstedt, respectively. Adapted with
permission from Paper II, Copyright 2017 American Chemical Society.

At this point, some important points need to be considered. Firstly, the positive electrode material must be synthesized in its lithiated state. This is beneficial for safety reasons since the battery is assembled in its discharged state
to avoid handling of strongly reducing lithiated negative electrodes. However, it also restricts the material choices, since only pre-lithiated positive electrode materials can be used to allow them to serve as the lithium reservoir in
the system.
Secondly, the electrolyte needs to be based on an aprotic organic solvent,
as the cell voltage of Li-ion or Li-metal batteries lies well out of the electrochemical stability window of 1.2 V for water. Typically, a mixture of linear
and cyclic carbonates containing a lithium salt are used.[18,19]
Thirdly, the carbonate based electrolytes commonly used in Li-ion batteries are still not stable at the extremely low potentials at the negative electrode. However, their decomposition products form a stable passivating surface film on the negative electrode. Typically, partial degradation of the
cyclic carbonate component in the solvent provides the passivation.[20] In the
battery literature, this passivating layer is referred to as the solid electrolyte
interphase (SEI) layer.[21] Understanding the surface phenomena at the negative electrode is a research area of its own, and degradation of the passivating film is a common fading mechanism for Li-ion batteries.[22] It leads to a
depletion of the accessible Li-ion inventory available for insertion into the
active materials at the respective electrodes. This phenomenon is one of the
5

reasons why researchers often use Li-metal as a counter/reference electrode
in “half-cells”. The Li-metal constitutes an almost infinite Li reservoir, making it possible to study the mechanisms at a single electrode at a time. Strictly, the Li-metal electrode is not entirely stable either. During metal deposition, especially at current densities higher 0.5 mA cm-2, a conformal Li-layer
dies not form.[23,24] Small Li filaments become isolated and lead to loss of
active material. Alternatively, during prolonged battery cycling these filaments can form an electronically conducting network through the separator,
short-circuiting the positive and negative electrodes. Hence, Li-metal is an
impractical electrode for commercial applications for safety reasons.[25] Still,
at low current densities and a limited number of cycles, Li-metal is sufficiently stable for laboratory testing. Its relatively low polarizability and surplus of Li inventory make it a suitable combined reference/counter electrode
at current densities up to around 1 mA cm-2.[26]

2.2 The development of commercial insertion cathodes
The insertion of a guest species into a crystalline host framework, the basis
of the Rocking Chair Battery, has been known at least since the 1950’s.[27]
For battery applications, the concept has been employed since the early
1970’s.[28] By then, fast solid state Na-ion conduction had been discovered in
β-alumina, xNa2O·11Al2O3 (x < 1).[29] The material was envisioned to be
used in sodium-sulfur batteries.[30] The battery configuration consisted of
liquid sodium as the negative electrode, liquid sulfur at the positive terminal,
and solid β-alumina as the electrolyte. Difficulties in handling liquid sodium
motivated the use of solid electrodes for measuring the ionic conductivity of
β-alumina.[28] Na-ion insertion and extraction from tungsten bronzes (NaxWO3), operating based on the W6+/5+ redox couple, showed both high electronic conductivity and fast sodium-ion transport. They were used as electrode materials for electrochemical characterization of β-alumina.[31] Thereby, the research on insertion electrode materials was initialized.
Focus soon shifted towards Li-ion batteries, due to the small ionic radius
and low weight associated with the Li-ion. The small ionic radius makes it
suitable for insertion into many crystalline frameworks, and the low weight
is advantageous for the gravimetric energy density. The cell voltage is also
high when Li is used as the negative electrode, due to the low standard reduction potential of the Li+/Li redox couple. TiS2 and other metal chalcogenides (consisting of transition metals and later elements in group 16 of the
periodic table) were investigated in the early cathode material research.[32,33]
TiS2 showed stable electrochemical cycling performance and high energy
efficiency, attributed to the minor changes in the crystalline host during electrochemical cycling. No strong chemical bonds are broken in the crystalline
framework during the insertion process, which is typical for Li-ion insertion
6

electrodes. Thus, only a slight mechanical stress is experienced by the electrode during operation, attributed to a slight expansion and contraction of the
material during Li-ion insertion and extraction. The volume change can be
explained by shorter M-X bonds in the material when metal ion Mn+ has a
higher charge, which pulls the negatively charged X-ligands closer.
TiS2 batteries with lithium metal as the negative electrode were also
commercialized,[28,32,34] but lithium growth from the anode caused shortcircuiting and made them unsafe.[35] Additionally, TiS2 is air sensitive and
must be handled in oxygen-free environments, complicating large scale battery manufacturing processes. Replacing the lithium metal with lithium alloys, such as LiAl,[36] was attempted to circumvent dendrite formation, but
were disregarded due to the rapid capacity fading believed to be caused by
the large volume expansion during the alloying reaction.[37]
The problems related to dendrite formation were overcome by combining
an insertion cathode material in its discharged state, i.e. already lithiated
after synthesis, with graphite as an insertion anode. This battery concept was
realized by the discovery of LiCoO2 in 1980,[38] and reversible intercalation
into graphite in 1983.[39] Regarding the cathode material, the smaller oxide
anion with its higher electronegativity also provided the advantage of higher
operating voltage and capacity of LiCoO2 compared to TiS2. The first Li-ion
battery was commercialized by Sony in 1991,[8] and the research on Li-ion
batteries intensified.
Although LiCoO2 (“LCO”) has successfully been used in commercial Liion batteries since the early 1990’s, the scarcity of cobalt makes it desirable
to replace cobalt with more abundant elements,[12] e.g. Ni, and notably Mn
and Fe.[40] Following the success of LCO, other members of the AxMO2 family were investigated. They all have a close-packed oxygen structure, with M
metal ions in octahedral sites forming (MO2)n layers. Alkali ions A are located between these sheets, and their coordination number depends on how the
(MO2)n layers are packed in the specific compounds.[41] Layered LiNiO2, or
more accurately Li1-zNi1+zO2, is iso-structural to LiCoO2 but with a substantial occupancy of Ni in the Li-ion layers.[42] These Ni-ions impede Li-ion
insertion upon cycling, resulting in lower reversible capacity, which can be
avoided by Co3+ doping.[43] Another disadvantage of LixNiO2 is its poor
thermal stability when delithiated. The risk of oxygen evolution due to oxidation of the oxide ligands, together with the flammable organic electrolyte,
makes an unsafe combination. It was shown that Al3+ doping can alleviated
these problems,[44] and that both cobalt and aluminum doping resulted in
stable electrochemical performance as well as high thermal stability.[45] The
“NCA” material, typically LiNi0.8Co0.15Al0.05O2,[46] is one of the cathode materials used in commercial Li-ion batteries today. Solid solutions of Li2MnO3
and LiNiO2 also improved the thermal stability and safety of delithiated LiNiO2.[47] “NMC” cathodes, typically LiNi1/3Mn1/3Co1/3O2,[48,49] are together
with NCA the current state-of-the art cathode materials for Li-ion batteries.
7

They both operate on average at 3.7 V versus Li+/Li and their practical capacities are 185 and 170 mAh/g, respectively. NMC has the best thermal
stability, but NCA provides the fastest electron and Li-ion transport for power-optimized applications.[16]
Mn is even more readily available than Ni,[40] and lithium manganese oxide crystallizes in the spinel structure which is suitable as an insertion material. Within the spinel structure, oxygen also forms a cubic close packed
structure, although it has a different arrangement of the cations compared to
for the layered oxides previously described. The cations fill half of the octahedral and one eighth of the tetrahedral cavities, and the cations in octahedral sites are sometimes indicated with brackets in the A[B]2O4 notation.
Li[Mn]2O4,[50] or “LMO”, is a commercialized cathode material for Li-ion
batteries. The spinel structure provides channels for Li-ion transport in all
three crystallographic directions, and its practical capacity is around
110 mAh/g at an average potential of 4 V. However, it experiences capacity
fading during cycling, especially at elevated temperatures due to Mn2+ dissolution, formed through disproportionation of Mn3+.[16]
The only commercially available iron-based cathode material for Li-ion
batteries is LiFePO4, commonly abbreviated “LFP”. It is an almost electronically insulating material with a very low electrical conductivity of 10-9 S/cm
at room temperature.[51] Consequently, the first report of the material demonstrated an unimpressive performance.[52] The electrochemical function of
LiFePO4 was substantially improved by coating the material with a conductive carbon layer,[53,54] leading to its commercialization in the early 2000’s.
However, the Li-ion conductivity is reported to be even lower than the electronic conductivity, and some researchers claim that a small particle size is
more important than a conductive carbon coating for LiFePO4.[55,56] The carbon source would then mainly prevent particle growth during the synthesis
of LiFePO4. The Li-ion conductivity is reported to lie in the range 10-10 to
10-11 S/cm at room temperature,[57,58] although there are some discrepancies
in the literature. The values reported are largely dependent on the synthesis
conditions, and a few percent occupancy of Fe2+ in the Li+ sites creates vacancies or Li-Fe antisite defects in the structure.[59] These defects could possibly explain why some researchers report Li-ion transport in one crystallographic dimension,[58] just as the theoretical work predicts,[60–62] whereas
other report two-dimensional Li-ion transport.[57] In any case, nanosizing and
carbon coating of the LiFePO4 grains substantially improved the electrochemical performance,[53,54,63,64] and today LiFePO4 is even used in highpower applications.[9,46]
LFP holds 10% of the market share for commercial cathode materials, but
the technology is still dominated by Co and Ni based layered oxides such as
LCO, NCA, and NMC. (Figure 4).[65] Different material choices are made
for different battery applications. The well balanced properties of NMC,
together with its high safety, make it completely dominating for plug-in hy8

brid electric vehicles. When even higher safety and power is crucial the
choice is LFP. LCO is today only used for low power and high energy density applications such as portable electronics. For pure electric vehicles, the
consumer acceptance regarding the driving range is not clearly known, and
different cathode materials are presently used by different car manufacturers.[9] A comparison of the state-of-the art layered oxide (NMC) with the
LFP cycled against a lithium anode is shown in Figure 5. Neither of these
electrodes was optimized, but they still show the characteristic performance
for NMC and LFP, respectively. The energy storage capacity by weight is
about 15% larger for NMC compared to LFP. It remains a task for battery
researchers to improve materials based on abundant elements in order to
realize cost-effective batteries for electric vehicles and grid applications.

Figure 4. The market share of different commercial cathode materials in Li-ion
batteries by weight.[65] The graph includes LiFePO4 (LFP), LiCoO2 (LCO), LiNiO2
doped with Co and Al (NCA) or Mn and Co (NMC), and LiMn2O4 (LMO).

Figure 5. A comparison between laboratory half-cells with commercial LFP and
NMC as the cathode materials. The cells were discharged at C/10, and NMC provided 70 Wh g-1 more than LFP. The NMC data was provided by Erik Björklund.
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2.3 Emerging Iron Based Li-ion Insertion Materials
After summarizing the working principles of Li-ion batteries and the current
state-of-the-art of insertion materials, it is worth reviewing the possibilities
to improve the specific energy of iron based cathode materials further. As
can be anticipated from the description of the commercialized Li-ion batteries in the previous section, Li-ion insertion cathode materials are built up by
a combination of small insertion metal-ions from the s-block, redox active
metal-ions from the d-block, and a simple or polyatomic anion from the pblock in the periodic table (Figure 6). The insertion metal ion (e.g. Li+) balances the negative charge from the anions (e.g. O2-) in the compound when
the transition metal ion is being reduced during the discharge (e.g. Co4+ to
Co3+). The transition metals used in layered and spinel oxides are normally
Co, Ni, or Mn. Fe and V are the most common transition metals for insertion materials with polyatomic anions (commonly referred to as “polyanions”), e.g. SO42-, PO43-, or SiO44-.[46] As remarked at the end of Section
2.2,commercial Li-ion batteries are still largely based on cobalt containing
layered oxides, and it is desirable to replace the Co ions with the more abundant and less toxic Fe ions.[12] The following section discusses the possible
combinations of the elements in the periodic table to form new compounds
suitable for Li-ion battery cathodes. The materials listed in Table 1 will be
used as examples when discussing ways to increase the energy density of
iron based Li-ion insertion materials.

Figure 6. A Li-ion cathode material is built up by a crystalline framework of redox
active transition metals and negative counter ions from the p-block. A small s-block
cation is inserted/extracted from the crystalline host to maintain charge balance. The
figure is a modification of the periodic table of elements put together by IUPAC.
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Table 1. Theoretical data for some iron based Li-ion insertion materials.
Capacity
[mAh/g]

Voltage
[V]

Energy density [mWh/g]

(283)

(3.6)

1019

Limited Li-ion transport. Instability of Fe4+.

[66]

LiFeF3

224

3.2

717

Difficult to synthesize in the
lithiated state.

[67,68]

LiFeOF

274

2.8

767

Meta-stable compound.

[69]

LiFeBO3

220

2.8

616

Air sensitive,
transport.

Li2FeSiO4*

166
(331)

2.8
(4.5)

465
(1208)

Li2Fe2Si2O7

182

3.0?

546?

LiFePO4

170

3.45

587

110
(220)

3.5
(5.0)

385
(935)

Low capacity if only the Fe3+/2+
redox couple is utilized.

[75]

Tavorite
LiFeSO4F

151

3.6

544

[76]

Triplite
LiFeSO4F

151

3.9

589

Fast Li-ion transport, but low
energy density and difficult
synthesis.
High energy density but unfavorable Li-ion transport.

Compound
LiFeO2*

Li2FeP2O7*

Note

slow

Ref.

Li-ion

[70,71]

Based on abundant materials,
but low energy density and
slow Li-ion transport.
Unknown. Probably requires
exotic synthesis methods.

[72]

Current state-of-the-art
based cathode material.

[52,54]

Fe

[73,74]

[77,78]

*Numbers in parenthesis rely on the use of the unstable Fe(IV) state

2.3.1 Lithium iron oxides and ligand redox activity
At a first glance, it might seem straight-forward to replace cobalt in LiCoO2
with iron as the redox active transition metal. However, after more careful
consideration the task is not that trivial. Since the sizes of Co3+ and Fe3+ are
different, the same crystal structure is not formed for LiFeO2 and LiCoO2. In
LiFeO2, there is a completely random distribution of Li and Fe, and LiFeO2
is iso-structural to rocksalt NaCl. The mixing of Li and Fe in the structure
blocks the solid state Li-ion transport, as there are no straight pathways for
Li-ion transport in the cation disordered structure.[79] Hence, the material less
beneficial for battery applications than the layered structure of LiCoO2
shown in Figure 2.[79] Further, although it is possible to synthesize layered
LiFeO2 structures through ion exchange of α-NaFeO2 (iso-structural to
LiCoO2) or γ-FeOOH, they showed poor electrochemical cycling performance and structural rearrangements during battery operation.[80,81] In addition to the difficulties associated with extracting Li-ions from a disordered
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rock-salt structure, the rather exotic Fe4+ oxidation state must be formed
during the delithiation process. High oxidation states of iron are known for
alkali ferrates, and in perovskite type AFeO3 (A = Ca2+, Sr2+, Ba2+),[82–84]
where the otherwise unstable Fe4+ state is stabilized by electron donation
from the coordinated oxygen ligands.[85–87] In those structures, the oxide
ligands are partly oxidized (sometimes referred to as ligand hole formation).
I.e. the oxidation state of iron is lower than +IV in these perovskites.[85,86]
Thus, the Jahn-Teller distortion otherwise expected for the t2g3eg1 electron
configuration for d-block metal ions is avoided.
Interestingly, recent computational studies suggested that partly substituting the transition metal with ca. 10% excess of Li+ in disordered rock-salt
structures, such as α-LiFeO2, leads to a fully percolating network for Li-ion
extraction and insertion.[79,88] This prediction recently gained experimental
support through studies of the redox activity reported for solid solutions of
α-LiFeO2 and Li2TiO3, in which replacement of Fe3+ with Ti4+ creates metal
site vacancies.[89] For x > 0.13 in Li1+xTi2xFe1-3xO2, a simultaneous oxidation
of iron and oxide ligands was suggested based on X-ray absorption spectroscopy measurements.[89] The suggested electrochemical mechanism has recently been reported for several Li-ion and Na-ion insertion materials such
as LiMnPO4,[90] Li2Ru1-ySnyO3,[91] Li3.5FeSbO6,[92] and α-NaFeO2.[81] The
electrochemical cycling of these materials is more or less stable, but they all
show some capacity fading when used in batteries. It is worth noting that the
traditional view of redox processes in insertion materials described in Section 2.1 is a simplification, as further discussed in paper III. The compound
as a whole, not just the transition metal ion, must be considered in the redox
processes yielding lithium ion insertion and extraction. Re-hybridization of
metal and ligand orbitals might occur, and it is the energy difference between the lithiated and delithiated state that determines the thermodynamic
voltage of a material. Oxide ligand contributions to redox processes in Li-ion
batteries have recently attracted large interest, [93–95] but are still far from
practical applications.
It can be concluded that iron oxides show little promise for use as cathodes in high-voltage Li-ion batteries. The structural instability and amorphization, together with the instability of the Fe4+ ion make the utilization of
the Fe4+/3+ redox couple challenging. The low voltage of the Fe3+/2+ redox
couple in other iron oxides, and the fact that the iron oxides are commonly
synthesized in the lithiated discharge state, make them impractical as cathode materials in Li-ion batteries based on the rocking-chair concept.

2.3.2 Energy storage based on Fe3+/2+ redox activity
Due to the stability issues for energy storage based on the Fe4+/3+ redox activity and the ligand related processes discussed above, compounds based on
the Fe3+/2+ redox couple are more attractive. For redox reactions at metal
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electrodes in liquid media, Fe3+/2+ provides some of the fastest redox reactions that are known. It is therefore worth considering the available alternatives for solid state energy storage based on the Fe3+/2+ couple.
Lithium iron sulfides, nitrides, and fluorides
Since iron oxides not are alternatives for Li-ion battery cathodes, simple
compounds with other electronegative elements could be considered as replacements for oxides. Aiming for high capacity, the weight penalty of the
anions should be minimized. A total negative charge of at least minus three
is required to balance the positive charge of the Fe2+ and Li+ cations, and the
lightest possible anions are S2-, N3-, and F-.
Iron sulfides, FeS and FeS2, have a voltage of ca. 2 V relative to Li+/Li,
similar to the iron oxides. They do not follow a Li-ion insertion mechanism
in contrast to the previously discussed TiS2 (Section 2.2), but undergo a conversion reaction upon reduction. The reaction products upon lithiation of
FeS2 are Fe and Li2S, possibly with amorphous Li2FeS2 as an intermediate
product. During the following delithiation, the reaction products are FeS and
S8.[96,97] The system suffers from poor electrochemical cyclability often observed for conversion reactions, and parasitic reactions due to the soluble
lithium polysulfides well known within Li-S battery research.[98] Starting in
the 1970’s, batteries with iron sulfide positive electrodes operating at high
temperatures were investigated.[99] The final configuration had a LiAl anode
and molten LiCl-LiBr-KBr eutectic mixtures as the electrolyte and operated
at 400-450°C.[100] The high operating temperature and corrosion problems
for the system made it unfavorable as compared to, e.g., room temperature
Li-ion batteries and the research interest declined in the 1990’s.[28]
There are some reports of iron nitrides for Li-ion battery applications,
e.g. layered Li2(Li0.7Fe0.3)N[101], cubic Cr1-xFexN,[102] and hexagonal Fe3N.[103]
However, these nitrides have a voltage of only about 1-2 V relative to Li+/Li,
and are not interesting as a cathode materials.[101]
Iron fluorides, FeF2 and FeF3, are currently being investigated as cathode
materials in Li-ion batteries.[104] In FeF3, one Li-ion per formula unit is inserted reversibly around 3.3 V relative to Li+/Li, followed by a conversion
reaction to LiF and Fe upon further lithiation at lower potentials.[67] Mixed
iron oxide fluorides are also reported in the literature,[69] e.g. FeOxF2-x
(0 < x < 1). Their electrochemical mechanism is similar to that for FeF3, but
with a voltage around 2.8 V relative to Li+/Li for the insertion reaction.[69,105]
A few unsuccessful attempts at synthesizing LiFeOF in the lithiated state
were made during this thesis project while the synthesis of neither LiFeF3
nor LiFeOF has been reported in the literature. Since the cathode is the Liion reservoir in Li-ion batteries, their synthesis in a lithiated state is a prerequisite as long as the safety issues with Li-metal electrodes and other lithiated anodes have not been circumvented. It is likely that novel synthesis
methods are required to form the lithiated fluorides, such as the recently
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reported operando synthesis of LiFeF3 from nanometer sized LiF and
FeF2.[68] According to Table 1, lithium iron fluorides and oxyfluorides offer
the greatest increase in energy density for batteries based on the Fe3+/2+ redox
couple. The increase would correspond to ca. 30% by weight compared to
LiFePO4 if new synthesis routes are found.
Polyanionic frameworks
As described in Section 2.2, LiFePO4 is the only commercially available iron
based cathode for Li-ion batteries. Almost 95% of the 170 mAh/g theoretical
capacity can be utilized in a battery, and it operates at a voltage of 3.45 V
relative to Li+/Li. Compared to the iron oxides, the potential of the Fe3+/2+
redox couple is about 1 V higher for LiFePO4. Understanding the increased
voltage requires complex thermodynamic consideration, but simplified rulesof-thumb can be used as a synthesis guide. One such tool is the inductive
effect. The inductive effect is used to describe the distribution of electrons
within σ-bonds in a molecule, and is well-known in organic chemistry. The
cation X in a polyatomic anion XO4n-, e.g. P5+ in PO43-, pulls electrons from
the Fe-O bond via the Fe-O-X linkage. Thus, by increasing the electronegativity of X, the Fe-O bond can be tuned to be more ionic, which has been
used to explain the increased Fe3+/2+ redox potential. The inductive effect
was first used in battery research by Goodenough and co-workers in the late
1980’s.[106] Its applicability is supported by experimental data from the NASICON type 3 compounds Fe2(XO4)3 with X=W, Mo or S,[106,107] Li3Fe2(XO4)3
with X=P,[108] and LiFe2(SO4)2(PO4).[109] Within the same structure type, the
potential of the Fe3+/2+ redox couple scales fairly linearly with the electronegativity of the cation. Other transition metals than Fe also showed similar
behaviors.[46] The inductive effect alone is of course a simplified description
for the potentials of the Fe3+/2+ redox couple, but it still provides useful guidance in predicting the potentials of polyanionic compounds. It does not,
however, explain why tavorite and the triplite polymorph of LiFeSO4F are
oxidized around 3.6 V and 3.9 V, respectively, upon delithiation.[76–78] Neither does it explain why LiFeP2O7 has a potential of 2.9 V upon lithium insertion,[110] whereas lithium extraction from Li2FeP2O7 with a different crystal structure occurs at 3.5 V relative to Li+/Li.[75]
Following the success of LiFePO4, several other polyanionic iron based
cathode materials have been investigated, and the subject was recently reviewed.[46] The only known iron based polyanionic compounds that can be
synthesized in the lithiated state and which theoretically could outperform
LiFePO4[52] in terms of energy density are LiFeBO3[70] and triplite LiFeSO4F,[77,78] as summarized in Table 1. In terms of practical energy density,
3 The abbreviation NASICON stands for Na SuperIonic CONductors, where ”superionic
conductors” was an early description of insertion type energy storage materials and solid
electrolytes. See reference [46] for a recent review.
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these compounds still have some associated challenges. The borate must not
be exposed to air in order to function well in a battery, since air exposure
results oxidation and structural rearrangements in the material.[71] The degradation during air exposure leads to Li-Fe mixing, which irreversibly reduces
the operating voltage with almost 1 V compare to pristine LiFeBO3.[111] The
triplite LiFeSO4F has a disordered structure with no straight channels for Liion transport,[112] and utilization of the entire theoretical capacity could not
be achieved even via chemical oxidation.[112] Still, an advantage is that it can
be synthesized simply through ball-milling with an optional heat treatment at
300°C,[113] possibly reducing its production cost.
Another way to improve cathodes based on polyanionic insertion materials is to aim at materials with fast Li-ion transport, where nanosizing should
be less important.[56] That could provide an opportunity for the tavorite polymorph of LiFeSO4F,[76] which has an open crystal framework and fast Liion transport according to computational studies.[114] Indeed, it delivers a
high practical capacity with low polarization even for micrometer sized particles when coated with an electronically conductive polymer layer.[115]
The condensed lithium iron phosphate, Li2FeP2O7, could also be interesting, as it has an open crystal structure with a low barrier predicted for Li-ion
transport.[116,117] It shows relatively good electrochemical performance even
with micron sized particles,[117] and no substantial improvement upon nanosizing,[118] although it suffers from a low gravimetric energy density because of the heavier P2O74- anion. A condensed silicate, with the Si2O76would be ideal for balancing two Li+ and two Fe2+ ions while reducing the
weight penalty of the polyanion. Additionally, condensed polyanions might
increase the ionic character of the Fe-O bond further,[119] and thereby increasing the Fe3+/2+ redox potential. Na2Mn2Si2O7 is known and has an open
structure,[120] but is formed at high temperatures and pressures. The only
known lithium containing di-silicates (Li6Si2O7) also requires similar synthesis methods, and disilicates more relevant compounds for a Li-ion battery
applications (i.e. containing transition metals) are unlikely to form with the
small Li-ion;[73]
Ligand contributions in polyanionic frameworks
The only way to significantly increase the energy density of polyanionic Liion battery cathode materials appears to be to involve more than one oxidation step per transition metal ion.[11] Possible candidates could then be
Li2FeSiO4[72] and Li2FeP2O7.[75] Extracting Li-ions and two electrons from
Li2FeSiO4 would result in capacity of 331 mAh/g at an average potential
around 3.8 V, with the average potential of 2.8 V for the first and 4.5 V for
the second oxidation step.[72,121] Thus, the gravimetric energy density would
be roughly twice as large as for LiFePO4, but would involve Fe4+/3+ and ligand redox activity. As described in Section 2.3.1, only limited redox activity
at a potential around 4 V relative to Li+/Li is reported based on such redox
15

mechanisms in iron oxides. Energy storage based on the Fe4+/3+ redox couple
appears to be at least equally difficult to achieve in polyanionic compounds.
Considering that the potential of the Fe3+/2+ redox couple is ca. 1 V higher in
polyanionic compounds compared to oxides, and further oxidation occurs
around 4 V relative to Li+/Li for the oxides, the potential of the Fe4+/3+ redox
couple would likely be approaching 5 V with respect to Li+/Li in polyanionic
frameworks. Indeed, computational studies predict that the second oxidation
step would occur around 4.8 V for Li2FeSiO4,[122] and around 5 V for
Li2FeP2O7.[123] Currently, no electrolytes have such a high anodic stability
for long term cycling in a battery.[18,19]
For Li2FeP2O7, some initial electrochemical results implied a second oxidation step and extraction of the second Li-ion,[123] whereas other studies
report no redox activity below 5 V after the complete oxidation to Fe3+.[124]
Further experimental studies with new electrolytes are needed to clarify this
matter. On the other hand, a two-step oxidation of Li2FeSiO4 has been the
subject of a scientific debate recently. Lv et al. carried out in-situ X-ray absorption (XAS) experiments and observed a shift in the Fe K-edge which
they attributed to Fe4+.[121] Brownrigg et al. observed no Fe4+ in their XAS
data from cells that had been allowed to relax prior to measurements, and
they attributed all charge capacity above 4.2 V to electrolyte degradation.[125]
Masese et al. reported anion oxidation during the second oxidation step for
Li2FeSiO4, but no Fe4+ formation.[126] Still, another in-operando XAS study
indicated the presence of Fe4+ above 4.4 V relative to Li+/Li.[127] Yang et al.
reported somewhat reversible Li-ion insertion and extraction corresponding
to ca. 320 mAh/g but observed no Fe4+ based on a combination of ex-situ
57
Fe Mössbauer spectroscopy and electron spin resonance.[128] They also
speculated that oxidation of the oxide ligands was the active redox process
for the second oxidation step. Taking all these studies into account, a twostep oxidation process with extraction of two Li-ions per formula unit does
not seem impossible for Li2FeSiO4. It might be that both iron and the ligands
contribute to the oxidation process, and that the reaction product is degraded
in a self-discharge process during relaxation. Such relaxation mechanisms
have been reported for α-NaFeO2 in Na-ion batteries,[81] and seem to be
much faster for Li2FeSiO4.

2.4 Electrode Dynamics in Insertion Electrodes
The previous section focused mainly on new materials for increased specific
energy and energy density. Another important figure of merit is the specific
power or power density (W kg-1 or W L-1), as shown in Figure 1 at the beginning of this chapter. The power density is crucial for fast charge and discharge of a battery. The power density is more difficult to assess, since it is
affected by dynamic rather than thermodynamic properties. Several aspects
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such as active materials design, surface properties, mass transport in the
electrolyte, electronic contacts, passivation of both the positive and negative
electrodes, etc. are important. One main goal of this thesis was to improve
the rate performance of positive Li-ion battery electrodes, and rather than
making the best performing electrode on a lab scale, the strategy was to unfold and understand the underlying electrochemical mechanisms of the system. Therefore, some theoretical concepts of electrode dynamics are summarized in the following paragraphs, starting with processes at planar metal
electrodes in liquid media and then increasing the complexity towards porous insertion electrodes.

2.4.1 Electrochemical processes at metal electrodes
The electrochemical response of a system is determined by several different
parameters, e.g. the electrode potential E, the net current I, the electroactive
area A, the time t, the temperature T, and the amount of substance (or the
mass m). In electrochemical characterization, most of these variables are
kept constant and the response of a single variable is measured during the
perturbation of another. For battery characterization, it is common to record
the voltage as a function of time while a net current is held constant.
The theory of electrochemical reactions at metal electrodes in liquid media is well established, and relations for the current and voltage have been
derived. Although the situation for an insertion type electrode is much more
complicated, the classical electrochemical theory provides a solid basis. In
general, electrochemical processes are divided into two sub-categories: faradaic and non-faradaic. Faradaic reactions involve charge transfer between a
redox active species and the outer electric circuit at the electrode. Nonfaradaic processes accounts for surface phenomena such electrostatic interactions with charged solution species at the electrode, where the change in
the electrode surface potential gives rise to a net current. Electrochemical
energy devices based on both faradaic and non-faradaic reactions exist,
where batteries and fuel cells rely on charge transfer reactions while supercapacitors typically rely on non-faradaic processes.[129]
As the faradaic current is based on electrochemical reactions, which are
dynamic processes where both the forward and background reactions take
place in parallel, the net current is the sum of the forward and backwards
currents (Equation 1).

[1]
Commonly, these currents are referred to as the oxidizing (anodic) and the
negative reducing (cathodic) currents. This dynamic scenario also prevails at
equilibrium when no net current flows. Then, the forward and backward
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currents are equal and expressed as the exchange current I0, which is a
measure of the inherent speed of the reaction for a particular concentration
of the reacting species and a given electrode area. Introducing the exchange
current into a combined expression based on the empirical Arrhenius and
Tafel relations, which describe the reaction speed as an exponential function
of the temperature T and the applied overpotential η beyond the equilibrium
potential, respectively, results in Equation 2.
[2]
In Equation 2, F is the Faraday constant (the charge of one mole of electrons), R is the ideal gas constant (energy per mol and kelvin), and T is the
temperature in Kelvin. The overpotential η needed to supply a certain net
current is an important figure of merit for batteries, as it provides insight into
the heat losses during battery operation. Here it is represented by charge
transfer kinetics, but other sources of polarization also exist. The coefficient
α describes the symmetry of the activation energy barrier for anodic and
cathodic reactions, respectively, that must be overcome during the redox
reaction. The fact that both the anodic and cathodic currents can be described
with Equation 2, and inserting these expressions into Equation 1, results in
the Butler-Volmer equation for the charge transfer controlled current Ict,
(Equation 3).




[3]

In addition to reaction kinetics, redox reactions at metal electrodes in liquid
media are also influenced by mass transfer towards or away from the electrode surface. Mass transfer is in general governed by a combination of diffusion, migration, and convection. The contributions to the mass transfer
current density imt are summarized in Equation 4, and illustrated in Figure 7
in the next section.
[4]
The driving force for diffusion is a concentration difference between the
electrode surface and the bulk electrolyte. As the redox active species is
consumed at the electrode surface in a faradaic reaction, its surface concentration decreases and a concentration gradient starts to propagate perpendicular from the electrode surface. As the electrochemical reaction takes place at
the electrode surface, the concentration of the reacting species will differ the
most there compared to the bulk solution. Therefore, the diffusion is most
pronounced in a thin diffusion layer close to the electrode surface. In addi18

tion to mass transport by diffusion, the potential gradient between the positive and negative electrodes gives rise to migration of all charged species.
The transport number expresses the individual contribution from the different ions in the electrolyte to the migration current. In Li-ion batteries with
carbonate based electrolytes, the transport number for the Li-ion is typically
0.25-0.3.[130,131] This means that the anions contribute to 70% of the migration in the electrolyte. As the net current density for a faradaic reaction under
mass transfer control is the sum of the diffusion and migration currents,
when convection is absent (Equation 4), this means that 70% of the current
must be supplied by Li-ion diffusion. Convection refers to bulk motion of
the electrolyte, due to an external force (e.g. stirring or vibrations; forced
convection) or caused by local density and temperature differences (natural
convection). When present, convection results in a finite diffusion layer
thickness.
Some important special cases of the relations between voltage and current
exist. When mass transfer resistance is negligible the reaction is entirely
controlled by the charge transfer kinetics, as described in Equation 3. For
slow reaction kinetics, large overpotentials must be applied before the current limited by mass transfer is achieved. When η is larger than 120 mV the
forward current is more than hundred times larger than the backward current
(at room temperature). Then Tafel kinetics with a logarithmic relation between the net current and the overpotential can be observed (Equation 2). On
the other hand, when a very small voltage perturbation is applied, the exponential function ex ≈ 1 + x applies so that the current is directly proportional
to the overpotential. This special case is important in electrochemical impedance spectroscopy, further described in Section 3.2.1.

2.4.2 Electrode dynamics of insertion electrodes
As previously mentioned, the electrochemical processes in insertion type
electrodes are more complicated than the reactions at smooth metal surfaces.
A comparison is made in Figure 7, taking a simplified reaction scheme for
lithium plating and Li-ion insertion into LiFePO4 as examples. On the left,
the factors discussed in the previous section are summarized. Mass transfer
to the electrode occurs by diffusion, migration (here illustrated with a typical
transport number for the Li-ion in battery electrolytes) and convection. At
the electrode surface, the Li-ions in the solution are reduced in the faradaic
reaction. For an insertion type electrode (right side in Figure 7), several additional processes complicate the situation further. A typical Li-ion battery
electrode is made up of nano to micron-sized grains of the active material
imbedded in a porous matrix (see Figure 3, right side). The grains are connected to a metal current collector by a conductive additive and a polymeric
binder assures the mechanical integrity of the electrode. Therefore, the contact resistance between the cast composite and the current collector becomes
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Figure 7. A comparison between the electrochemical processes associated with
redox reactions in liquid electrolytes at metal electrodes (left), and insertion type
electrodes (right). The mass transport and charge transfer kinetics indicated on the
left side also occur in insertion type electrodes, which suffer from more complicated
electronic and ionic pathways as well as solid state processes. Figure 7b adapted
from Paper II, Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission.

important,[133,134] as well as satisfactory electronic wiring of the active material grains. A common fading mechanism for insertion electrodes is the degradation of the electronic paths to the active material grains,[135,136] as illustrated in Figure 7 (see the particle within the dashed square).
Furthermore, the Li-ions must be transported to the grains through the porous electrode matrix. The winding diffusion channels slow down the mass
transport by a factor related to the additional distance travelled compared to
a straight line, i.e. the tortuosity. Practically, the tortuosity can be tailored by
densifying the electrode to different extents.[137,138] There is a trade-off between electronic and ionic conduction to the grains; highly densified electrodes provide good electronic contacts but suffers from high tortuosity.
Slow Li-ion pore diffusion becomes particularly critical at high currents and
for thick electrodes.[139] At the surface of the active material grains the Liions and electrons must enter the solid particle. The effect of surface modifications on the electrochemical performance of different iron based insertion
compounds is discussed in the present work. Thereafter, the charges travel
further into the particle by slow solid state transport, a process that is commonly the rate limiting step.[56] According to computational simulations, the
electron and Li-ion travel together in the solid state because of the strong
Coulombic interaction between them.[140] In addition, nucleation kinetics
related to solid state phase transformations can affect the overall electrode
performance and the reaction distribution in the solid grains.[141,142] However,
at operating conditions, non-equilibrium phases sometimes form that can
alleviate the reaction kinetics associated structural reorganization in the bulk
of the active material.[143–146] Which of these factors is dominating is strongly
20

dependent on the electrochemical cycling rate.[142] The different phase distributions formed throughout the electrode for the different rate limiting processes are illustrated in Figure 8, taking tavorite LiFeSO4F (one of the materials studied in this thesis) as an example. The material reacts from LiFeSO4F to FeSO4F via the intermediate phase Li0.5FeSO4F.[147] In Figure 8
(from Paper II) the electrochemical reaction is limited either by a) electronic
wiring, b) ionic transport in the electrolyte, c) reaction kinetics, or d) solid
state transport. As discussed above, the different rate determining processes
are related to the active material itself, the electrode engineering, as well as
the cycling rate. Pore diffusion into the porous electrode and electronic conduction limitations are more dependent on electrode engineering. When they
are limiting they create an inhomogeneous reaction profile within the electrode; a “reaction front” between the current collector and the bulk electrolyte phase. Inhomogeneity can also be induced in regions of the electrode
which are not as effectively connected (ionically or electronically), such as
agglomerates of particles.[148,149] Electrode kinetics (illustrated by bulk nucleation limitations in c) and solid state transport (simplified with a coreshell model in d) are more related to the active material itself. They cause
reaction gradients within the active material particles themselves, instead of
causing global reaction distributions throughout the entire electrode as was
the case for the electrode engineering dependent limitations in a) and b).
Both material and engineering aspects are equally important, making a fundamental understanding of the underlying electrochemical processes essential for the attainment of a favorable rate performance of battery electrodes.
The complicated nature of the insertion type redox reactions described in
this section makes understanding the electrode dynamics for Li-ion insertion
materials challenging. The reaction kinetics at the surface of the active material grains has been investigated upon coating the materials with a conductive polymer. The effect of Li-Fe mixing in the crystal structure has been
studied, which can affect both the operating potential and the solid state
transport pathways. Also the effect of the operating temperature has been
evaluated to some extent. Thereby, a deeper insight into the underlying electrode processes has been achieved. The rate limiting step is not the same for
the different materials, providing a wider perspective to this family of compounds. Although the different factors are of varying significance for the, the
methods that have been used are of general importance. Further, the combined use of intrinsic material properties with in operando X-ray diffraction
to study electrode dynamics is an extension of this XRD technique, bringing
insight into the dynamic processes in insertion electrodes.
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Figure 8. The spatial distribution of different degrees of reactions under different
limiting processes for a LiFeSO4F based electrode during charge (from paper II).
The reaction is mainly limited by a) electronic pathways to the active material
grains, b) Li-ion pore diffusion, c) reaction kinetics (here represented by a
nucleation effect), and d) solid state Li-ion transport. a) and b) are characterized by
reaction fronts in the electrode, while c) and d) are controlled by processes in the
active material itself. Reprint with permission from Paper II, Copyright 2017 American Chemical Society.

2.5 Aims, Limitations, and Strategies
The overall goal of the work presented in this thesis was to develop new iron
based positive electrodes, mainly for power optimized rechargeable batteries. A limitation regarding the Li-ion insertion materials was made, i.e. materials based on insertion of other small s-block ions have not been considered.
However, materials based on different negative counter ions have been investigated (see the periodic table of Li-ion batteries in Figure 6 on p. 10 for
an overview of the role of different elements in insertion materials). An experimental approach was chosen, and computational methods other than
least square fitting techniques to describe experimental data have not been
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used. As the new materials are not available from any chemical supplier,
they were first synthesized and characterized to ensure high quality starting
materials. Thereafter, the underlying electrochemical mechanisms were studied, aimed at identifying the rate determining steps for the different insertion
electrodes under different operating conditions. Step by step, the contributions from reaction kinetics, ohmic resistances, and mass transfer processes
were evaluated. Parameters such as electrode porosity, surface coatings,
operating temperature, and cycling rate were varied. Thereby, strategies for
improved battery electrodes were formulated. One of these strategies was to
increase the stable operating temperature. However, standard Li-ion battery
electrolytes are typically unstable at high temperatures. A limited screening
of common electrolytes was made, although research on novel battery electrolytes was outside the scope of this thesis. The influence of other battery
components (separators, negative electrodes, etc.) is also essential for improved rate capability, but solely the aspects regarding the positive electrode
were addressed in this work.
In parallel, to pursuing improved rate performance for positive battery
electrodes, fundamental insights regarding the Li-ion insertion materials
themselves were obtained. These studies were based on observations made
during the process of synthesis-characterization-function evaluation, and are
complementary to the investigations on electrode dynamics. In a longer perspective, an increased understanding of electronic changes and structural
transformations in the active materials themselves aid the development of
improved battery electrodes.
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3 Methodology

In the following section, the synthesis of iron based Li-ion insertion materials is summarized, together with a description of the material characterization techniques used and the electrochemical evaluation. It is intended as a
guide and motivation for the reasoning in subsequent chapters. More detailed
experimental procedures are available in the papers and the references therein.

3.1 Materials Synthesis and Battery Assembly
The iron based insertion materials investigated were synthesized via different routes. Li2FeP2O7 was synthesized via conventional solid state
synthesis,[75] starting from Li2CO3, (NH4)2HPO4, and FeC2O4·2H2O in the
molar ratio 1:2:1. By mixing and heating the reactants, gaseous carbon oxides, water, and ammonia were driven off and crystalline Li2FeP2O7 was
formed. The reaction must be carried out under an inert atmosphere, as impurity phases containing ferric iron otherwise form. Sufficient mixing was
also essential to prevent the formation of Li4P2O7 and Fe2P2O7 impurities.
Tavorite LiFeSO4F was obtained by replacing the water in FeSO4·H2O
with LiF in a topotactic reaction.[150,151] The reaction was carried out in tetraethylene glycol inside a Teflon lined steel autoclave. Important synthesis
parameters include the temperature[152] and the water content in the reaction
vessel. If the amount of water increased, the reaction yield was decreased.
Triplite LiFeSO4F was synthesized through high-energy ball milling of
anhydrous FeSO4 and LiF under inert atmosphere.[113] A mild heat treatment
(270 °C for 7 h) under vacuum increased the crystallinity of the product. As
with the other compounds containing ferrous iron, the presence of oxygen
leads to formation of impurities. The samples are also sensitive to moist air,
which leads to impurity phases of different iron sulfate hydrates. The high
local impact during high-energy ball milling in shaker type equipment was
crucial for forming the product. When the reactants were grinded in a planetary ball mill, no significant reaction occurred.
Further, improved performance for several cathode materials (including
tavorite LiFeSO4F) has been reported when coated with a poly(3,4ethylenedioxythiophene) layer.[115,153–157] The effect of the surface coating
was evaluated for all the materials studied in this thesis. Partly delithiated
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LiFeSO4F or Li2FeP2O7 was used as the as the oxidizing agent in the
polymerization of 3,4-ethylenedioxythiophene (EDOT) monomers. In the
first step, chemical delithiation was carried out under an inert atmosphere,
using nitronium tetrafluoroborate (NO2BF4) as the oxidizing agent. The ratio
LiFeSO4F:NO2BF4 determined the degree of delithiation x. In a second step,
the polymerization was carried out by suspending the partly delithiated material in a methanol solution containing EDOT monomers and excess of lithium bis(trifluoromethane)sulfonimide (LiTFSI) salt under inert atmosphere,
and heating the suspension to 70 °C until the methanol evaporated. The reaction is simplified below. A p-doping level of +1/3 per repeating unit was
assumed,[155,158] and TFSI- was detected as the counter ion balancing the
positive charge in the doped polymer.
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Batteries were assembled with the material of interest as the working electrode and Li-metal in large excess as a combined counter and reference electrode. If not otherwise stated, the electrolyte was 1 M LiPF6 dissolved in
ethylene carbonate (EC) and diethyl carbonate (DEC) in a volume ratio of
1:1. The electrolyte was soaked into a porous membrane, made of either
polyethylene or glass fiber, used to prevent short-circuiting of the cells. The
active material was mixed with carbon black to improve the electric contact
between the particles and the current collector. When the main focus was on
the material properties, the powders were loaded directly (with no binder
added) onto a roughened aluminum piston in Swagelok cells where a stainless still spring was used to ensure an appropriate stack pressure. This procedure ensured sufficient electronic wiring of the active material grains. When
electrode engineering aspects were investigated, or during in operando Xray diffraction evaluation, the materials were mixed with poly(vinylidene
fluoride-co-hexafluoropropylene) (PVdF-HFP) binder dissolved in n-methyl2-pyrrolidone, and cast onto an aluminum foil to be used in pouch cells. The
electrodes were dried at 120 °C for 12 h, and the battery assembly was carried out under an argon atmosphere in a glovebox.

3.2 Characterization Techniques
As Li-ion batteries are inherently complex devices, the attainment of a deep
understanding of their function requires information obtained from many
experimental and theoretical methods. As mentioned in Section 2.1, Li-ion
batteries consist of inorganic, organic and polymeric species. Furthermore,
their assembly requires careful electrode engineering. The main focus in this
work has been on electrochemical characterization, structural investigations,
and the electronic changes in the active materials. Therefore, electrochemical
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methods and X-ray diffraction techniques, together with Mössbauer and Xray absorption spectroscopy are described most extensively in the following
paragraphs. Electrochemical characterization provides insight into the rate
determining steps and degradation mechanisms of battery electrodes. Diffraction methods provide detailed information about the crystalline framework from which the Li-ions are extracted and re-inserted. Mössbauer spectroscopy gives unique insights into the local environment around the iron
nuclei. Briefer descriptions of the complementary techniques are also provided, and more detailed descriptions of all characterization techniques are
available in the specialized literature.[159–165]

3.2.1 Electrochemical Evaluation
The factors that influence the electrochemical response of an insertion type
electrode were discussed in some detail in section 2.4.2. The focus was on
identifying the capacity limiting step and the main sources of polarization for
the Li-ion insertion/extraction reaction under different operating conditions.
The electrochemical response was evaluated while varying parameters such
as choice of active material, surface coatings, mass loading, electrode porosity, and cycling rate. Thereby, important parameters for the electrochemical
performance of the battery at different rates could be identified. Direct current techniques based on controlled current (galvanostatic cycling) and controlled potential (cyclic voltammetry), and to a less extent also alternating
current techniques (electrochemical impedance spectroscopy) were utilized.
Galvanostatic Cycling
Galvanostatic cycling is the most commonly employed electrochemical
technique in the Li-ion battery literature. During repeated charge and discharge cycling, the voltage is recorded as a function of time while the net
current is held constant. The constant current source is called a galvanostat,
which has lent its name to the technique. A typical voltage profile for
LiFePO4 is shown in Figure 9. In electrochemical terminology, the technique
is referred to as chronopotentiometry with potential cut-off limits, as the
charge and discharge step ends at specified voltages. The time at which the
cut-off is reached is here referred to as the transition time τ for the charge or
the discharge step. The transition time for the charge step is indicated in
Figure 9. The recorded voltage provides information about the reaction
overpotential, which is the measured voltage relative to the equilibrium voltage (measured at open circuit). The difference between the charge and discharge voltages should be as small as possible for the best energy efficiency,
as the energy stored or delivered is the integrated voltage E with respect to
the charge Q at a given time t. As the current I is held constant, the charge
stored or delivered at any time is simply the applied current multiplied by the
charge or discharge time. Therefore, the energy stored or delivered is calcu26

lated by multiplying the current by the integrated cell voltage with respect to
the time according to Equation 6, as also shown in Figure 9.
[6]
The charge retrieved at the cut-off voltage is a measure of the charge storage
capacity (i.e. the accessible capacity; the practical capacity) at a certain rate.
For rechargeable batteries, the charge and discharge capacity must be as
similar as possible, in order to allow thousands of charge and discharge cycles in a real battery application. The coulombic efficiency is a measure of
the electrochemically reversible capacity, and refers to the ratio between the
total charge stored when charging the battery and the total charge delivered
while discharging the battery.
If the signal-to-noise ratio is sufficiently high,4 the derivative of the charge
with respect to the electrode potential (dQ/dE) is useful for detecting fading
mechanisms occurring in the electrode. Both an increased overpotential and
a reduced accessible capacity can be detected. A plot of dQ/dE as a function
of the electrode potential E results in a peak centered at the potential where
most of the redox activity occurs at a given current, and it amplifies the information in the recorded voltage profiles. Further, increased resistances lead
to a larger peak separation between charge and discharge, changes in the
active material give rise to new peaks, while a loss of redox activity produces a smaller integrated area (see e.g. Paper V).[166]

Figure 9. A typical galvanostatic cycling profile for LiFePO4 with respect to Li+/Li
at C/10. Note that the practically accessible capacity Q (reached after 9 hr., at the
transition time τ) is smaller than the theoretical capacity (which would have been
reached after 10 h). The dark gray area represents the energy stored during charge,
and the light gray area the energy delivered during discharge. The cut-off voltage
during charge is 4.1 V and 2.7 V during discharge in the figure.

4

A better signal-to-noise ratio was achieved by sampling the data in intervals of small voltage
changes rather than time changes, since some of the high-frequency background noise was
filtered out in this way.

27

In the Li-ion battery literature, the applied current is normally reported as the
C-rate, which is the reciprocal of the time required to discharge (or chare)
the theoretical capacity of the active material. If the theoretical capacity is
150 mAh g-1 and 10 mg active material is used, then 1C corresponds to a
current of 1.5 mA. The cycling in Figure 9 was carried out at C/10, and the
practical capacity corresponded to roughly 90% of the theoretical capacity.
The C-rate is a good figure of merit when processes related to the active
material itself are determining the overall rate (see Section 2.4.2 for further
details). When electronic wiring or mass transport in the electrolyte is the
limiting step, the C-rate is less suitable. It overestimates the rate performance
if low mass loadings are used, as Li-ion diffusion in the electrolyte can be
the slowest step at high rates with mass loadings more similar to a commercial application.[139] In these cases, the current density (A m-2) is a better
figure of merit. When solution based pore diffusion is the rate liming step,
the charge stored or delivered during the charging and discharging steps
follows the Sand equation. It predicts a linear relation between the capacity
during the charge or discharge step (Qstep) and the square root of the transition time. When adjusting for e.g. capacitive processes and faradaic reactions
of adsorbed species by a constant charge, Equation 7 is obtained.
[7]
Equation 7 holds when semi-infinite linear diffusion (i.e. diffusion perpendicular to the current collector for a constant bulk concentration) prevails.
For a porous electrode, a is 0.5(FADeff0.5π0.5C*), where Deff is the effective
diffusivity in the porous electrolyte A is the geometric area, and C* is the
bulk concentration of the redox active species. b in Equation 7 accounts for
the capacitive processes etc. mentioned above. A reaction purely controlled
by Li-ion diffusion thereby produces a linear correlation between Q and τ0.5
(see e.g. Figure 17 on p. 44).
Cyclic Voltammetry
Cyclic voltammetry (CV) is, contrary to galvanostatic cycling, a controlledpotential technique. The same underlying electrochemical mechanisms are
probed, but CV is often a more convenient technique for initial studies of
unknown redox reactions. During a measurement, a potential scan is applied
to the working electrode at a certain scan rate while monitoring the current
response. When the potential reaches a level where a species in the cell is
redox active, a current starts to flow. Initially, a small current is observed but
as the potential is scanned further beyond the equilibrium potential, more
and more faradaic reaction occur and the current increases. In many cases,
when scanning even further beyond the formal potential, the reaction becomes controlled by mass transport of the species to the electrode. For ex28

ample, if Li-ions in the electrolyte cannot reach the active material grains
sufficiently fast, or if the solid state transport in the active material grains is
too slow, the current starts to decrease as the concentration of the reaction
species approaches zero at the electrode surface. As a result, the shape and
position of the current peak provide information regarding the electrochemical behavior of the system. At one point, the sweep is reversed at a certain
switching voltage (similar to the cut-off voltage in galvanostatic cycling),
and the reversed current response of the studied electrode can be evaluated.
The magnitude of the peak current ip increases with the scan rate ν, according to Equation 8, and the electrochemical behavior can be analyzed by
evaluating the response from a series of different scan rates.


[8]



For a faradaic reaction under semi-infinite linear diffusion control (i.e. diffusion perpendicular to a planar electrode), the peak current increases with ν0.5
and the constant c1 in Equation 8 is related to diffusivity of the redox active
species. For capacitive electrode processes, on the other hand, a perturbation
of the surface potential is quickly compensated by the electrostatic interaction with solvated ions, and the current increases linearly with the scan rate.
Therefore, the peak current increases with ν and for a purely capacitive process the constant c2 is the capacitance of the electrochemical double layer at
the electrode surface.
For an electrochemically reversible reaction, i.e. with fast charge transfer
kinetics, the peak potential Ep does not change with an increase in the scan
rate. The overpotential η related to Ohmic resistance and electrochemically
irreversible kinetics can then be identified with Equation 9. In the equation,
R is the ohmic resistance, the constant c3 is related to the transfer coefficient
α, while the constant c4 is related the exchange current.
[9]
Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) relies on the approximation
of a linear current-voltage relation for small perturbations (see Section
2.4.1). Typically, a small alternating voltage (with an amplitude of about 510 mV), is applied over a wide range of frequencies. Then, as different time
domains evaluated at the different frequencies, it possible to study electrolyte resistances, contact resistances, capacitive contributions, charge transfer
kinetics, and mass transfer controlled processes based on their different time
constants.[167] Capacitances and resistances can be distinguished by the fact
that resistances produce a current response in phase with the alternating volt-
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age perturbation, while an ideal capacitor produces a current response 90 °
out of phase with respect to the alternating voltage.

3.2.2 X-ray Diffraction
When a wave passes through a grating it is dispersed, and the waves superpose to create an interference pattern. The phenomenon can be observed
when the grating distance is of similar magnitude to the wavelength of the
incoming wave. In a crystalline solid, the crystallographic planes are separated by distances in the order of 10-10 m (1 Å). Electromagnetic radiation
with similar wavelengths falls in the X-ray region, whereby an interference
pattern is created when a crystalline solid is irradiated with X-rays. From
such interference patterns the crystal structure, i.e. the crystal lattice and the
atomic positions, can be obtained. Simplified, the crystal lattice can be determined from the positions of the diffracted spots, and the intensities of
these spots provide information about the atoms within the structure. The
entire crystal structure is then described by the unit cell, being the smallest
repeating unit of a periodic crystal containing all symmetry elements. The
symmetry is important since symmetry elements involving translations
(glide planes, screw axes) give rise to destructive interference with systematic extinctions in the diffraction pattern.
The unit cell is described by a three-dimensional crystal lattice and the atoms which are located at the different points therein. The sides of the crystal
lattice are described by the basis vectors a, b, and c which can be used to
describe all points in the lattice. The crystallographic planes are then given
by their Miller indices h, k, and l, indicating how many equal parts the basis
vectors a, b, and c are divided into. The interplanar spacing d between the
crystallographic planes is determined by Braggs’ law (Equation 10 and Figure 10), which is the criterion for constructive interference at a given wavelength λ and at certain diffraction angles θ between the incident X-ray radiation and the crystallographic planes.
[10]
Only the first order interference (n = 1) is considered, as higher order reflections can be described with multiples n of the Miller indices. The atoms
within the unit cell can be identified by the diffracted intensity from a given
crystallographic plane (hkl), by the relation between the intensity I and the
structure factor |F|2 (Equation 11).
[11]
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Figure 10. Graphical representation of Braggs’ law (Equation 10). The figure is
used under the GNU Free Documentation License.

The structure amplitude F is a complex function (in the mathematical terminology). It is affected by the atomic scattering factors, population, and the
atomic displacement factors for all the atoms in the unit cell. It can be calculated from the square root of the observed intensity for a given crystallographic plane according to Equation 11, after geometrical effects have been
accounted for and the diffracted intensity has been normalized to a constant
scale factor. The Fourier transform is used to calculate the electron or nuclear density in real space from the observed intensities of all (hkl) planes in the
reciprocal space (i.e. with the basis vectors a*, b*, and c*). By analogy, the
process of obtaining information of electronic density from observations in
the reciprocal space is similar to the relation between time and frequency
domain in electrochemical impedance spectroscopy, or audio signal processes of sound waves. However, information about the phase angle of F is lost
during the diffraction experiment as only information about |F|2 is obtained
from the observed intensities. This complication is referred to as the phase
problem in crystallography, which complicates the determination of an unknown crystal structure. Due to the phase problem, an initial guess has to be
used in a structure refinement of an unknown crystal structure, rather than
extracting the correct electron density in real space directly from the Fourier
transform. Commonly, a Rietveld refinement is carried out,[168] in which the
calculated intensity for an initially guessed structure is compared to the observed intensity of the diffraction experiment. Thereafter various structure,
sample, and instrumental parameters are allowed to vary, while a least
square method is used to modify the initial guess so that the difference between the observed and calculated intensity is minimized upon convergence
of the structural refinement. As different structural models can result in a
similar fit, the output structural model always has to be evaluated from a
physical and chemical perspective, e.g. so that the bond angles are reasonable.

31

Diffraction methods are based on different forms of radiation (electromagnetic, electron, and neutron radiation). X-rays interact with the electron
clouds around the atoms, and the atomic scattering factor increases with the
number of electrons (i.e. with the atomic number Z). However, destructive
interference from the scattered X-rays reduces the scattered intensity at diffraction angles θ other than zero. At zero scattering angle, the atomic scattering factor is equal to the number of electrons surrounding the nucleus given
that the X-ray absorption is negligible. For powder XRD, an almost infinite
number of crystallites with random orientations are measured. As such, diffracted intensity falls on the surfaces of diffraction cones rather than in welldefined spots. Information is thereby lost due to the overlapping intensity
from the different (hkl) planes within the same diffraction cone. Therefore,
solving an unknown crystal structure from powder data is more complicated
than with results from a single crystal diffraction experiment.

3.2.3 Spectroscopic Techniques
Spectroscopy is an energy dispersive study of the response from a sample of
interest when irradiated with an energetic wave, most commonly electromagnetic radiation. Numerous techniques based on all the different wavelengths in the electromagnetic spectrum exist (Figure 11). In the present
work Mössbauer absorption (γ-radiation), X-ray absorption, and vibrational
spectroscopy (IR absorption and Raman scattering) have been employed. In
particular Mössbauer spectroscopy has been used extensively due to its relevance for iron based materials.

Figure 11. The electromagnetic spectrum. Depending on the wavelength, electromagnetic radiation interacts with matter through excitation of nuclear states, electronic states, vibrational modes, rotational modes, spin states, etc. The figure is used
under the GNU Free Documentation License.
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Mössbauer Spectroscopy
The Mössbauer effect is the recoilless emission of γ-radiation from a source
and absorption by a sample of interest. The γ-radiation is typically generated
from a radioactive decay of a suitable isotope, 5 and isotopes suitable for
Mössbauer spectroscopy exist for many elements. However, 57Fe Mössbauer
spectroscopy is the most commonly used version of the technique. Many
different factors make iron a suitable element for Mössbauer spectroscopy
studies: 1) the high recoilless fraction for many iron species, which roughly
is related to their hardness. 2) The high spectral resolution, related to the
excitation energies and life time of the excited states. 3) The occurrence of
about 2% of 57Fe in natural iron compounds, and 4) the existence of convenient isotopes for γ-ray sources. The following description of the technique is
largely based on local course material.[169]
The γ-radiation source in 57Fe Mössbauer spectroscopy is typically a
radioactive 57Co source within a metal matrix, e.g. 57CoRh. Since the 57Co
atoms are bound within the rigid solid source, recoilless emission of radiation with energy suitable for excitation of 57Fe can be produced. When the
situation is similar for the 57Fe nuclei in the absorber, recoilless absorption
can occur according to Figure 12. During the radioactive decay of the source
(left side), γ-radiation with an energy of 14.4 keV that corresponds to the
transition between the nuclear excited state and the ground is emitted (neglecting hyperfine interactions). Similarly, the emitted γ-radiation can be
absorbed by an iron containing sample by an excitation from the ground
state to the excited state (right side in Figure 12).

Figure 12. γ-radiation emission from a 57Co source and absorption by a sample containing 57Fe. The source is illustrated with a monopole interaction and the sample
with a quadrupole interaction having a positive principle field gradient. The energy
is calibrated relative to α-Fe (here shown with a simplified energy scheme).
5

Synchrotron based radiation is also less commonly used, see e.g. refs [194,195]

33

The narrowest Lorentzian full width half-maximum that can be observed for
57
Fe (due to both the nuclear emission and absorption events) is only 9.4
neV, according to Heisenberg’s uncertainty principle. With instrumental and
sample broadening, the experimentally observed absorption peaks are
somewhat broader. That means that hyperfine shifts of the nuclear energy
levels can be evaluated by making use of the Doppler effect, i.e. by moving
the radioactive source back and forth at a speed of a few mm s-1. For the 14.4
keV transition for iron, 1 mm s-1 corresponds to 48 neV, which can be compared with the combined Lorentzian full width half-maximum of the source
and the sample of 9.4 neV or 0.194 mm s-1.
The Doppler shift is illustrated in the spectrum of the source in Figure 12,
by the arrows, indicating the fine-tuned energies of emitted γ-rays from the
source when the moved at different speeds. These very slight shifts in the
nuclear energy levels of the iron containing sample of interest originate from
the interaction between the nuclear electric field and magnetic momentum
with the electronic and magnetic field induced by the electron cloud and the
coordinated ligands surrounding the iron nuclei. Thus, information regarding
the degree of oxidation, the chemical environment, and the magnetic properties can be obtained from a Mössbauer absorption experiment.
The Mössbauer spectrum is interpreted based on the monopole, the quadrupole and the magnetic interactions. In the spectra in Figure 12, the source
is illustrated with a monopole interaction and the sample with a quadrupole
interaction. The monopole interaction originates in the electrostatic interactions between the iron nucleus and the surrounding electrons and ligands. It
is quantified by the center shift (CS), being the sum of the chemically relevant isomer shift (IS) and the relativistic second order Doppler effect (SOD).
The isomer shift corresponds to the energy difference between the ground
state and the excited state in a sample of interest relative a reference sample,
commonly α-Fe. The excitation energy is slightly dependent on the electronic field around the nucleus. For example, s-orbitals have a non-zero probability to penetrate the nuclear core, and the electron density within the nucleus
is affected by shielding from other occupied electronic states. Also the coordinated ligands affect the isomer shift since they affect the electron density
close to the nucleus. Low coordination numbers typically result in shorter
iron-ligand bonds, and an increased electron density close to the iron nucleus. On top of these interactions, atomic vibrations give rise to a second order
Doppler effect that contributes to the experimentally observed center shift, as
indicated in the spectrum for the sample in Figure 12. The SOD changes
with temperature (since the atomic vibrations are temperature dependent),
and is typically a couple of tenths of a mm s-1 at room temperature.
The quadrupole interaction arises from the non-spherical geometry of the
iron nucleus in the excited state, and is evaluated based on the quadrupole
splitting (QS). The nuclear angular momentum S of the excited state is 3/2,
with the corresponding magnetic quantum number m ±1/2 and ±3/2. If the
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electric field gradient around the nucleus is also asymmetrical, the γabsorption energy is split into two energy levels corresponding to m of ±1/2
and ±3/2, and a doublet is observed in the Mössbauer spectrum. The asymmetry originates from an asymmetric paramagnetic electron configuration, or
an asymmetric configuration of the surrounding ligands. Notably, the QS is
small for the symmetric high-spin Fe3+ electronic configuration (Fe 3d5) and
large for the asymmetric high-spin Fe2+ configuration (Fe 3d6).
Lastly, the nucleus has a magnetic moment and the energy levels are split
into two levels for the ground state (m = +1/2 and -1/2) and four levels for
the excited state (m = +3/2, +1/2, -1/2 and -3/2). Transitions with a change in
the magnetic quantum number of ≤ 1 are allowed, normally giving rise to a
Mössbauer sextet for magnetic samples.
X-ray Absorption spectroscopy
X-ray absorption spectroscopy (XAS) is becoming increasingly important
for characterizing the electronic configuration of battery materials. The
method can be used to detect changes in oxidation states, and can therefore
be used to detect redox activity centered on the different elements of a compound. It also provides insight into the local structure around an atom.
Commonly, a sample is irradiated with X-rays of energies sufficient to ionize the sample by ejecting a core electron (with a principal quantum number
of one, referred to as the K-shell) of the sample. X-ray absorption experiments are almost always carried out at synchrotron facilities as tunable monochromatic incident energies are required, together with high resolution over
a wide energy range and sufficient signal-to-noise ratio.
Different events can be detected when scanning the incoming X-ray beam
energy over the ionization energy for a certain element of interest. When the
energy is equal to the ionization energy of the atom, a sharp increase in absorption is observed due to the ionization event. The position of the absorption edge depends upon the strength of the interaction between the core electron and the nucleus. For example, the Fe 1s electrons experience stronger
effective nuclear charge than the S 1s electrons. Additionally, the effective
nuclear charge depends on the oxidation states, and different oxidation states
can be detected by measuring the position of the absorption edge relative to
those of standard samples. For iron, the resolution is not as high as in 57Fe
Mössbauer spectroscopy. However, XAS can be utilized for all elements
whereas Mössbauer spectroscopy currently is only suitable for a few.
Electronic transitions other than ionization events can also occur around
the absorption edge. The region spanning from few tenths of an eV below to
30-50 eV above the absorption edge is studied in X-ray absorption near edge
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spectroscopy, XANES.6 In this region, electronic transitions from the K-shell
to unoccupied orbitals can occur. The interpretation of these transitions relies
on input from both experimental work and computational modelling, and the
combination can provide detailed information about the electronic states in
the compound. At energies higher than the XANES region, the photoelectron
generated in the ionization event can be scattered by the surrounding atoms.
The interactions between the scattered electrons create an interference pattern that affects the X-ray absorption probability in a region a few hundred
eV’s above the absorption edge. The Extended X-ray Absorption Fine Structure (EXAFS) provides information about the local environment around an
atom. However, the present work only discusses changes in the position of
the absorption edge upon oxidation and qualitative changes in the XANES
region.
Vibrational Spectroscopy Methods
When a sample is irradiated with electromagnetic radiation in the infrared
(IR) or visible region, excitation to higher vibrational energy states can occur. IR absorption occurs if there is a change in the dipole moment during
the excitation, and the process is detected in IR spectroscopy. The larger the
change in the dipole moment is, the stronger the absorption becomes. In
Raman spectroscopy, the sample is typically irradiated with visible light
which is scattered by the sample. The scattering occurs due to changes in the
polarizability of the electron cloud in the sample. Both elastic scattering
(Rayleigh scattering) and inelastic scattering take place (Raman scattering).
Raman scattering contains more chemical information about the sample,
since the photon energy is changed by the interaction with the sample.
IR and Raman spectroscopy are largely complimentary techniques. If
there is a center of symmetry in a molecule, (as in the poly(3,4ethylenedioxythiopene), PEDOT studied here[170]) the excitations to asymmetric vibrational modes will induce a change in the dipole moment and are
thus IR active, whereas the transitions to symmetric vibrational modes will
change the polarizability of the molecule which is why these vibrational
modes are Raman active.
X-ray photoelectron spectroscopy
As discussed in connection to X-ray absorption spectroscopy, core electrons
can be emitted from a sample when it is irradiated with X-rays. In X-ray
photoelectron spectroscopy (XPS) the kinetic energy of the emitted photoelectrons is detected. Subtracting this from the known photon energy provides

6 The abbreviation XANES is normally used when studying the bulk properties of solid samples, while as NEXAFS (Near Edge X-ray Absorption Fine Structure) is commonly used for
studying surface phenomena, e.g. adsorption of a small molecule on a metal surface.
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information on the chemical binding energies in the sample (relative to an
internal standard, Equation 12).
[12]
In Equation 12, hν is the energy of the incoming X-ray radiation, EK is the
kinetic energy of the emitted photoelectron, and EB is the electron binding
energy. XPS is very surface sensitive; the probing depth is typically 10-30 Å
and up to 100 Å, depending on the energy of the incoming X-rays, because
of the short mean free path of electrons in a solid sample. Measurements are
normally carried out under ultra-high vacuum to avoid any interactions between emitted photoelectrons and gas molecules, and sometimes to protect
the sample surface from gas adsorption and contamination.

3.2.4 Additional Characterization
Scanning electron microscopy
By using a focused high energy electron beam instead of visible light, the
physical limit of a light microscope can be circumvented. In SEM, the electron beam is continuously scanned over the sample under vacuum conditions, while detecting either the electrons scattered back from the sample or
the secondary electrons emitted from the sample. In this work, SEM was
used to study the morphology of Li-ion insertion materials and electrodes.
The samples were typically coated with a thin layer of Pt or Cr to prevent
charging of the insulating materials.
Thermogravimetric analysis
In TGA, the weight of a sample is monitored at a controlled temperature,
normally during heating. The heating takes place in a furnace with a controlled atmosphere, e.g. under nitrogen or oxygen flow. Typically, the weight
of the sample is recorded as a function of the temperature during a ramp, or
as a function of time at a constant temperature. In that way, information regarding the material stability and degradations involving mass changes can
be obtained.
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4 Results and Discussion

Three different iron based Li-ion insertion materials were investigated in
detail in this thesis. Each has its own advantages, challenges, and scientific
questions. With the main focus being improved rate performance, Li2FeP2O7
and the tavorite polymorph of LiFeSO4F were investigated due to their open
crystal frameworks, with favorable pathways for Li-ion transport,[75,76] and
low energy barriers for Li-ion conduction in both materials.[114,116,117] Triplite
type LiFeSO4F, on the other hand, has a more compact and disordered crystal structure, and thus lacks straight pathways for Li-ion transport.[78,112,171]
Still, it is one of the few materials that can compete with the commercially
available LiFePO4 in terms of energy density (see Table 1 in section 2.3).
Therefore, it establishes an important comparison with Li2FeP2O7 and tavorite LiFeSO4F.
As discussed in the introduction, several different processes can affect the
accessible capacity and polarization in porous insertion type electrodes. To
start, the significance of coating the grains with a thin layer of poly(3,4ethylenedioxythiophene), PEDOT, is presented. Thereafter, the effect of
increasing the operating temperature is summarized, followed by important
electrode and material engineering aspects. In some cases, changes in the
electrochemical response during battery operation provided clues regarding
changes in material properties. In these cases, the changes were further investigated by more thorough material characterization. Rather than making
the best performing electrode, which is more an issue of commercial electrode manufacturing, the strategy was to unfold and understand the underlying electrochemical factors and material properties in the systems. The combined insights into electrode dynamics, electronic changes, and structural
transformations in the materials would be useful both directly in an electrode
optimization process, as well as for the fundamental understanding of the
materials themselves.

4.1 Conductive polymer coatings
The importance of engineering the material properties in Li-ion insertion
materials has been generally recognized by the battery research community.
Striking examples of LiFePO4 are available in literature, where the combination of carbon coating[53,172] and nanosizing[54,63,64] of the material enabled
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high rate performance. This lead to its commercialization based in applications in demanding environments that require high stability and excellent
rate performance.[9] Unfortunately, the sulfate based materials studied in this
thesis cannot be carbon coated through pyrolysis at high temperatures, as
iron sulfates undergo thermal decomposition under these conditions. A conductive coating can still be applied via a low temperature route to produce a
thin layer of poly(3,4-ethylenedioxythiophene), PEDOT.[115] It has been used
for many different cathode materials,[115,153–157] but the way in which it improves the electrochemical performance has not been clearly shown. Furthermore, the carbon coating process for LiFePO4 often results in reduced
particle sizes. In many cases, this appears to be more important than the actual carbon coating itself.[56] The PEDOT coating process used here leaves
the particle sizes unchanged (Figure 13), and hence serves as an example of
the coating effect alone.
The results of the PEDOT coatings on the electrochemical performance of
tavorite LiFeSO4F, Li2FeP2O7 and triplite LiFeSO4F are displayed in Figure
14, together with SEM images of the uncoated particles. The relative amount
of PEDOT was 6-10 wt.% for the different compounds. For these tests, the
active materials were mixed only with conductive additive (i.e. with no
binder) and loaded onto a roughened aluminum current collector. When disassembling the cells, the working electrode was observed to be a carbon
paste like composite with good adhesion between the individual grains and
the current collector, irrespective of if the grains were coated with PEDOT
or not. This type of electrochemical cell design was used to ensure sufficient
electronic contact and thereby only study the effect of the modified surface
properties. In line with previous reports,[115] the PEDOT coating substantially
improved the electrochemical function of tavorite LiFeSO4F (Figure 14a). In
contrast, the PEDOT coated Li2FeP2O7 initially showed larger polarization
and lower accessible capacity compared to the pristine sample (i.e. evaluated
with the same experimental set-up but with uncoated material, Figure 14b).
The Li2FeP2O7 particles consisted in agglomerated secondary particles built
up by smaller grains, with a diameter of a few hundred nanometers. Possibly,

Figure 13. SEM images of a) pristine and b) PEDOT-coated tavorite LiFeSO4F.
Adapted from Paper I, Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission.
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Figure 14. Galvanostatic cycling of PEDOT coated materials.) tavorite LiFeSO4F
with 6 wt.% PEDOT, b) Li2FeP2O7 7 wt.% PEDOT, c) triplite LiFeSO4F 10 wt.%
PEDOT. SEM images of the particle morphology are also included. Figure 14a
adapted from Paper I, Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission.

the polymer coating limited the electrolyte penetration into these agglomerates. Upon cycling, the performance slowly improved and eventually
matched the performance of the uncoated Li2FeP2O7. The improved performance is likely the result of a spatial redistribution of the polymer, induced
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by the slight volume change of the Li2FeP2O7 during lithium extraction,[75]
together with the spatial reconfiguration of PEDOT during oxidation and
reduction (the polymer is redox active at similar potentials as Li2FeP2O7).[173]
A similar trend was observed for tavorite LiFeSO4F with low relative
amounts of PEDOT (see Paper I). The PEDOT coating itself was electrochemically stable in the potential window used here (see the XPS and
XANES evaluation in paper I and III for further details), contradicting a
degradation of the polymer coating. Still no performance improvements
were observed for the PEDOT coated Li2FeP2O7 even after cycling, and the
surface effects appears not to be the most important factor for achieving high
accessible capacities and low polarization for Li2FeP2O7. In contrast to
Li2FeP2O7, the performance of the triplite LiFeSO4F was improved by the
PEDOT coating in a similar way as for tavorite LiFeSO4F, (Figure 14c and
Paper V). However, the polarization was not reduced to the same extent for
triplite as for tavorite LiFeSO4F, indicating that other limitations also prevail.
As tavorite LiFeSO4F showed the most obvious improvement when coated with PEDOT, even with the lowest relative amount of coating of the samples in Figure 14, it was investigated further with cyclic voltammetry. The
results are summarized in Figure 15, showing the response of uncoated
LiFeSO4F in the left column, and LiFeSO4F-PEDOT in the right column.
For the uncoated LiFeSO4F, low peak currents were observed and the oxidation waves were broad even at the lowest scan rates (Figure 15a, left side).
The reduction peaks were more defined, but still much smaller than for
LiFeSO4F-PEDOT (Figure 15a, right side). For LiFeSO4F-PEDOT, the current increased with the square root of the scan rate, as expected for a diffusion limited process, but for uncoated LiFeSO4F the reduction current did
not increase much beyond 100 μV s-1 (Figure 15b). It appears that at this
point, the reduction current for the uncoated LiFeSO4F was limited by the
even slower oxidation step, but the total charge during oxidation and reduction was still very similar for both uncoated and coated tavorite LiFeSO4F
(Paper I, supporting information). When analyzing the shift in the peak potential as a function of peak current, some trends were observed (Figure 15c
and d). For uncoated LiFeSO4F, the data indicate that the reduction peak
potential decreased logarithmically with the peak current, rather than with a
linear (ohmic) relation. The electrochemical response point towards very
slow reaction kinetics, and the overpotential was so large that the approximation of a logarithmic current-voltage relation would be valid (see Section
2.4.1). In contrast, LiFeSO4F-PEDOT showed a clear linear relation between
peak potential and peak current. The resistance corresponds to about 130 Ω
(the average slopes in Figure 15 c, right side). Furthermore, the cell resistance was almost identical for PEDOT coated triplite LiFeSO4F measured
by cyclic voltammetry for the same cell design (Paper V), indicating that the
resistance was not related to the active material. This resistance is also
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Figure 15. a) Cyclic voltammetry of uncoated tavorite LiFeSO4F and LiFeSO4FPEDOT at different scan rates, b) the peak current (ip) as a function of the square
root of the scan rate, c) the peak potential (Ep) as a function of ip, d) Ep as a function
of log|ip|. The material loading was 10 mg cm-2. Adapted from Paper I, Copyright
2017 Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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Figure 16. Quantification of the different sources of cell-resistance for PEDOT
coated tavorite LiFeSO4F by electrochemical impedance spectrocsopy. Data from
cells with different mass loadings are displayed, together with data from a cell with
only current collectors and separators soaked with electrolyte, and a symmetrical
Li/electrolyte/Li cell. The Li-Li cell is normalized to show the response of one Li
counter electrode. Reprint from Paper I, Copyright 2017 Wiley-VCH Verlag GmbH
& Co. KGaA. Reproduced with permission.

present in the cells with uncoated LiFeSO4F, and could be the reason behind
the slight deviation from the logarithmic current-voltage relation in Figure
15d for uncoated LiFeSO4F. To further clarify the origin of the fairly large
cell resistance, the different cell components were evaluated with electrochemical impedance spectroscopy (Figure 16). The electrolyte resistance
was 10 Ω, i.e. substantially smaller than the total cell resistance in Figure
15c. Because of the similar resistance for LiFeSO4F-PEDOT versus a Li
counter/reference electrode and the Li electrode in symmetrical cells, the
results indicate that the cell resistance was mainly due the resistive film on
the Li counter electrode. Based on the different electrochemical responses
for tavorite LiFeSO4F and LiFeSO4F-PEDOT, and the almost identical particle morphologies, the data indicate that the polymer coating alleviated a
kinetic barrier for the Li-ion extraction and insertion in LiFeSO4F. The improved performances with the PEDOT coatings could be due to the combination of its beneficial electronic conduction,[174] as well as its hydrophilic
character and the associated improved electrolyte interaction.[175,176]
The diffusion controlled current response observed for PEDOT coated
tavorite LiFeSO4F was further investigated by galvanostatic cycling at different C-rates. Figure 17a displays the discharge capacity as a function of
the total discharge time (i.e. the transition time τ) at different C-rates. Two
different time domains were observed (corresponding to the fitted lines),
independent of the relative amount of the PEDOT coating.
The two different linear trends were intersecting between C/2 and 1C. A
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Figure 17. a) The discharge capacity as a function of the square root of the discharge
time, with linear fits for two time domains. b) The corresponding voltage profiles for
tavorite LiFeSO4F with 13 wt.% PEDOT. Adapted from Paper I, Copyright 2017
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

total mass loading of 10 mg cm-2 was used in all cases, and C/2 corresponded to a current density of 0.5-0.6 mA cm-2, depending on the relative
amounts of PEDOT. According to Equation 7 in Section 3.2.1, the slopes in
Figure 17 are related to the diffusivity if semi-infinite diffusion prevails. For
the higher rates, an effective diffusivity of 4*10-7 cm2 s-1 was obtained from
the slope (full drawn line in Figure 17a). The value is one third of the Li-ion
diffusivity in this particular electrolyte,[177] and corresponds to the expected
value for effective diffusivities in porous Li-ion battery cathodes.[138] The
corresponding transition time at which the diffusion layer L spans over the
width of the porous working electrode can then be estimated from a one
dimensional random walk process, according to τ = L2/2D. The exact electrode thickness is difficult to measure for the carbon paste like electrodes
used here, but based on an assumed porosity of 50% and 10 mg cm-2 material loading, it would be roughly 100 μm. A diffusion thickness of similar
thickness would be expected at a transition time of approximately 125 s,
which corresponded to a rate of about 2C in the present case. This is slightly
higher than the onset of the fast time domain, observed at rates corresponding to 1C in Figure 17. However, the large resistance in the Li counter/reference electrode would cause the local potential at the working
electrode to be effectively lower than the measured voltage with the twoelectrode set-up used here, especially at higher currents. The voltage profiles
for one of the data set with intermediate levels of PEDOT is presented in
Figure 17b, showing a significant difference between charge and discharge
voltage at the fastest rates. As the voltage window was not adjusted at higher
cycling rates, the results indicate that a combination of iR drop and solution
based diffusion was the rate limiting factors at fast cycling rates.
Evaluating the domain with low cycling rates is more difficult, but the decreasing capacity in this time domain might be due to solid state Li-ion
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transport limitations. However, an effective diffusivity is difficult to estimate. The electroactive area is not necessarily the same as the surface area of
the particles, and may also change with the cycling rate.[178] Further, the solid
state diffusion is more complicated than a random walk process in a of a
liquid electrolyte.[179] Still, some observations indicate a solid state Litransport limitation. Cyclic voltammetry evaluation of thin electrodes with
peak currents corresponding to less than 1C also showed a diffusion controlled response (Paper II). Further, larger capacities could be obtained at the
lower rates by increasing the operating temperature, as further discussed in
the next section. Also, in operando X-ray diffraction characterization pointed towards a solid state transport controlled process (discussed in Section
4.3). These results indicate that solid state Li-ion transport could be limiting
the accessible capacity at low cycling rates.
To summarize this part, the results from PEDOT coated LiFeSO4F indicate that the coting improved the reaction kinetics of both LiFeSO4F polymorphs. It appears that the electrochemical process for such coated LiFeSO4F is controlled by Li-ion transport, either in the electrolyte within the
porous electrode or in the active material grains. These points are further
addressed in the following sections. However, the polarization was not reduced to the same extent for triplite as for tavorite LiFeSO4F, and had no
positive effect on Li2FeP2O7. The different response for the various materials
highlights that the factors affecting the accessible charge and the polarization
are not of the same importance for electrodes based on different materials.

4.2 The Effect of the Operating Temperature
As implied at the end of the previous section, the Li-ion transport in the solid
state is much slower than that in liquid electrolytes. In aqueous solutions
typical diffusivities are in the order of 10-5 cm2 s-1,[159] and are typically an
order of magnitude lower in carbonate based battery electrolytes.[177] Li-ion
insertion materials on the other hand commonly exhibit diffusivities lower
than10-10 cm2 s-1.[179] Significant attention has therefore been directed towards decreasing the Li-ion diffusion distance in the active materials.[180]
Simplifying the solid state diffusion process to the one dimensional random
walk process, the length L of the transport pathways can be estimated by
L2=2Dt). Strictly speaking, this is a fairly large assumption for Li-ion
transport in the solid state, and there will be increased cross-talk between
neighboring Li-ions in condensed matter as compared to in a diluted solution.[179] Still, by reducing the path L, the rate performance can be improved.
An alternative strategy is to increase the battery’s operating temperature
instead, since the solid state diffusivity increases exponentially with temperature.[179] In the solid state, Li-ions jump between two crystallographic sites
via an activated intermediate state. The larger the activation energy is in the
45

intermediate position between to Li sites, the more the diffusivity will increase with increased temperature. Computational simulations have indicated that the activation barriers for tavorite LiFeSO4F and Li2FeP2O7 are less
than 0.5 eV. [114,116,117] Interestingly, similar values have also been reported
for the triplite LiFeSO4F,[181] although the absence of straight Li-ion pathways has been suggested to impede the solid state transport of Li-ions.[112,171]
The effect of the operating temperature on all the three materials studied
in this thesis is shown in Figure 18. For the LiFeSO4F polymorphs, PEDOT
coated materials were used as the polymer significantly reduced the polarization of LiFeSO4F based electrodes, as previously described. The increased
operating temperature was found to have a beneficial effect on all three materials, as can be seen by the lower polarization and larger accessible capacities for all three cases. For the LiFeSO4F polymorphs, the improvements
shown in Figure 18a and c are indeed most likely a result of improved solid
state transport, as the cyclic voltammetry results did not reveal any significant kinetic limitations (see previous section and Paper V). For Li2FeP2O7 it
is harder to draw a clear conclusion, as it is also possible that the large polarization could be due other material properties (e.g. related to structural
strain, or insufficient electronic conduction in the large agglomerated particles), which would also improve with increased temperature. Either way,
increasing the operating temperature improved the rate performance as expected, and appears to be a good strategy for improved rate performance in
general.
Unfortunately, the increased operating temperature also speeds up unwanted side reactions. Furthermore, it might deteriorate the passivation layers on both the negative electrode (the SEI layer) and the positive electrode
(the passivation of the aluminum current collector). It is noted that the capacity on discharge was smaller compared to the capacity on charge in all three
cases in Figure 18, indicating that side reactions are present in all cases. For
triplite LiFeSO4F with the highest operating potential, a different electrolyte
based on a bis(oxalate)borate lithium salt (LiBOB) in propylene carbonate
had to be used to avoid aluminum corrosion.[182,183] A limited screening of
different lithium salts was carried out (LiPF6, LiBF4, LiBOB, LiBOB-LiBF4
mixtures, and LiTFSI), but only LiBOB yielded somewhat stable performance.7 Also electrolytes based on imidazolium and pyrolidinium ionic liquids as the solvent showed insufficient stability. More thorough electrolyte
research is outside the scope of this thesis. Thus, long term stability at elevated temperatures remains a challenge for Li-ion batteries.

7 Later, similar cycling performance was achieved with a LiPF based electrolyte including 1
6
wt.% on salt basis of 4,5-dicyano-2-(trifluoromethyl)imidazole lithium salt (LiTDI), which
acts as a water scavenger as recently reported by Xu et al.[196]
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Figure 18. Voltage profiles for a) PEDOT coated tavorite LiFeSO4F, b) pristine
Li2FeP2O7, and c) PEDOT coated triplite LiFeSO4F at different temperatures. Figure
14a adapted from Paper I, Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission.

To conclude this section, all the materials studied herein performed better in
terms of higher accessible capacities and lower polarization at elevated temperatures. However, the electrochemical stability of the electrolyte at elevated temperatures requires further research. If stable performance can be
achieved, including both the electrolyte and minimizing the commonly observed transition metal dissolution into the electrolyte,[184,185] improvements
might be achieved also on the battery pack level, as temperature control is
one of the most important parameters for the battery management system to
ensure safe operation.[186]
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4.3 Material and Electrode Engineering Aspects
Despite its open crystal framework, the electrochemical performance of
Li2FeP2O7 was always less favorable than that of tavorite LiFeSO4F. Based
on two oxidation steps, the theoretical capacity of Li2FeP2O7 would be larger
than for LiFeSO4F, yet extracting more than one Li-ion per formula unit has
not yet been achieved. Reaching theoretical capacity has been challenging
due to the absence of stable electrolytes at the high voltages required, together with the unstable nature of the Fe4+ state (and the accompanying ligand contributions). Thereby, the maximum capacity of Li2FeP2O7 is limited
to 110 mAh g-1 based on the formation of LiFeP2O7 upon oxidation. Partial
substitution of Li+ with Fe2+ was attempted in order to form Li2-2yFe1+yP2O7
compounds with an increased iron content. However, the off-stoichiometric
compounds only lead to the formation of Fe2P2O7 impurities.[187] Furthermore, fairly large overpotentials were observed for all the synthesized
Li2FeP2O7 samples, with no improvements observed upon coating the material with different electronically conducting layers. As previously discussed,
PEDOT coatings had at best no effect on the electrochemical performance.
Carbon coatings formed by pyrolysis in an additional heat treatment of
Li2FeP2O7 mixed with sucrose did not have any effect on the electrochemical
performance of the material. The addition of carbon black additives during
synthesis did not have any significant effect, neither did the application of a
polyaniline coating. Clearly, surface coatings and conductive coatings had
no large effect on the electrochemical performance of Li2FeP2O7.
Different temperatures of the heat treatment were evaluated for the synthesis of Li2FeP2O7, as a significant mixing of lithium and iron in the metal
sites in the crystal structure (Li-Fe mixing) has been reported for the material.[75] As Fe-ions located in the Li-ion pathways might impede the lithium
extraction from Li2FeP2O7, it was anticipated that the synthesis temperature
could influence the electrochemical performance. For LiFePO4, the synthesis
conditions influence the degree of Li-Fe mixing,[188] therefore the effect of
synthesis temperature was evaluated in this work. However, it had minimal
effect on the electrochemical performance Li2FeP2O7 (Figure 19a). By adjusting the milling conditions during the initial mixing of reactants, and
eliminating an initial heat treatment step at lower temperatures, some improvement in electrochemical performance was achieved compared to the
first synthesis attempts.
The best rate performance achieved for Li2FeP2O7 is displayed in Figure
19b. Some reports in the research literature for Li2FeP2O7 show slightly lower polarization and slightly higher capacities than the ones reported here, but
nanosizing and carbon coating the grains had no large effect in those reports
either.[75,118] The electrochemical performance of Li2FeP2O7 (Figure 19b)
appears therefore inferior to that of tavorite LiFeSO4F (Figure 17), independent on different synthesis approaches for
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Figure 19. a) The galvanostatic cycling profiles of Li2FeP2O7 synthesized at different temperatures. b) The rate performance of Li2FeP2O7.

Li2FeP2O7. As such, and some electrode engineering aspects were further
considered for LiFeSO4F.
The previously discussed electrochemical evaluation of tavorite LiFeSO4F was carried out in Swagelok cells, which ensured sufficient electronic
contact (see Section 3.1 for details). When cast electrodes where prepared
instead, the amount of carbon additive was reduced and a polymeric binder
was used to ensure mechanical integrity, very large overpotentials were initially observed. However, the polarization could be reduced to the same levels as for the Swagelok cells by densifying the electrodes through calendering. The calendering reduces the porosity of the electrodes and improves the
electronic contact between the active material grains,[137] as well as the contact between the cast composite and the current collector.[134] The cycling
curves and the rate performance for electrodes with different porosities are
shown in Figure 20. Highly porous electrodes (> 40 %) showed large polarization and unimpressive capacity retention. Electrodes with lower porosities, on the other hand, showed similar cycling compared to material loaded
as a powder in a Swagelok cells at low cycling rates. At faster rates the
dense electrodes did not perform well, as the accessible capacity rapidly
dropped with increased cycling rate (Figure 20b). For such compact electrodes, Li-ion transport in the electrolyte might be an issue due to the high
tortuosity,[137,138] as much better performance was achieved for equivalent
material evaluated in Swagelok cells (compare with Figure 17). Thus, a
trade-off between electronic and ionic conduction is apparent in this case.
It was found that by increasing the amount of conductive additive and
PEDOT a couple of percent each, and using a carbon coated current collector, the electrodes maintained sufficient electronic contact even at high porosities. A cross section of one of these electrodes is displayed in Figure 3.
However, upon more extensive cycling a slowly fading discharge capacity
was observed, accompanied by an increased cell resistance. Electrochemical
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Figure 20. The effect of porosity on the cycling performance of cast tavorite LiFeSO4F. a) Voltage profiles at C/20, b) discharge capacity retention. Adapted from
Paper I, Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission.

characterization together with thorough post mortem material characterization with XRD, FT-IR, and XPS showed that the capacity loss was not related to material degradation (Paper I), and much of the capacity could be regained by decreasing the galvanostatic cycling rate to near-equilibrium conditions (cycle 51 in Figure 20b). Thus, degradation of the electronic contact
was suggested to be the main fading mechanism for cast tavorite LiFeSO4F
electrodes.
To further study the influence of the increased cell resistance and diffusion phenomena on the electrochemical behavior, the evolution of the crystalline phase fractions was investigated under operating conditions (in operando) by powder X-ray diffraction. An intermediate phase between the end
members LiFeSO4F and FeSO4F had previously been reported for tavorite
LiFeSO4F,[147] and an inflection point can be observed in the voltage profile
during charge, but not on discharge (Figure 21). The extent of coexistence
between the three tavorite LixFeSO4F phases (x = 1, 0.5, 0) was used to
probe the degree of reaction throughout the composite electrodes at different

Figure 21. The galvanostatic voltage profile for tavorite LiFeSO4F-PEDOT at a
slow cycling rate. Note the highlighted inflection point is seen upon charge but not
on discharge. Adapted with permission from Paper II, Copyright 2017 American
Chemical Society.
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states of charge and at different galvanostatic cycling rates. As discussed in
the introduction, different phase distributions are expected when different
factors (such as electronic contacts or solid state Li-ion transport) are limiting the accessible capacities or affecting the polarization of Li-ion battery
electrodes. With satisfactory electronic wiring and surface properties of the
active material, Li-ion insertion and extraction takes place in grains throughout the entire thickness of the composite electrode. In that situation, tavorite
LiFeSO4F would first react to form Li0.5FeSO4F and thereafter FeSO4F in
two consecutive biphasic reactions upon charge, without any substantial
coexistence between the end members.
Two of the in operando XRD data sets are shown in Figure 22. In a) a
cell with a material loading of 10 mg cm-2 was cycled at C/50, and in b) a
cell with 3 mg cm-2 was cycled at C/5. The corresponding voltage profiles
are included, and the time axes are the same for both the galvanostatic

Figure 22. In operando XRD data collected at a) C/50 and 10 mg cm-2 material
loading, and b) C/5 with and a material loading of 3 mg cm-2. The color scale shows
the intensity after background subtraction. Adapted with permission from Paper II,
Copyright 2017 American Chemical Society.
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cycling and the XRD data. The intensity in the XRD is represented as a heat
map. It was noted that during the slow cycling, different evolution of phase
fractions were observed during charge and discharge. The strong intensity at
around 28.5 ° 2θ after 25 hours comes from the intermediate Li0.5FeSO4F
phase, but the corresponding intensity half way through the following discharge step was much weaker. Interestingly, this observation matches the
absence of an inflection point in the voltage profile, as displayed previously
in Figure 21, which also indicates different reaction profiles on charge and
discharge. Although the signal-to-noise ratio is not as high for the faster
cycling, the evolution of phase fractions appear different during faster cycling.
The evolution of phase fractions was further studied by sequential
Rietveld refinements, and the results are summarized in Figure 23. No statistically significant difference in specific capacity was observed between the
different mass loadings (see Paper II, supporting information), therefore, the
time on the x-axis is normalized with respect to the total charging time. During slow cycling, minimal coexistence between the start phase LiFeSO4F and
the end phase FeSO4F was observed. The evolution of phase fractions was
almost identical for high and low mass loadings (Figure 23a). However,
upon the following discharge some overlap between the three phases was
observed, e.g. at half-way through the discharge in Figure 23a. The behavior
was interpreted as a different reaction mechanism on charge and discharge,
with two parallel biphasic reactions upon discharge. The hypothesis is supported by both the different voltage profiles upon charge and discharge in
Figure 21 and the different evolution of phase fractions described here.
When increasing the galvanostatic cycling rate (see voltage profiles in
Figure 23f), only slight overlap between the three crystalline phases was
expected if solid state Li-ion transport was the capacity limiting step. The
results presented in Section 4.1 indicated that that could be the case when the
electronic wiring of the active material grains was sufficient. The slight coexistence between the start and end phases was anticipated due to different
degrees of lithiation within the individual active material grains. Such behavior was observed in Figure 23b, with only a slight difference between high
and low mass loadings. Thereby, the conclusions drawn in Section 4.1
gained further support. When increasing the cycling rate further, the maximum amount of end phase formed decreased further (Figure 23d), as expected when solid state Li-ion transport is limiting the accessible capacity.
To further clarify the source of the increased polarization upon cycling, in
operando XRD was carried out for a cycled cell with substantially increased
cell polarization compared to uncycled cells (Figure 23c). The voltage profile during cycling at C/50 is included in Figure 23e. Substantial overlap
between the three LixFeSO4F phases was observed, as expected for an electrode with insufficient contact between the active material grains (see Section 2.4.2). The clear difference in the phase distributions in Figure 23 a and
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Figure 23. The evolution of phase fractions in tavorite LiFeSO4F estimated by sequential Rietveld refinements of in operando XRD data collected at different rates.
a) C/50, b) C/5, c) C/50 (with increased polarization), d) C/2, e) the corresponding
cycling profiles at C/50, and f) for faster rates. Adapted with permission from Paper
II, Copyright 2017 American Chemical Society.

c further supports that the contact between individual active material grains
was degraded upon cycling. Note that the phase fractions presented in both
Figure 23 a and c were collected at near-equilibrium rates, and that the results indicate no solid state transport limitations in a). Thereby, it clarifies
that the increased cell resistance was not only due to a degraded contact between the cast composite and the current collector, but also between individual active material grains.
Importantly, these evaluations were carried out using a laboratory diffractometer, and the possibility to follow fairly sophisticated dynamic processes
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without the need for synchrotron X-ray radiation increases the accessibility
of the technique to a broader research community.
To summarize, it is equally important to control the electrode engineering
aspects as the material properties for favorable electrochemical performance
of battery electrodes. Both the electronic contacts and the access to Li-ions
in the electrolyte must be tailored carefully. The results presented in this
section serve as a guide for the electrode optimization process.

4.4 Electronic Changes during Battery Operation
Despite the inferior electrochemical performance of Li2FeP2O7, it revealed
some interesting electronic and structural properties upon electrochemical
cycling. It served as a suitable model compound to study the effect of the
local environment around the iron nucleus on the redox potential for the Liion extraction. Iron has rather different local environments in the crystal
structure, and both five and six coordinated iron sites exist in the same crystallographic framework. The Fe-O bond length is also slightly longer for the
six-coordinated iron site compared with the five-coordinated site. Mössbauer
spectroscopy was used to quantify the amount of Fe2+ and Fe3+ in the different crystallographic environments at different degrees of delithiation (Figure
24). It was possible to assign the doublets in the Mössbauer spectrum for
pristine Li2FeP2O7 (top left) by recognizing that their populations were in the
ratio 1:2:3, in agreement with the Li-Fe intermixing determined by powder
XRD. Further, the asymmetric shapes of the doublet indicate slightly

Figure 24. Selected Mössbauer spectra obtained at different degrees of oxidation of
Li2FeP2O7. The increased spectral resolution for the ferrous FeO5 (blue doublets) for
the high lithium contents indicate a preferential oxidation of FeO 6. Adapted with
permission from Paper IV, Copyright 2015American Chemical Society.
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different quadrupole splitting for the different iron sites. A preference for
oxidation of the six-coordinated iron site was found at the beginning of the
charge, shown by the increased spectral resolution of the FeO5 sites (Figure
24, top right and bottom left). As these different coordination environments
are present within the same crystal structure, the findings presented here
shows that the local environment around the Fe-ions can have an effect on
the redox potential of iron based Li-ion insertion compounds.
The coordination number for iron and the electrostatic interaction between the transition metal and the ligands is not the only factor that influences the redox potential for insertion compounds. Another aspect is that
electronic configurations mostly centered on the ligands can contribute to, or
at least be effected by, the Li-ion insertion and extraction reactions. As
summarized in Section 2.3, ligand contributions are common for oxidation
reaction that would otherwise require high and unstable oxidation states such
as Fe4+. This was also the case to some extent for the oxidation (delithiation)
of tavorite LiFeSO4F that often is ascribed only to the Fe3+/Fe2+ redox couple. (Paper III). Figure 25a and b shows the Mössbauer spectra for pristine
LiFeSO4F and almost completely delithiated Li0.1FeSO4F, respectively. Upon oxidation, the expected decrease in quadrupole splitting was observed.
This is due to the more symmetric electronic distribution around the iron
nucleus. For high spin Fe2+ with a 3d6 electronic configuration, the asymmetric electron cloud around the iron nucleus gives rise to an increased quadrupole splitting. In addition to the expected electronic changes observed
around the iron nuclei, the sulfur K-edge XANES spectra (Figure 25c)
showed a shift in the absorption edge towards higher binding energies upon
oxidation. Clearly, electronic changes also occurred around the sulfur atoms.
Furthermore, a pre-edge appeared in the S K-edge spectrum of Li0.1FeSO4F,

Figure 25.Electronic changes in tavorite LiFeSO4F upon lithium extraction. a) The
Mössbauer spectrum for pristine LiFeSO4F and b) delithiated Li0.1FeSO4F showed
characteristic changes in the quadrupole splitting related to iron oxidation, but the SKedge XANES spectrum (c) also indicated electronic changes around the sulfur.
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shown in Figure 25c, which has been ascribed to an increased metal-ligand
interaction in related compounds.[189] In line with these experimental observations, computational studies have shown that iron accounted for
60% of the charge compensation upon delithiation of tavorite LiFeSO4F, while the remaining charge was compensated for by the coordinated ligands.[190] For the oxidation of Fe2+ the major part of the electronic
rearrangements are localized to iron, as shown by the smaller quadrupole
splitting in the Mössbauer spectra, but ligand contributions have at least
some significance.
In a wider perspective, an improved fundamental understanding of the oxidation phenomena in insertion type materials was achieved by studying the
effect of the local environment around iron and the role of its neighboring
atoms. Such insights should be useful in understanding the increased charge
storage capacity obtained when using more exotic redox reactions with ligand contributions.

4.5 Structural Transformation via Li-Fe Rearrangement
Not only electronic changes occur in the active materials upon electrochemical cycling of iron based insertion compounds, but also structural changes
upon the first few cycles often occur. A commonly observed structural feature among these compounds is a mixed occupancy of lithium and iron in the
crystallographic metal sites. Upon cycling, this Li-Fe mixing can change,
and Li2FeSiO4 is a notable example.[191] Because of the structural changes
upon cycling, the cell voltage of Li2FeSiO4 based batteries decreases during
the first few cycles.[72] Li-Fe mixing also occurs to some extent in LiFePO4
depending on the synthesis method.[188] In Li2FeP2O7, the degree of Li-Fe
mixing was shown to dramatically increase during the electrochemical cycling. As briefly mentioned earlier, Li2FeP2O7 is built up by an open crystal
framework with Li-ion transport pathways in more than one crystallographic
direction.[75,76] Its crystal structure is displayed in Figure 26, where the Liions in Li2FeP2O7 are located in wavy layers in the bc-plane, when describing the structure in the space group P21/c.8 Different local environments exist
in the structure, with one fully occupied six-coordinated iron site (red polyhedron) and one partially occupied five-coordinated iron site (blue polyhedron). The five-coordinated site is occupied by lithium to about 1/3. A corresponding amount of iron is located in a five-coordinated lithium site, as indicated in the figure. The level of intermixing, determined from Rietveld refinement of the XRD patterns in Figure 27, increased from about 1/3 to 1/2
during the first cycle. Thereafter, the degree of Li-Fe intermixing remained
8

Sometimes the structure is described with the non-standard spacegroup P21/a (as for the first
publication on Li2MnP2O7[197]), or with the space group P21/n where β angle is closer to 90 °.
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Figure 26. The crystal structure of Li2FeP2O7 viewed along the c-axis. Two unit
cells are shown. Adapted with permission from Paper IV, Copyright 2015American
Chemical Society.

Figure 27. The low-angle part of the diffractograms of Li2FeP2O7, cycled to different extents. The relative intensities of the (-111) and (200) reflections are characteristic for the degree of Li-Fe mixing, and are here influenced by the electrochemical
cycling and the post-cycling annealing. The degrees of Li-Fe mixing obtained from
Rietveld refinements are included in the figure. Adapted with permission from Paper IV, Copyright 2015American Chemical Society.
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fairly constant upon further electrochemical cycling, but could be reversed to
around 1/3 through annealing at 600 °C. The rearrangement of metal cations
in the crystal structure appears to be the reason for the decreased electrochemical potential reported after the first cycle.[192] It also affects the Li-ion
transport pathways in the material, by providing Li-ion pathways along the
crystallographic a-axis, connecting the two-dimensional pathways in the bcplane into a three dimensional network.[116,193] Similar connections of the Liion pathways have been reported for the otherwise one dimensional transport
in LiFePO4,[58] where the Li-Fe mixing has been attributed to Li-ion
transport in two different crystallographic directions.[57]
The triplite LiFeSO4F features an almost random distribution of iron and
lithium in the crystallographic metal sites.[78] Some unusual structural changes were observed for the compound during electrochemical cycling at slightly elevated temperatures. The retrieved capacity was higher during slow
cycling at 60°C than during chemical oxidations with NO2BF4. Although the
chemical reversibility of the Li-ion insertion reaction decreased after a few
cycles in a way that indicated iron dissolution (Paper V). That is, the discharge capacity during the first cycle matched the Fe3+/Fe2+ ratio obtained
from the Mössbauer analysis. Figure 28a displays the Mössbauer spectrum
for pristine triplite LiFeSO4F, where the large quadrupole splitting is typical
for Fe2+, and no traces of Fe3+ containing impurities were observed. After the
slow electrochemical oxidation, almost 90 mol% of Fe3+ was present. Although electrolyte degradation reactions were present, the amount of Fe3+
corresponds to an accessible capacity of 134 mAh g-1 during the formation of
Li0.11FeSO4F (Figure 28b). Upon the following reduction, 120 mAh g-1 was
retrieved, which was approximately in line with the composition
Li0.95FeSO4F obtained from the Mössbauer analysis (Figure 28c). The remaining 5% Fe3+ would correspond to 7.5 mAh g-1.
Surprisingly, the Mössbauer spectrum of the cycled LiFeSO4F in Figure
28c showed an increased resolution of the Fe2+ doublets. As Mössbauer
spectroscopy probes the local environment around the iron nuclei, each
Mössbauer doublet is sensitive to a specific local iron environment within
the crystal structure. The reduced signal from one of the Mössbauer doublets
implies a structural rearrangement towards a more ordered crystal structure,
in opposition to what is commonly observed for iron based Li-ion insertion
compounds (e.g. Li2FeP2O7). The reduced spectral intensity of the middle
Mössbauer doublet is larger than what would be expected from a preferential
dissolution of iron from one of the crystallographic sites. As, the mismatch
between discharge capacity from the electrochemical cycling and Mössbauer
evaluation was only 7 mAh g-1 (or 4 mol% of the total iron content), the
observation indeed indicates a structural rearrangement.
In the crystal structure of disordered triplite type LiFeSO4F, the metal cations are almost completely randomized between two metal sites, M1 and M2
(M = Li or Fe).[78] A typical XRD pattern is shown in Figure 29a, with the
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Figure 28. Mössbauer spectra for a) pristine triplite LiFeSO4F, b) electrochemically
delithiated and c) electrochemically re-lithiated triplite LiFeSO4F at 60 °C.

corresponding structure model shown below. The red and the grey polyhedra
correspond to the metal sites M1 and M2, respectively, and the yellow polyhedra denote the sulfate groups. The two strongest Fe2+ doublets in Figure
28c reject a hypothetical ordering of Fe atoms into only one of these metal
sites. It is worth noting that the multiple doublets in the Mössbauer spectrum
for the disordered triplite LiFeSO4F in Figure 28a imply that further local
differences (in addition to the two iron sites mentioned above) are present in
the crystal structure, since two crystallographically different iron sites would
produce no more than two doublets in the Mössbauer spectrum. However,
with a completely random distribution of metal ions in the M1 and M2 sites
for disordered triplite LiFeSO4F, the previously reported model is good
enough to describe the observed diffractogram.[78] In contrast, the X-ray diffractogram for the cycled triplite LiFeSO4F exhibited increased intensity for
the low-angle reflections, (as specifically indicated in Figure 29b). Apart
from the intensity differences, the Bragg positions remained largely unchanged during cycling, indicating a similar size of the unit cell for the ordered triplite LiFeSO4F. The new, ordered structure can be described by
keeping the same lattice parameters while lowering the symmetry of the unit
cell by removing a mirror plane. As a consequence, the structure is then
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Figure 29.Rietveld refinements of a) pristine tripliteLiFeSO4F and b) tripliteLiFeSO4F cycled at 60 °C. The diffractograms correspond to the Mössbauer spectra in
Figure 28 b and c. Also the structural models are included here, with iron polyhedra
in red and grey, and the sulfate polyhedra in yellow. The larger spheres denote the
Li-ions.

described with the space group Cc instead of C2/c. As a consequence of the
lowered symmetry, the number of crystallographically different atomic sites
was doubled. In addition to the previously present metal sites M1 and M2,
the structure is now described based on the additional metal sites M3 and
M4. A Rietveld refinement of this model is included in Figure 29b, including the resulting structural model. The model describes the observed intensity fairly well, yet only the cation atomic positions were refined, the overall
atomic displacement factor was slightly large, and 16% Li-Fe mixing had to
be included in the ordered structure model. The weight ratio between the
ordered and disordered triplite LiFeSO4F was 50:50, in line with the nonzero spectral intensity of the middle doublet in Figure 28c, which complicates the refinement of the ordered triplite LiFeSO4F model. It is recognized
that the suggested structural model is not perfect, and future studies should
focus on synthesis strategies to achieve phase pure ordered triplite LiFeSO4F
for further investigations. Still, the Mössbauer results clearly point towards
an increased ordering. Although the cycling rate that was used is not relevant
to practical applications, the increased accessible capacity indicates that the
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more open framework is beneficial to the energy storage capacity of triplite
LiFeSO4F.
Clearly, Li-Fe mixing is a common and often dynamic structural phenomenon for iron based insertion compounds. It can affect both the cell voltage
and charge storage capacity, and is therefore an important factor to consider
for this class of compounds.

61

5 Concluding Remarks

In this thesis, new iron based materials for positive electrodes in Li-ion batteries were investigated. The combined insights from Li2FeP2O7 and two
LiFeSO4F polymorphs provided a deeper understanding into this class of
compounds in particular, and of insertion electrodes in general. The work
followed the flow of synthesis-characterization–electrochemical evaluation,
where the main focus was on the electrode dynamics. Changes in the electrochemical response provided clues regarding modified material properties
during battery operation, and these properties were further investigated by
more thorough material characterizations. The findings from the electrochemical and material evaluations are summarized below.
Electrode Dynamics
Many different factors affect the function of Li-ion insertion electrodes, and
there is not a single parameter that is always the most important one for
maximizing the accessible capacity and minimizing the polarization of an
electrode. The influence of the active materials’ surface properties on the
electrochemical performance was evaluated by coating them with a conductive polymer layer of poly(3,4-ethylenedioxythiophene), PEDOT. The current-voltage relations observed for different time domains demonstrated that
the role of PEDOT was to improve the reaction kinetics. However, whether
this is an important factor or not is material specific. For both LiFeSO4F
polymorphs, the polarization was reduced and the charge storage capacity
increased upon PEDOT coating. In contrast, the electrochemical performance of coated Li2FeP2O7 was at best unchanged. For electrodes based on
polymer coated LiFeSO4F, no significant kinetic limitations were observed.
The results indicated that the electrochemical response was under solid state
Li-ion transport control up to intermediate rates. At faster rates Li-ion diffusion in the electrolyte within the porous electrodes, combined with an ohmic
resistance related to a resistive film on the lithium counter/reference electrode, were the most important factors for the electrochemical performance
for tavorite LiFeSO4F. In addition to reaction kinetics and Li-ion transport,
electronic contact of the active material grains was the most important electrode engineering aspect for tavorite LiFeSO4F. The electronic contacts were
controlled by compressing the electrodes mechanically, using carbon coated
current collectors, and adjusting the amount of conductive additive. These
parameters need to be balanced as there is a trade-off between improved
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electronic wiring by densifying the electrodes, and the increased tortuosity
that slows down the Li-ion pore diffusion. The conclusions drawn from the
electrochemical evaluation of tavorite LiFeSO4F was further supported by in
operando X-ray diffraction using readily available laboratory equipment.
The use of intrinsic material properties by following the evolution of phase
distributions in a multiphase compound was used in a new way to track dynamic electrode processes. The results further revealed that tavorite LiFeSO4F reacted in to consecutive biphasic reactions during slow charge, and in
to parallel biphasic reactions during slow discharge. Overall, the results regarding electrode dynamics in this work serve as an example and guide for
improving the rate performance of battery electrodes in general.
Electronic Changes
The electrochemical performance of Li2FeP2O7 was less attractive than that
of the LiFeSO4F polymorphs. Yet, it served as a good model compound for
investigating the underlying solid state chemistry of Li-ion insertion compounds. Different local environments around different crystallographic iron
sites in Li2FeP2O7 were found to influence the redox potential upon lithium
extraction. A preferential tendency to oxidize the six-coordinated iron over
the five-coordinated iron was observed at initial lithium extraction at lower
potentials. The result highlights how the local environment around iron can
affect the redox potential in iron based cathodes. For tavorite LiFeSO4F, it
was shown that despite the largest electronic changes were occurring on the
transition metal, electronic rearrangements were also observed on the sulfur
atoms. Ligand contributions to the redox activity have recently achieved
attention as a way to make use of more exotic mechanisms for increased
charge storage capacity in batteries. However, it appears also to be of importance for sulfate based Li-ion insertion materials operating on the
Fe3+/Fe2+ redox couple.
Structural Transformations
A common structural phenomenon in iron based Li-ion insertion compounds
is the mixed occupancy of lithium and iron in the crystallographic metal
sites. Such mixing was observed for Li2FeP2O7 and triplite LiFeSO4F. The
Li-Fe mixing is caused by the similar ionic radii of Li+ and Fe2+, allowing
them to occupy the same crystallographic sites despite the charge difference.
The degree of mixing might change during battery operation, and can affect
both the operating voltage and the charge storage capacity. The Li-Fe mixing
was extensive in Li2FeP2O7, and it increased further during battery operation.
The structural rearrangement was accompanied by a slightly lower operating
potential of the material, relating the structural properties of the active material to the physical properties of the battery. For triplite LiFeSO4F, the Li-Fe
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mixing resulted in an absence of straight Li-ion transport pathways in the
structure, thereby limiting the charge storage capacity of the material. It was
found that with a slightly increased operating temperature, a structural rearrangement towards a more ordered structure occurred during cycling. The
observation is in contrast with the commonly observed increased mixing,
e.g. in Li2FeP2O7, and led to higher charge storage capacities of the material.
Clearly, Li-Fe mixing is an important parameter for many different iron
based Li-ion insertion materials.
Outlook
The work presented in this thesis has resulted in a deeper insight into the
material properties and electrochemical processes that are important for the
rate capability of Li-ion batteries. Regarding the thermodynamically limited
energy storage capacity, the present state-of-the art materials can be improved by only a few percent through material optimization of the type of
Li-ion insertion compounds that are known today. Possibly, larger improvements can be achieved by utilizing ligand redox activity, or through synthesis of new fluoride based materials with minimal weight penalty from the
anion. So far these strategies require further research, directed towards the
stability issues and limited rate capability related with ligand oxidation and
the difficult synthesis routes for lithiated iron fluorides. An alternative approach would be to increase the combined stability of the active materials
and electrolytes at slightly elevated temperatures. The challenges remaining
here are to minimize transition metal dissolution into the electrolyte and
increase the passivating properties at both electrodes. Likely, rather than
finding a “holy grail” for all battery applications, further improvements will
be achieved by engineering the material and electrode properties so that they
are optimized for the application at hand. A system approach would be beneficial, since a small improvement on cell level might lead to a significant
improvement on battery pack level. For example, by simplifying the demands of temperature control of the battery system would make the battery
management system simpler, and thereby reducing the total system weight
and volume. For such a system approach, it will be important to understand
the underlying electrochemical mechanisms and material properties related
to the individual materials, which arguably is the most important contribution of the work in this thesis.
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