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Abstract

Li-ion batteries are currently the most efficient technology available for elec-
trochemical energy storage. The technology has revolutionized the portable
electronics market and is becoming a corner stone for large scale applica-
tions, such as electric vehicles. It is therefore important to develop materials
in which the energy storage relies on abundant redox active species, such as
iron. In this thesis, new iron based electrode materials for positive electrodes
in Li-ion batteries were investigated. Lithium iron pyrophosphate
(Li,FeP,O;) and two polymorphs of lithium iron sulphate fluoride
(LiFeSO4F) were studied.

For Li,FeP,0;, preferred oxidation of iron with different coordination
numbers within the crystal structure was studied, and six-coordinated iron
was found to be oxidized preferentially at lower potentials compared to
five-coordinated iron. Electrochemical cycling resulted in structural changes
of Li,FeP,0; through an increased Li-Fe mixing in the compound, forming a
metastable state during battery operation.

For tavorite LiFeSO,F, the influence of the amount of a conductive poly-
mer (poly(3,4-ethylenedioxythiophene), or PEDOT) was studied. All the
different amounts of PEDOT coating reduced the polarization significantly,
but the trade-off between functionality and weight added also has to be con-
sidered. Additionally, the effect of densifying the electrodes to different de-
grees is reported, and was found to have a significant influence on the bat-
tery performance. Also triplite LiFeSO4F was coated with PEODT, and it
was found that the electrochemical performance improved, but not to the
same extent as for tavorite LiFeSO4F. The faster solid state transport of Li-
ions in tavorite type LiFeSO4F possibly accounts for the difference in elec-
trochemical performance.

Together, the results presented herein should be of importance for devel-
oping new iron based materials for Li-ion batteries.



Sammanfattning pa svenska

Av de idag tillgangliga teknologierna for elektrokemisk energilagring sa har
litium-jonbatterier de bésta egenskaperna nér det galler energiforluster och
energilagringskapacitet. De har revolutionerat marknaden for portabel elekt-
ronik (telefoner, laptops etc.), och blir mer och mer viktiga for storskaliga
tillampningar sasom elbilar. For den typen av applikationer maste teknologin
baseras pa vanligt forekommande material och grundamnen, t.ex. jarn.

I den hér avhandlingen har jarnbaserade material for den positiva elektro-
den hos litium-jonbatterier studerats. Olika aspekter som paverkar spanning-
en och effektiviteten hos elektroderna har undersokts. Ett exempel pa det ar
hur olika omgivningar kring jarnatomerna i en forening paverkar spanningen
hos ett batteri. FOr foreningen litiumjarnpyrofosfat visade det sig att sex
narmaste grannar ger lagre spanning an fem narmaste grannar till jarn. Dess-
utom har forandringar i foreningens struktur studerats da den anvénds i ett
batteri. Den har typen av grundforskning ar viktig for forstaelsen av nya
elektrodmaterial i Li-jonbatterier.

Ur en mer praktisk synvinkel sa har elektroder baserade pa en annan jarn-
forening, litiumjarnsulfatfluorid, utvecklats. Ledningsformagan hos dessa
elektroder har forbéattrats genom att beldgga foreningen med ett ledande
skikt, samt att mekaniskt pressa samman elektroderna genom mangling.
Bada metoderna &r viktiga for att tillverka valfungerande elektroder.
Foreningen litiumjarnsulfatfluorid forekommer i tva olika former, och en
jamforelse av hur elektriskt ledande belaggningar paverkar de bagge materi-
alen har ocksa gjorts i den har avhandlingen.

Tillsammans visar resultaten fran de olika studierna pa hur man kan ar-
beta och tdnka kring utvecklingen av nya material for litium-jonbatterier.
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Every answer gives rise to
ten new questions



1 Background

The World’s energy use is dominated by the use of fossil fuel; in 2011 re-
newable energy sources accounted for less than 14% of the total energy sup-
ply.' From an environmental, political, and economic point of view there has
been an interest in reducing the dependence on energy from fossil and finite
resources and increasing the renewable part. The dominance of fossil fuels in
the energy sector is visualized in Figure 1.

The transport sector is one of the largest energy users. In Sweden, the
transport sector accounted for 23% of the total energy use during 2012. Only
11% of the energy used for transportation was converted from biofuels,
waste or electricity. Corresponding numbers for the whole world are 28% of
the total energy consumption in the transport sector with less than 4% biofu-
el, waste and electricity.2 However, with an increasing use of intermittent
energy sources, such as solar and wind power, larger demands are put on
controlling the electric grid. Buffer capacity, e.g. battery systems, is required
to even out fluctuations in electricity generation.**> Synergetic effects with a
plausible electrification of the transport sector also open up possibilities for
such energy buffers, with increasing numbers of electric and plug-in electric
vehicles integrating with smart electric grids.® The key component in such
scenarios is likely the battery.

26.9% 20.4% B Coal
B oil
3.6% [__]Natural gas
[ Nuclear
4.2% [l Hydro
8.6% [ Biomass
35.5% 0.8% - Other renewable

Figure 1. Distribution of the world’s energy use as of the year 2011." Renewable
energy sources are shown with exploded wedges.



2 The Li-ion battery

Li-ion batteries by far outperform any other battery technology currently
available in terms of energy storage capacity and cyclability.”® For example,
Li-ion batteries can store twice the amount of energy per weight unit com-
pared to nickel-metal hydride batteries, and five times the amount compared
to lead-acid batteries.” The working principle of a Li-ion battery relies on
insertion materials. In such materials a guest ion, such as Li", can be inserted
and extracted reversibly into a crystalline host framework for thousands of
cycles. At the positive electrode, referred to as cathode in the battery litera-
ture, Li" is used to balance the charge of redox active species, such as the
Fe**'** redox couple. When iron is reduced from +III to +II by an electron
from the outer circuit, Li* is inserted into the material to maintain the charge
balance. Vice versa, when iron is oxidized back to +111, Li" is extracted from
the material. For the negative electrode, labelled anode in the battery litera-
ture, carbon based materials are commonly used.® Upon electrochemical
cycling, Li-ions are intercalated and extracted between the graphene sheets
in the graphite structure. In this way, Li* travels back and forth between in-
sertion materials at the positive and the negative terminals. Thus, the tech-
nology is sometimes referred to as the “Rocking Chair Battery”."'® Often in
battery research, only one of the electrodes is studied at a time. Then lithium
metal in large excess is used as a counter electrode. The working principle of
an insertion electrode in such a half-cell is shown in Figure 2.

2.1 The development of commercial insertion cathodes

The insertion of a guest species into a crystalline host framework, the basis
of the Rocking Chair Battery, was discovered in the 1970°s." The idea was
to introduce a redox active species, such as a transition metal ion, into an
ionically and electronically conductive material."? Fast sodium-ion conduc-
tion in the solid state had recently been reported for pB-alumina,
Na,O-11Al,0;,*® and at that time the focus was on sodium-sulfur batteries.’
The battery configuration consisted of liquid sodium as negative electrode,
liquid sulfur at the positive terminal, and solid p-alumina as the electrolyte.
Difficulties in handling liquid sodium motivated the use of solid electrodes
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Figure 2. A typical half-cell configuration with a Li-ion insertion working electrode
and a lithium metal counter electrode. The working electrode contains a Li-ion inser-
tion material (structure shown as inset), with a conductive coating (blue), binder
(light gray), and conductive additive (black) cast onto an Al current collector.

for measuring the ionic conductivity of f-alumina.’ Sodium tungsten bronz-
es (Na,WO,) operating based on the W°*** redox couple, showed both high
electronic conductivity and fast sodium-ion transport, and were used as elec-
trode material for electrochemical characterization of p-alumina.** Thus,
research on insertion electrode materials was initialized.

Focus soon shifted towards Li-ion batteries, due to the small ionic radius
and light weight associated with Li-ions. The small ionic radius makes the
Li-ion suitable for insertion into a crystalline framework, and the light
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 stand-
ard potential of the Li*/Li redox couple. TiS, 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.”>'® TiS,
showed stable electrochemical cycling performance and high energy effi-
ciency, attributed to the minor changes in the crystalline host during electro-
chemical cycling. No strong chemical bonds are broken in the crystalline
framework during the insertion process, which is typical for Li-ion elec-
trodes. Thus, only a slight mechanical stress is experienced by the electrode
during operation, attributed to a slight expansion and contraction of the ma-
terial during Li-ion insertion and extraction. The volume change can be ex-
plained by shorter M-X bonds in the material when metal ion M™ has a high-
er charge, which pulls the negatively charged X-ligands closer.

TiS, batteries with lithium metal as the negative electrode were also
commercialized,****'" but dendrite formation on the lithium anode caused
battery failure and made them unsafe.'® Additionally, TiS, 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 LiAlLY were attempted to circumvent dendrite formation, but
were disregarded due to capacity fading believed to be caused by the large
volume expansion during the alloying reaction.”

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 LiCoO, in 1980,%! and reversible intercalation
into graphite in 1983.%> Regarding the cathode material, the smaller oxide
anion with its higher electronegativity also gave the advantage of higher
operating voltage and capacity of LiCoO, compared to TiS,. Essential for the
reversibility of the graphite electrode is the use of ethylene carbonate (EC)
as a solvent component. EC decomposes during the first charge process to
form a passive film on graphite, which provides protection against further
electrolyte decomposition and degradation.”® A stable solid-electrolyte inter-
face (SEI) is then formed.** The first Li-ion battery was commercialized by
Sony in 1991,% and research on Li-ion batteries intensified.

Although LiCoO, (“LCO”) was successfully used for commercial Li-ion
batteries in the early 1990’s, the scarcity of Co makes it desirable to replace
it with more abundant elements,? e.g. Ni, and notably Mn and Fe.?” Follow-
ing the success of LCO, other members of the AMO, family were investi-
gated. They all have a close-packed oxygen structure, with M metal ions in
octahedral sites forming (MO,), layers. Alkali ions A are located between
these sheets, and their coordination number depends on how the (MO,), lay-
ers are packed in the specific compounds.”® Layered LiNiO,, or more accu-
rately Li;,Niy.,0,, is iso-structural to LiCoO, but with a substantial occu-
pancy of Ni in the Li-ion layers. These Ni-ions impede Li-ion insertion upon
cycling, resulting in suboptimal electrochemical performance.” Co doping
has been identified as a way of avoiding Ni-ion occupancy in the lithium
layers.*® Another disadvantage of Li,NiO, is its poor thermal stability when
delithiated and the risk of oxygen evolution also makes it unsafe. It was
shown that Al doping can alleviated these problems,* and a combination of
both cobalt and aluminum doping resulted in stable electrochemical perfor-
mance as well as high thermal stability.*> The “NCA” material, typically
LiNipsC00.15Aly00,,% is one of the cathode materials used in commercial
Li-ion batteries today. Solid solutions of Li,MnO; with LiNiO,, just like
aluminum doping, improved the thermal stability and safety of delithiated
LiNiO,.3* “NMC” cathodes, or LiNiysMny3C0130,,%% are together with
NCA cathodes the current state-of-the art active materials for Li-ion batter-
ies. They both operate on average at 3.7 V relative 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 pow-
er-optimized applications.’
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Mn is even more readily available than Ni,?" and lithium manganese oxide
suitable as an insertion material crystallizes in the spinel structure. Also in
the spinels, oxygen form a cubic close packed structure, but with a different
arrangement of the cations as compared to the layered oxides previously
described. The cations fill half of the octahedral and one eight of the tetrahe-
dral cavities, and the cations in octahedral sites are sometimes indicated with
brackets in the A[B],O. notation. Li[Mn],04, or “LMO”, is a commercial-
ized 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. How-
ever, it experiences capacity fading during cycling, especially at elevated
tem3|oe9ratures due to Mn?* dissolution, formed through disproportionation of
Mn**.

The only commercially available iron-based cathode material for Li-ion
batteries is LiFePO,, commonly abbreviated “LFP”. It is an electronically
insulating material with a very low electrical conductivity of 10° S/cm at
room temperature,® and the first report of the material demonstrated unim-
pressive performance.* The electrochemical performance of LiFePO, was
substantially improved by coating the material with a conductive carbon
layer,**** leading to its commercialization in the early 2000’s. However, the
Li-ion conductivity is reported to be even lower than the electronic conduc-
tivity, and some researchers claim that small particle size is more important
than a conductive carbon coating for LiFePO,.**** The carbon source would
then mainly prevent particle growth during the synthesis of LiFePO,. The Li-
ion conductivity is reported to lie in the range 10™° to 10" S/cm at room
temperature,**** although there are some discrepancies in the literature. The
values reported are largely dependent on the synthesis conditions, and a few
percent occupancy of Fe”" in the Li* sites create vacancies or Li-Fe anti-site
defects in the structure.”® That could possibly explain why some researchers
report Li-ion transport in one crystallographic dimension,*’ just as theoretical
work predicts,*®*° whereas other report two-dimensional Li-ion transport.*
In any case, nanosizing and carbon coating of the LiFePO, grains substan-
tially improved its electrochemical performance,*®****? and today LiFePO,
is even used in high-power applications.®
LFP is taking an increasingly large market share of the commercial cathode
materials, but the technology is still dominated by Co and Ni based layered
oxides such as LCO, NCA, and NMC. The market shares of commercial
cathode materials are summarized in Figure 3. >
A comparison of the state-of-the art layered oxide (NMC) with the LFP cy-
cled against a lithium anode is shown in Figure 4. Neither of these elec-
trodes were optimized, but show characteristic performance of NMC and
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Figure 3. The market share of different commercial cathode materials in Li-ion
batteries by weight.*>® The graph includes LiFePO, (LFP), LiCoO, (LCO), LiNiO,
doped with Co and Al (NCA) or Mn and Co (NMC), and LiMn,0O,4 (LMO).
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Figure 4. A comparison between laboratory scale batteries with commercial LFP
and NMC as cathode material. The batteries were cycled at the rate of C/10 (the
NMC data was provided by E. Bjorklund).



LFP, respectively. The energy storage capacity is about 15% larger by
weight 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.

2.2 Future iron based Li-insertion cathodes

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 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 p-block in the periodic table. The insertion metal ion (e.g. Li*) balances
the negative charge from the anions (e.g. O%) in the compound when the
transition metal ion is being reduced during discharge (e.g. Co** to Co*").
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 mate-
rials with polyatomic anions, e.g. SO,%, PO,>, or SiOs*.* As remarked at
the end of Section 2.1, commercial Li-ion batteries are still largely based on
cobalt containing layered oxides, and it is desirable to replace the Co-ion
with the more abundant and less toxic Fe-ion. The following section discuss-
es 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 ener-
gy density of iron based Li-ion insertion materials.

2.2.1 Lithium iron oxides and the unstable Fe(lV) state

Lithium iron oxide, a-LiFeO,, shows limited capacity and poor cycling per-
formance due to its disordered structure and the instability of the Fe(IV)
state.®”®® Thus, replacing LiCoO, with an iron based material is not straight-
forward. Since the sizes of the Li* and Fe* ions are similar, there is a mixed
occupancy of metal ions in the octahedral sites of the cubic closed packed
oxygen structure. Thus, the Li-ions are trapped in a disordered rock-salt
structure formed for LiFeO,, in contrast to the layered structure of LiC00,.%

Several other types of lithium iron oxides have been reported, but none
show attractive electrochemical performance. In addition to the difficulties
associated with extracting Li-ions from a disordered rock-salt structure, the
rather exotic Fe(IV) oxidation state would have to be form during the deli-
thiation process. Fe*" has been reported in some perovskite materials which
contain large divalent cations (Ca®*, Sr** and Ba®"), e.g. in CaFeO;."”® In
those structures the oxide ligands are partly oxidized (sometimes referred to
as ligand hole formation), which stabilizes Fe*" in those perovskites.”®’" This
way, the Jahn-Teller distortion otherwise



Table 1. Theoretical performance of some iron based Li-ion insertion materials.

Capacity  Voltage Energy density

Compound [mAR/g] V] [mWhig] Note Ref.

LiFeO,* (283) (3.6) 1019 Limited Li-ion transport. Instabil- **
ity of Fe*".

LiFeF, 224 3.2 717 Difficult to synthesize in the %
lithiated state.

LiFeOF 274 2.8 767 Meta-stable compound. 5

LiFePO, 170 3.45 587 Current state-of-the-art Fe based 3%*
cathode material.

LiFeBO; 220 2.8 616 Air  sensitive, slow Li-ion *%°
transport.

Tavorite 151 3.6 544 Fast Li-ion transport, but low

LiFeSO4F energy density and difficult
synthesis.

Triplite 151 3.9 589 High energy density but unfavor- ©%2

LiFeSO4F able Li-ion transport.

Li,FeP,0,* 110 35 385 Low capacity if only the Fe3"2*

(220) (5.0) (935) redox couple is utilized.

Li,Fe,Si,0; 182 3.0? 5467 Unknown. Probably requires ®4%°
exotic synthesis methods.

Li,FeSiO* 166 2.8 465 Based on abundant materials, but

(331) (4.5) (1208) low energy density and slow

Li-ion transport.

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

expected for the t,’es" electron configuration for d-block metal ions is
avoided.

Interestingly, recent computational studies suggested that ca. 10% excess
of Li* in disordered rock-salt structures, such as o-LiFeO,, leads to a fully
percolating network for Li-ion extraction and insertion.®*® The prediction
recently gained experimental support through studies into the redox activity
reported for solid solutions of a-LiFeO, and Li,TiOjz, in which replacement
of Fe** with Ti** creates metal site vacanices.” For x > 0.13 in
Liy TixFe; 505, a simultaneous oxidation of Fe** to Fe** and oxidation of
oxide ligands was suggested based on X-ray absorption spectroscopy meas-
urements.”® The suggested electrochemical mechanism is rather exotic, but it
has been recently suggested for several Li-ion and Na-ion insertion materials
such as LiMnPO,® Li,Rui,Sn,0s,% LizsFeShOs,* and o-NaFeO,.*® The
electrochemical cycling of these ternary oxides is more or less stable, but all
show some capacity fading when used in batteries. Thus, it is worth noting
that the traditional view on redox processes in insertion materials described



on page 7 is a simplification. The compound as a whole, not just the transi-
tion metal ion, must be considered in the redox process upon lithium inser-
tion and extraction. Hybridization of metal and ligand orbitals must be con-
sidered, and it is the energy difference between the lithiated and delithiated
state that determines the thermodynamic voltage of a material. Oxide ligand
contrigbsutions to redox processes in Li-ion batteries were recently summa-
rized.

It can be concluded that iron oxides show little promise for being used as
cathodes in Li-ion batteries. The structural instability and amorphization,
together with the instability of the Fe** ion make the utilization of the Fe*"**
redox couple challenging. The low voltage of the Fe*"* redox couple and
the fact that the iron oxides are commonly synthesized in the delithiated
discharge state make them unpractical as cathode materials in Li-ion batter-
ies based on the rocking-chair concept.

2.2.2 Lithium iron sulfides, nitrides, and fluorides

Since iron oxides are not alternatives for Li-ion battery cathodes, simple
compounds with other electronegative elements could be considered as re-
placements 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 Fe** and Li* cations, and the
lightest possible anions are or S, N*, and F".

Iron sulfides, FeS and FeS,, 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 TiS,, but undergo a conversion reac-
tion upon reduction. Fe and Li,S are formed upon lithiation, possibly with
amorphous Li,FeS, as an intermediate product, and FeS and Sg are formed
upon delithiation.?*® The system suffers from the poor electrochemical cy-
clability often observed for conversion reactions, and parasitic reactions due
to the soluble lithium polysulfides well known in Li-S battery research.®
Starting in the 1970’s, batteries with iron sulfide positive electrodes operat-
ing at high temperatures were investigated.®” The final configuration had a
LiAl anode and molten LiCI-LiBr-KBr eutectic mixtures as the electrolyte
and operated at 400-450°C.% 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.”

There are some reports of iron nitrides for Li-ion battery applications,
e.g. layered Liy(Lio7Feos)N®, cubic CriFe,N,* and hexagonal Fe;N.*
However, these nitrides have a voltage of only about 1-2 V relative to Li*/Li,
and are not interesting as a cathode materials.®®

Iron fluorides, FeF, and FeFs, are currently being investigated as cathode
materials in Li-ion batteries.” In FeFs, one Li-ion per formula unit is insert-
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ed reversibly around 3.3 V relative to Li*/Li, followed by a conversion reac-
tion to LiF and Fe upon further lithiation at lower potentials. Mixed iron
oxide fluorides are also reported in the literature,” i.e. FeO,F,. with
0 < x < 1. Their electrochemical mechanism is similar to that for FeF5, but at
a voltage around 2.8 V relative to Li*/Li for the insertion reaction.’”** How-
ever, neither LiFeF; nor LiFeOF have been synthesized directly in the lithi-
ated state, which is a requirement for using the materials in a full cell with
e.g. a graphite anode. It is likely that novel synthesis methods are required to
form the lithiated fluorides, such as the recently reported operando synthesis
of LiFeF; from nanometer sized LiF and FeF,.>® According to Table 1, lithi-
um iron fluorides and oxyfluorides offer the greatest increase in energy den-
sity for batteries based on the Fe**’** redox couple. The increase corresponds
to ca. 30% by weight compared to LiFePO, if new synthesis routes are
found.

2.2.3 The inductive effect for polyanionic insertion cathodes

As described in section 2.1, LiFePO, 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 described in Section 2.2.3, the
potential of the Fe*""** redox couple is about 1 V higher in LiFePO,. Under-
standing the increased voltage requires complex thermodynamic considera-
tion, and experimental chemists often use simplified rules-of-thumb in the
search for new insertion materials.’* One such tool is the inductive effect.
Some other simplified rules for estimating the voltage of M**?* redox cou-
ples were recently summarized.*

The inductive effect is used to describe the distribution of electrons within
o-bonds in a molecule, and is well-known in organic chemistry. The cation X
in a polyatomic anion XO,", e.g. P** in PO,*, pulls electrons from the Fe-O
bond via the Fe-O-X linkage. Since the electron configuration of high-spin
Fe*" is ty,'e,’, oxidation of Fe*" to Fe** results from a removal of an electron
from the anti-bonding HOMO e, orbitals. The more covalent the Fe-O bond
is, the larger the splitting between the bonding t,q and anti-bonding e, orbit-
als becomes, leading to an increased energy of the e4 orbitals and lower re-
dox potential of Fe*?*. Thus, by increasing the electronegativity of X, the
Fe-O bond can be tuned to be more ionic, resulting in an increased Fe®"?*
redox potential.

The inductive effect was described by Goodenough and co-workers in the
late 1980°s.> It is supported by experimental data from the NASICON type
compounds Fe,(X0,); with X=W, Mo or S,%% Li;Fe,(XO,); with X=P,”" and
LiFe,(SO4)»(PO,).® Within the same structure type, the potential of the
Fe**’2* redox couple scales fairly linearly with the electronegativity of the

10



w
(@)]
1

Fe,(SO,),0

w
N
1

LiFe,(SO,),(PO,),

[Fe,(wo0,),
o

w
o
1

Fe,(MoO,)°

Fe®** voltage [V]
w
"

N
co
L

Li,Fe,(PO,).0

16 18 20 22 24 26
Electronegativity of X in XO

Figure 5. The voltage of the Fe**’* redox couple increases with the electronegativity

of the cation X in polyanionic compounds through the inductive effect.

cation, as shown in Figure 5. Other transition metals than Fe also showed
similar behaviors.®® The inductive effect alone is of course a simplified de-
scription for the potentials of the Fe*?* 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
LiFeSO,F are oxidized around 3.6 V and 3.9 V, respectively, upon delithia-
tion.®®2 Neither does it explain why LiFeP,0O- has a potential of 2.9 \V upon
lithium insertion,*® whereas lithium extraction from Li,FeP,O, with a differ-
ent crystal structure occurs at 3.5 V relative to Li*/Li.®®

2.2.4 Alternatives to LiFePO, based on the Fe**/** redox couple

Following the success of LiFePQO,, several other polyanionic iron based
cathode materials have been discovered, and the subject was recently re-
viewed.* The only known iron based polyanionic compounds that can be
synthesized in the lithiated state and which theoretically could outperform
LiFePO,* in terms of energy density are LiFeBO;*® and triplite
LiFeSO,F,*%? as summarized in Table 1. In terms of practical energy densi-
ty, 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 in material degradation, detrimental for its electrochemical perfor-
mance.”® The triplite LiFeSO,F has a disordered structure with no straight
channels for Li-ion transport,"® and utilization of the entire theoretical ca-
pacity could not be achieved even via chemical oxidation.'® Still, an ad-
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vantage is that it can be synthesized simply through ball-milling with an
optional heat treatment at 300°C,** possibly reducing its production cost.

Another way to improved cathodes based on polyanionic insertion mate-
rials is to aim for materials with fast Li-ion transport, where nanosizing
should be less important.”® Larger particles can be packed more densely,
which is beneficial for the volumetric energy density.’®** That could pro-
vide an opportunity for the tavorite polymorph of LiFeSO,F,% which has an
open crystal framework and fast Li-ion transport according to computational
studies.’® Indeed, it delivers a high practical capacity with low polarization
even for micrometer sized particles when coated with an electronically con-
ductive layer.'*

The condensed lithium iron phosphate, Li,FeP,0-, could also be interest-
ing, as it has an open crystal structure with predicted low barrier for Li-ion
transport in Li,FeP,0,.2%% |t shows relatively good electrochemical per-
formance even with micron sized particles,'® and no substantial improve-
ment upon nanosizing,'”’ although it suffers from a low gravimetric energy
density because of the heavier P,O,* anion.

A condensed silicate, with the Si,0;> would be ideal for balancing two
Li* and two Fe*" ions while reducing the weight penalty of the polyanion.
Additionally, condensed polyanions might reduce the covalency of the Fe-O
bond further,* increasing the redox potential. Na,Mn,Si,O; is known and
has an open structure,'® but is formed at high temperatures and pressures.
Condensed di-orthosilicates appear to be difficult to synthesize in general.
Lithium di-silicate LisSi,O;, which resembles the mineral Akermanite
(Ca,MgSi,0-), is a metastable phase formed by rapid cooling.®® Although
Akermanite is a naturally occurring mineral, it is unlikely that a stable struc-
ture is formed with the small Li-ion:* its structure is stabilized by larger
cations such as Ca*".

2.2.5 The Fe**** redox couple in polyanionic cathodes

The only way to significantly increase the energy density of polyanionic Li-
ion battery cathode materials appears to be to involve more than one oxida-
tion step per transition metal ion.'” Possible candidates could then be
Li,FeSiO,* and Li,FeP,0,.® Extracting Li-ions and two electrons from
Li,FeSiO, 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.®'® Thus, the gravimetric energy density would
be roughly twice as large as for LiFePO,.

As described in Section2.2.1, only limited redox activity at a potential
around 4 V relative to Li*/Li is reported based on the Fe**** redox couple in
iron oxides. Energy storage based on the Fe*"** redox couple appears to be
at least equally difficult to achieve in polyanionic compounds. Considering
that the voltage of the Fe*"?* redox couple is ca. 1 V higher in polyanionic
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compounds compared to oxides, and further oxidation occurs around 4 V
relative to Li*/Li for the oxides, the potential of the Fe*”** redox couple is
likely around 5 V in polyanionic compounds. Indeed, computational studies
predict that the second oxidation step would occur around 4.8 V for
Li,FeSiO,' and around 5 V for Li,FeP,0..'*! Currently, no electrolytes
have such a high anodic stability for long term cycling in a battery.">**®
Additionally, as previously described, the cycling stability for Fe**”* in-
volves anionic contributions to the redox activity, which are interesting but
presently not stable enough.

For Li,FeP,0;, some initial electrochemical results imply a second oxida-
tion step and extraction of the second Li-ion,"* whereas other studies report
no redox activity below 5 V after the complete oxidation of the Fe-ion to
Fe®* ™ Further experimental studies are needed to clarify this matter. On the
other hand, a two-step oxidation of Li,FeSiO,4 has been the subject of a sci-
entific debate recently. Lv et al. carried out in-situ X-ray absorption (XAS)
experiments and observed a shift in the Fe K-edge which could be attributed
to the Fe*" ion.'® Brownrigg et al. observed no Fe*" in their XAS data from
cells that had been allowed to relax prior to measurements, and they attribut-
ed all charge capacity above 4.2 V to electrolyte degradation.’*®> Masese et
al. reported anion oxidation during the second oxidation step for Li,FeSiOy,,
but no Fe** formation.™® Still, another in-operando XAS study indicated the
presence of Fe* above 4.4 V relative to Li*/Li."" Yang et al. reported
somewhat reversible Li-ion insertion and extraction corresponding to ca. 320
mAh/g but observed no Fe** based on a combination of ex-situ >’Fe Méss-
bauer spectroscopy and electron spin resonance.'*® 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 two-step oxidation
process with extraction of two Li-ions per formula unit does not seem im-
possible for Li,FeSiO,. It might be that both Fe*" and ligand holes are
formed simultaneously, but that Fe*" is converted to Fe*" in a self-discharge
process during relaxation. Such mechanisms have been reported for
a-NaFeO, in Na-ion batteries,®® and seems to be much faster for Li,FeSiO,.
In any case, new electrolytes need to be developed for stable battery perfor-
mance above 4.5 V relative to Li*/Li.
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3 Scope of the thesis

In the work presented here, focus lies on improving and understanding the
function of iron based insertion materials for the positive electrode in a Li-
ion battery. Three different polyanionic iron based Li-ion insertion materials
were investigated in three different papers.

Paper | aims at gaining deeper understanding of structural and electronic
properties of Li,FeP,O; upon Li-ion insertion and extraction. A preferential
oxidation of iron sites depending on the coordination number was identified.
Furthermore, the degree of intermixing between Li- and Fe-ions within the
crystal structure was studied. It was found that a metastable state with in-
creased Li-Fe intermixing was formed upon electrochemical cycling.

In Paper II, the tavorite polymorph of LiFeSO4F was investigated. Previous
work showed that the use of a conductive polymer coating substantially im-
proved the electrochemical function of the material.’® In Paper II, the effect
of the amount of conductive polymer was investigated, and a suitable range
of the polymer to LiFeSO,4F weight ratio was identified. Reducing the poros-
ity improved the electronic contact for cast electrodes of polymer coated
LiFeSO4F, and it was concluded that sufficient electron transport to the ac-
tive material grains was essential for the function of the material.

Paper I11 focuses on the triplite polymorph of LiFeSO4F, one of few iron
based Li-ion insertion materials that in theory could outperform the com-
mercially available LiFePO,. It was found that the conductive polymer coat-
ing improved the electrochemical performance, just as it did for the tavorite
polymorph in Paper Il. Paper 111 also addresses the effect of temperature on
the electrochemical performance of triplite LiFeSO,F.

Through the papers, this thesis addresses fundamental aspects of the active

material, together with electrode engineering. Such insights are of interest in
the design of optimized positive electrodes for Li-ion batteries.
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4 Experimental methods

In the following section, the synthesis of iron based Li-ion insertion materi-
als is described, together with a description of the materials characterization
techniques used and the electrochemical evaluation.

4.1 Materials synthesis

4.1.1 LiyFeP,0; from solid state synthesis

Li,FeP,0; was synthesized via a conventional solid state synthesis route,®
starting from Li,COs;, (NH,),HPO,, and FeC,0,4-2H,0 in the molar ratio
1/2/1. By mixing and heating the reactants, gaseous carbon oxides, water,
and ammonia were driven off and crystalline Li,FeP,O; was formed. The
reaction must be carried out under an inert atmosphere; impurity phases con-
taining ferric iron were formed if oxygen was present. Sufficient mixing was
also essential to prevent the formation of Li4P,0; and Fe,P,0; impurities.

4.1.2 Tavorite LiFeSO4F by solvothermal synthesis

Tavorite LiFeSO4F was obtained by replacing the water in FeSO,4-H,O with
LiF in a topotactic reaction."**** The reaction was carried out in tetra-
ethylene glycol (TEG) inside a Teflon lined steel autoclave. Important syn-
thesis parameters include the temperature'® and the water content in the
reaction vessel. If the amount of water increased, the reaction yield was low-
er.

4.1.3 Triplite LiFeSO,4F via high-energy ball milling

Triplite LiFeSO4F was synthesized through high-energy ball milling of an-
hydrous FeSO, and LiF under inert atmosphere.”® 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 high local impact during high-energy
ball milling in a shaker type equipment was crucial in forming the product.
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When the reactants were grinded in a planetary ball mill, no reaction oc-
curred.

4.1.4 Poly(3,4-ethylenedioxythiophene) coatings

A conductive  poly(3,4-ethylenedioxythiophene)-bis(trifluoromethane)-
sulfonimide coating (PEDOT-TFSI), was synthesized using partly delithiat-
ed LiFeSO,4F as the oxidizing agent in the polymerization of EDOT mono-
mers. In the first step, chemical delithiation was carried out under inert at-
mosphere using nitronium tetrafluoroborate (NO,BF,) as the oxidizing
agent. The ratio LiFeSO,F:NO,BF, determined the degree of delithiation x.
In a second step, the polymerization was carried out by evaporating a metha-
nol solution containing EDOT monomers and excess of LiTFSI salt under
inert atmosphere. The reaction is simplified below. A p-doping level of +1/3
per repeating unit was assumed.'?2*%

Li;_,FeSO,F + EDOT +xLi*— LiFeSO,F-PEDOT?33+ [1]

4.2 Materials characterization

The sample purity and the structure of crystalline Li-ion insertion materials
were determined with powder X-ray diffraction (XRD). PEDOT coatings
were qualitatively identified with IR- and Raman spectroscopy, and quantita-
tively by thermogravimetric analysis (TGA). Mdssbauer spectroscopy was
used to quantify the amount of ferrous and ferric ions in different crystallo-
graphic sites in the samples. Additionally, scanning electron microscopy
(SEM) was used to investigate the morphology of the active materials and
the electrodes, and X-ray photoelectron spectroscopy was used to investigate
changes in the PEDOT coatings upon electrochemical cycling.

The materials characterization techniques used in this thesis are briefly
described below, with focus on powder XRD and Mdssbauer spectroscopy.
More detailed information is available in the specialized literature. "%

4.2.1 Powder XRD

When a wave passes through a grating it is dispersed, and these waves inter-
act through interference. 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™ m (1 A). Electromagnetic radiation with similar wave-
lengths falls in the X-ray region, so an interference pattern is created when a
crystalline solid is irradiated with X-ray radiation. From such interference
patterns the crystal structure, i.e. the crystal lattice and the atomic positions,
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can be obtained. The crystal structure is described by the unit cell, the small-
est repeating unit of a periodic crystal containing all symmetry elements.

The basis vectors a, b, and ¢ describe the crystal lattice. The crystallo-
graphic planes are then described by their Miller indices h, k, and 1, indicat-
ing 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 (Eq. 2), which is the criterion for constructive interference at a
given wavelength A and at certain diffraction angles 8 between the incident
X-ray radiation and the crystallographic planes.

2dsinf =nl [2]

Only the first order interference (n = 1) is considered, as higher order reflec-
tions can be described with multiples n of the Miller indices. The intensity |
of the diffracted beam from a Bragg reflection (hkl) is determined by the
structure factor |F|* (Eq. 3).

I o |F|2(hkl) [3]

Thus, the structure amplitude F for a given crystallographic plane can be
calculated from the diffracted intensity, if geometrical effects are accounted
for and the diffracted intensity is normalized to a constant scale factor. F is a
complex function of the atomic scattering length, population, and the atomic
displacement factors of all the atoms in the unit cell. Symmetry elements in
the crystal induce systematic extinctions, i.e. the structure amplitude is zero
for certain crystallographic planes, and the crystal structure can thereby be
determined from a diffraction experiment. However, the phase angle be-
tween its real and complex part cannot be obtained, since F is the square root
of the intensity. This complication is referred to as the phase problem in
crystallography.

For powder XRD, where an almost infinite number of crystallites with
random orientation are measured, the diffracted waves fall on the surfaces of
diffraction cones. Therefore, powder XRD histograms are normally present-
ed with the intensity as a function of the diffraction angle 6. The unit cell
parameters can then be assigned from the position of the Bragg peaks (Eqg.
2), and the atomic positions can be determined by evaluating the structure
amplitude from the measured intensities. However, solving an unknown
crystal structure from powder data is complicated. In addition to the always
present phase problem, more than one Bragg peak can have the same angle 6
in a powder XRD histogram. Compared to a single crystal measurement,
some information is lost when measuring on numerous crystallites simulta-
neously.
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4.2.2 Madossbauer spectroscopy

The Mdssbauer effect is the recoilless emission of y-radiation from a radio-
active source and absorption by a sample of interest. Suitable isotopes for
Mossbauer spectroscopy exist for many elements but only *’Fe Mdssbauer
spectroscopy is discussed in this thesis. The following description is largely
based on local course material.*

The y-radiation source in °’Fe Mdssbauer spectroscopy is typically a
radioactive °'Co source inside a metal matrix, e.g. °’CoRh. Since the *’Co
atoms are locked in the rigid solid source, recoilless emission of radiation
with energy suitable for excitation of *’Fe is produced. If the *’Fe nuclei in
the absorber also are locked in a solid matrix, recoilless absorption can oc-
cur. The electronic and chemical environment around the *'Fe nuclei slightly
changes their nucleus energy levels, and the energy from the source is fine-
tuned with the Doppler Effect by moving it back and forth with a few mm/s.
Thus, information regarding oxidation state, chemical environment, and
magnetic properties can be obtained from a Mdssbauer spectrum. Absorb-
ance is normally given as a function of energy in mm/s, taking a-Fe as refer-
ence.

The nuclear energy levels in the Fe core is affected by several phenome-
na. Firstly, it is affected by electrostatic interactions with the surrounding
electrons. For example, the s-electrons have a rather high probability to
penetrate the core, resulting in a slightly different size of the nucleus. This
gives rise to the isomer shift in Mdssbauer spectroscopy, where an increased
density of electrons within the Fe core shifts the absorption to lower ener-
gies. The absorption energy is also shifted due to atomic vibrations in the
source and the sample. The effect is referred to as the second order Doppler
Effect, which is temperature dependent. The shift in absorption energy for
*"Fe at room temperature is a couple of tenths of mm/s. Thus, the shift in
v- absorption is given as the center shift, being the sum of the isomer shift
and the second order Doppler Effect.

Secondly, since the Fe nucleus is ellipsoidal in the spin quantum state
| = 3/2, the y-absorption splits into two energy levels if the electric field at
the nucleus is asymmetrical. A doublet is then observed in the Mdssbauer
spectrum. The asymmetry can be originated from e.g. a paramagnetic elec-
tronic configuration, and asymmetric configuration of the surrounding lig-
ands. The hyperfine difference between the two absorption energies is re-
ferred to as the quadrupole splitting.

Finally, 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 in the excit-
ed state (m = +3/2, +1/2, -1/2 and -3/2). Transitions with a change in the
magnetic quantum number of < 1 are allowed, giving rise to a Mdssbauer
sextet for magnetic samples.
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4.2.3 Additional characterization techniques

Vibrational spectroscopy

When a sample is irradiated with electromagnetic radiation in the infra-
red (IR) or visible region, it can be excited to a higher vibrational energy
state. If there is a change in the dipole moment during the transition, IR radi-
ation can be absorbed. That process is detected in IR spectroscopy, and the
higher the change in the dipole moment is, the stronger the absorption.

In Raman spectroscopy, the sample is irradiated with visible light. The
light is then scattered by the sample, either elastically (Rayleigh scattering)
or inelastically (Raman scattering). Raman scattering contains the most
chemical information of the sample, since the photon energy is changed by
the interaction with the sample. In the Stokes band the photon energy is de-
creased, and in the anti-Stokes band the photon energy is increased. Raman
scattering occurs when there is a change in polarizability in the electron
cloud of the sample

IR and Raman spectroscopy are to great extent complimentary techniques.
If there is a center of symmetry in a molecule, the asymmetric vibrational
excitations will induce a change in the dipole moment and the compounds
are IR active. The transitions to symmetric vibrational modes will change the
polarizability of the molecule, and compounds with such vibrational modes
are Raman active.

Thermogravimetric analysis (TGA)

In TGA, the weight of a sample is monitored at a controlled temperature,
normally during heating. The heating takes place in a furnace under a con-
trolled atmosphere, e.g. under nitrogen or oxygen flow. Typically, the weight
of the sample is recorded as a function of temperature during a ramp, or as a
function of time at a constant temperature. In that way, information regard-
ing material stability and degradation involving changes in mass is obtained.

X-ray photoelectron spectroscopy (XPS)

Core electrons can be emitted from a sample when it is irradiated with
X-ray radiation. In XPS, the number of photoelectrons is measured as a
function of their kinetic energy. The technique is very surface sensitive; the
probing depth is typically 10-30 A depending on the energy of the incoming
X-rays. Measurements are normally carried out under ultra-high vacuum to
avoid any interactions between emitted photoelectrons and gas molecules.
From the kinetic energy, the binding energy of a surface species can be cal-
culated (Eq. 4).

In [3], /v is the energy of the incoming X-ray radiation, Eg is the kinetic
energy of the emitted photoelectron, Eg is the binding energy for the elec-
tron, and ¢ is a correction term taking into account both instrumental contri-
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butions (e.g. change in photoelectron energy upon interaction with the detec-
tor) and sample contributions (e.g. charging of an insulating sample). Thus,
the binding energy can be obtained if the sample is irradiated with mono-
chromatic light, after correcting for ¢ with an internal standard.

Scanning electron microscopy (SEM)

By using a focused high energy electron beam instead of visible light, the
physical limit of a microscope can significantly enhanced. In SEM, the elec-
tron beam is continuously scanned over the sample under vacuum, while
detecting backscattered electrons or secondary electrons emitted from the
sample. In this work, SEM was used to observe the morphology of Li-ion
insertion materials and electrodes. The samples were coated with a thin Cr-
layer to prevent charging of the samples.

4.3 Electrochemical evaluation

4.3.1 Battery cell assembly

Batteries were assembled with the material of interest as the working elec-
trode and Li-metal in large excess as a combined counter and reference elec-
trode. If not otherwise stated, the electrolyte was 1 M LiPFg 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 glassfiber, used to prevent short circuiting of the cells.

Both pouch cells and Swagelok cells were assembled. In both cases, the
active material was mixed with carbon black to improve their electric con-
tact. The powders were loaded directly into Swagelok cells, or mixed with
poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP) dissolved in
n-methyl-2-pyrrolidone, and cast onto an aluminum foil when used in pouch
cells. The electrodes were dried at 120 °C for 12 h, and the battery assembly
was carried out under an Ar atmosphere in a glovebox.

4.3.2 Electrochemical characterization

The battery function was mainly studied by chronopotentiometry with poten-
tial cut-off limits, commonly referred to as galvanostatic cycling in the bat-
tery literature. By applying a constant current, the voltage profile of the bat-
tery is obtained as a function of the charge stored. The charge stored or de-
livered is obtained by multiplying the current with the time during charge
and discharge, respectively. The ratio of charge stored and delivered gives
the Coulombic efficiency. Integration of the voltage with respect to the
charge gives the energy stored or delivered by the battery, and their ratio is
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the energy efficiency for the battery at a given current. The power delivered
can be obtained by multiplying the average voltage during discharge with the
applied current. Herein, different currents were used to investigate different
galvanostatic cycling conditions. The current applied is reported in C-rate,
i.e. the reciprocal of the time in hours required to charge or discharge the full
theoretical capacity at a given current.

In Paper 11, the cell resistance was measured with Electrochemical Im-
pedance Spectroscopy (EIS). A small alternating voltage perturbation of 10
mV was applied to the cell and the alternating current response was record-
ed. The small voltage perturbation gives a linear current response, so that the
cell’s impedance can be determined. By scanning over different frequencies,
different electrochemical time domains were investigated and ohmic, farada-
ic, and non-faradaic processes were separated out. Because of the complicat-
ed nature of a Li-ion battery electrode, with many different interphases giv-
ing rise to capacitive responses, and Li-ion transport in both the solid and
liquid state, no equivalent circuits were fitted to the data. The data was in-
stead interpreted qualitatively.
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5 Results and discussion

The three iron based cathode materials studied in this thesis, Li,FeP,O; and
the tavorite and triplite polymorphs of LiFeSO,F, each have their own ad-
vantageous, challenges, and scientific questions. As discussed in Chapter
2.2, LiyFeP,0; and tavorite LiFeSO,4F are more suitable for high-power ap-
plications, whereas triplite LiFeSO4F is more interesting for energy opti-
mized applications. Thus, the Results and Discussion section is divided into
two parts, discussing materials for power-optimized and energy-optimized
batteries separately. Although the research is motivated by its applications,
the main focus is still on the fundamental understanding of these systems.

5.1 Materials for high-power applications

With their open crystal frameworks, Li,FeP,0; and tavorite LiFeSO,4F have
been suggested for power optimized Li-ion batteries.?*®**¥*3 Additionally,
fast Li-ion transport should, in theory, make nanosizing less important.'*
Larger particles can be packed more densely which is beneficial for the vol-
umetric energy density.**%

For Li,FeP,0;, the electrochemical mechanism upon extraction and inser-
tion of lithium is under debate."**** The changes in crystal structure after
one electrochemical cycle, together with preferential oxidation of iron sites
with different coordination numbers, were investigated in Paper I. Such in-
formation is important in explaining the Li-ion transport in the material, and
the cell voltage of the battery.

For electrodes based on tavorite LiFeSO,F, it was found essential to pro-
vide sufficient electronic conductivity throughout the electrode. The im-
portance of electron transport to the grains was investigated in two ways in
Paper Il. Firstly, different amount of the electronically conducting polymer
PEDOT was coated onto the LiFeSO4F particles and the materials were
evaluated as powders in Swagelok cells. Secondly, cast composite electrodes
compressed to different porosities were evaluated in pouch cells.

5.1.1 Changes in Li,FeP,0O; upon electrochemical cycling

The lithium ions in Li,FeP,O- are located in wavy, two-dimensional layers
in the bc-plane, when describing Li,FeP,0; using the space group P2,/c in
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LiOs/FeOs

Figure 6. The crystal structure of Li,FeP,O, viewed along the c-axis. Two unit cells
are shown.

the monoclinic crystal system. There is also a significant quantity of iron in
these lithium layers. One of the five coordinated iron sites is intermixed with
a five coordinated lithium site to about 1/3. The crystal structure and Li-Fe
intermixing are illustrated in Figure 6.

In Paper | it was shown that the amount of Li-Fe intermixing (often
entitled “Li-Fe anti-site defects” in the literature) was dramatically increased
during electrochemical cycling. The level of intermixing, determined from
Rietveld refinement of the XRD patterns in Figure 7, increased from about
1/3 to ca. 1/2 during the first cycle. Thereafter, the degree of Li-Fe intermix-
ing remained fairly constant upon further cycling, but could be reversed to
around 1/3 through annealing the sample at 600 °C post cycling. Such in-
formation should be important to describe the Li-ion transport in the materi-
al. Computational studies of Li,FeP,0; suggested that the Li-Fe intermixing
can provide a path for Li-ion transport between the two-dimensional layers
in the structure, making Li-ion transportation in the material three-
dimensional.'® Furthermore, the fact that the initial degree of intermixing,
1/3, could be restored through annealing implies that a metastable state is
formed during battery operation. Such a metastable state, with higher free
energy than the initial lithiated state before cycling, could be a reason for the
lowered electrochemical potential after the first charge.’* A higher free en-
ergy of the lithiated state would make the change in free energy less negative
during discharge, resulting in a lower redox potential. It should be recog-
nized, however, that the structure of the delithiated form LiFeP,05 is still not
known, and changes in that phase upon cycling will of course also affect the
cell voltage.
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Figure 7. The low-angle part of the diffractograms of Li,FeP,0; at cycled to differ-
ent extents. The relative intensities of the (-111) and (200) reflections are influenced
by electrochemical cycling and annealing post-cycling.

Paper | also contains a Mdssbauer study, investigating whether the five- or
six-coordinated iron sites in the structure are oxidized preferentially at dif-
ferent degrees of delithiation. As shown in Figure 6, there are both five and
six coordinated iron sites in the structure. It is rare to find such a case for Li-
insertion materials, making Li,FeP,0O; a suitable model compound for that
kind of investigation. It was possible to assign the doublets in the Mdssbauer
spectra by recognizing that their populations were in the ratio 1:2:3, in
agreement with the Li-Fe intermixing determined by powder XRD. A pref-
erence for oxidation of the six-coordinated iron site was found at the begin-
ning of charge, followed by the five-coordinated sites at later stages. The
finding should be of importance when relating crystal structure to electro-
chemical potential for insertion materials. For example, since the Fe-O bond
is longer (i.e. more ionic) at higher coordination numbers, a discussion based
on the inductive effect would predict that a five-coordinated site would be
oxidized prior to a six-coordinated site. The findings in Paper | show that
such reasoning is too simplified.

The findings of the XRD and Mdssbauer spectroscopy studies in Paper |
are summarized in Figure 8. The preferential oxidation of six-coordinated
iron at low voltages is shown in red, and five-coordinated iron at higher
voltages is shown in blue. Also the increased Li-Fe mixing upon cycling is
indicated.
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Figure 8. Summary of the findings in Paper I. The degree of Li-Fe intermixing is
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5.1.2 Tavorite LiFeSO,F electrodes

The tavorite LiFeSO,F has been shown to function well when coated with a
conductive  polymer, such as p-doped poly(3,4-dioxythiophene)-
bis(trifluoromethane)sulfonimide; PEDOT-TFSL.'* SEM micrographs for
tavorite LiFeSO4F, pristine and PEDOT-coated, are shown in Figure 9. It
was suggested that the electronic conduction pathways to the particles, via
the conductive PEDOT coating, is important for the function of the material
in a Li-ion battery. On the other hand, adding mass in addition to the active
material applies a weight penalty on the composite material. Even though
PEDOT itself is electrochemically active in the voltage window used for
cycling LiFeSO4F, PEDOT has a much lower theoretical capacity. When
TFSI is used as the counter ion for p-doped PEDOT, the theoretical capacity
is only 38 mAh/g. LiFeSO,F, on the other hand, could theoretically deliver
151 mAh/g. Thus, there is a trade-off between favorable electronic conduc-
tion and the weight penalty for the heavy polymer.

Figure 9. SEM micrographs of pristine (a) and PEDOT-coated (b) tavorite
LiFeSO4F .
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In Paper Il, micrometer sized tavorite LiFeSO,4F particles were coated with
6, 12, and 24% PEDOT. It was found that 12% PEDOT gave the highest
practical energy density at low cycling rates, when normalizing against the
weight of both LiFeSO4F and PEDOT-TFSI. At higher cycling rates, i.e.
higher than 1C, the highest level of PEDOT-TFSI gave the best perfor-
mance. In addition to the improved electric contact with higher PEDOT con-
tent, the dilution of LiFeSO,4F results in a lower theoretical capacity of the
LiFeSO4F-PEDOT composite, as discussed in Paper Il. Thus, with a higher
PEDOT-content the applied current at a given C-rate will be lower than for
LiFeSO4F coated with smaller amounts of PEDOT. That could be the expla-
nation for the better performance at higher rates with larger amounts of
PEDOT. The findings are summarized in the Ragone plot in Figure 10.
These investigations were carried out on LiFeSO,F-PEDOT powders mixed
with a large amount of carbon black, 15% by weight, and loaded into
Swagelok cells with no binder added.

Considering a real battery application, cast composite electrodes are more
relevant. However, it has proven difficult to prepare well-performing cast
electrodes of tavorite LiFeSO,4F, both based on previous experience at Upp-
sala University and in the literature.® It was speculated that when the
LiFeSO4F is exposed to moist air during the casting process, it degrades to
FeSO,-H,0 and LiF which would limit the electrochemical performance.®
However, the investigations of PEDOT coatings on LiFeSO4F in Paper Il
and previous work'® indicated that electronic conduction is a key factor for

Tavorite LiFeSO,F with:
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Figure 10. Ragone plot for LiFeSO,4F coated with different amounts of
PEDOT-TFSI.
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the material. For cast electrodes, electronic conduction can be improved by
calendering and densifying the electrodes, which was also investigated in
Paper II.

Aiming for high theoretical energy density, cast electrodes comprised of
80% tavorite LiFeSO,F by weight were prepared. The electrode formulation
by weight was set to LiFeSO4F/PEDQOT/carbon black/binder as 80/7/5/8. The
casting process resulted in thin, ca. 30 um thick, electrodes with porosities
around 55%. The cycling curves for the first cycle of these electrodes are
shown in Figure 11, together with post cycling SEM images of the elec-
trodes. The highly porous electrodes showed large polarization, and unim-
pressive capacity retention. However, the electrochemical performance was
significantly enhanced by densifying the electrodes. The densest electrodes
showed similar cycling as for material loaded as a powder in a Swagelok
cells. The dense electrodes did not provide exceptional rate-performance, as
Li-ion transport in the electrolyte was likely the limitation for such compact
electrodes.”” Thus, another trade-off, between electronic and ionic conduc-
tion is apparent in this case.

The result presented in Paper Il point out the crucial role of electronic
transport to the tavorite LiFeSO,4F grains. The function of the material is
improved by both increasing the amount of PEDOT, and by making very
dense electrodes.

5.2 Materials for improved energy density

5.2.1 Liz_zyFel+yP207

In an attempt to increase the capacity of Li,FeP,0,, a test series with par-
tial substitution of Li* with Fe?* was carried out. Since the Fe*”** redox cou-
ple has proved difficult to utilize in polyanionic compounds, as described in
the Sections 2.2.1 and 2.2.5, the idea was to increase the amount of Fe?" at

a) b)
Porosity: 20% 35% 40% —— 55%‘ g
-_Ref: —— Swagelok

20% porosity 35% Pp[osity
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Figure 11. Electrochemical cycling performance at C/20 (a), and the correspondlng
SEM micrographs (b).
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the expense of Li* in Li,FeP,0;. Since Fe*" and Li" are to a large extent in-
termixed in the five coordinated metal sites in the crystal structure, % and
since the intermixing increased during lithium extraction and insertion as
shown in Paper |, the intended substitution was to replace two Li-ions with
one ferrous ion and a vacancy to form Li,., Fe;.,P,0O-. Ideally, such a substi-
tution would increase the theoretical capacity t0139 mAh/g for LiysFessP.0;
as compared to 110 mAh/g for Li,FeP,O; when operating based on the
Fe**?* redox couple.

After the attempted synthesis, powder XRD showed that a mixture of
Li,FeP,O; and Fe,P,0; had formed instead of the targeted Li,.ojFe;.,P,07.
The amount of Fe,P,0; increased with the attempted degree of substitution
y, as indicated by the increased intensity of the strongest reflection of the
impurity phase, marked with stars in Figure 12. It was concluded that
Liz-pFes.,P,0; is not the thermodynamically most stable species, possibly
due to large electrostatic repulsion between the divalent ions in situated too
close proximity to each other, as can be anticipated from the structure model
in Figure 6.

5.2.2 Triplite LiFeSO4F

In Paper 111, the effect of coating the triplite LiFeSO4F with electronically
conducting PEDOT was investigated, together with the effect of temperature
on the electrochemical cycling. The PEDOT coating had a beneficial effect
on the electrochemical performance of triplite LiFeSO,F polymorph in a
similar way as it had for the tavorite polymorph in Paper Il and in the litera-
ture'®. The practical capacities increased and polarization decreased. How-
ever, the improvement was not as significant as for the tavorite polymorph.

Li,FeP,0, —"Li, ;Fe, ,.P,0."
I‘LI1 BFe‘\ 1P2OT" "LI‘\ .TFe1.15P207"
Fe,P,0,

*x *

Intensity [arb.unit]

Figure 12. Powder XRD results for attempts to synthesize Li,., Fe1.,P.O;. The
strongest reflections of the impurity phase Fe,P,O- are indicated by stars.

28



444 — Triplite-LiFeSO,F
PEDOT coated

=}
S

w0 w
oy
Lol
3

Voltage vs. Li*/Li [V]
w
iy
—ls

Discharge capacity (mAh/g)

3.24

] 40
3.0+

4 20f
2.8+ .

] 05 10 15 20 25 30 35 40 45 50
26 - Cycle (No.)

T T ¥ T v T v T M I
0 20 40 60 80 100

Capacity [mAh/g]

Figure 13. Electrochemical cycling at C/20 for triplite LiFeSO4F with and without
PEDOT coating.

The electrochemical cycling of pristine and PEDOT coated triplite LiFe-
SO4F is presented in Figure 13, and can be compared with the cycling curves
in Paper II.

In an attempt to improve the electrochemical performance of PEDOT
coated triplite LiFeSO,4F, cycling at elevated temperatures was carried out.
Li-ion conductivity generally increases exponentially with temperature, fol-
lowing an Arrhenius behavior. With an activation energy of 0.5 eV, typical
for Li-ion insertion materials such as LiFePO,,***" an increase in tempera-
ture from room temperature to 60 °C increases the Li-ion conductivity by
approximately one order of magnitude. It should be mentioned that electron-
ic conductivity of insulators and semiconductors also follow an Arrhenius
behavior,*® and also increase exponentially with increasing temperature.

When cycling the material at 60 °C, the polarization was further reduced
and the capacity increased, as shown in Figure 14. Whether the improved
cycling at elevated temperature is due to improved ionic or electronic
transport is difficult to evaluate. Not much is reported in the literature re-
garding transport properties in triplite LiFeSO4F. The only report is a com-
putational study comparing the tavorite and triplite polymorphs of LiFe-
SO,F™. The activation barrier for Li-ion conductivity was not predicted to
be much lower for the triplite polymorph as compared with the tavorite pol-
ymorph. However, the authors predicted that the Li-ion conductivity could
be lower in triplite LiFeSO,F, as it appeared to occur in one or two crystal-
lographic directions in contrast to the three dimensional Li-ion transport in
tavorite LiFeSO,F.
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perature.

The cycling stability at 60 °C was poor, and after ten to fifteen cycles at
C/20 the upper cut-off voltage was never reached during the lithiation, indi-
cating corrosion of the aluminum current collector. Aluminum corrosion was
also supported by the severe damage of the current collector observed when
disassembling the cells. Electrolytes based on LiBOB salt was used in this
study, since they have been shown stable up to 80 °C for electrochemical
cycling of LiFePO,."*® However, the 0.5 V increase in operating potential of
triplite LiFeSO,4F compared to LiFePO,4 seems to induce stability issues. An
extended study of suitable electrolytes for electrochemical cycling triplite at
elevated temperatures is needed.

Finding an electrolyte stable at both high temperatures and high voltages
is a challenge."'#****! Standard electrolytes with LiPFg salt are not stable at
60°C, so electrolytes with LiTFSI salt are often used at 60°C. However, they
corrode the aluminum current collector at higher voltages. The LiBF, salt
might improve the passivation of the aluminum current collector.*® Alterna-
tively, if the solvent is the problem, sulfone based solvents such as tetra-
methylenesulfone (TMS) have been suggested in the literature.'* Polymer
electrolytes and room temperature ionic liquids are also under development
and might be interesting for high temperature cycling."***
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6 Conclusion and outlook

The work presented here addresses both fundamental properties of iron
based Li-ion insertion materials, and electrode formulation and engineering.
In Paper 1, iron atoms with higher coordination number were found to oxi-
dize at later stages of charge of Li,FeP,0;. Additionally, an increased inter-
mixing of Li and Fe upon electrochemical cycling was observed. Such find-
ings are important for the understanding of the materials function in a Li-ion
battery.

In Paper Il and Il it was found that a conductive PEDOT coating im-
proved the electrochemical performance of both tavorite and triplite
LiFeSO4F. For micrometer sized particles, ca. 10% (w/w) PEDOT was re-
quired for a sufficient coating. For cast electrodes with tavorite LiFeSO,F
the electrical conduction was also improved by densifying the porous elec-
trode. For triplite LiFeSO,4F reducing the particle size and finding an electro-
Iyte that functions well at 3.9 V or higher during long-term cycling at 60°
should be investigated in order to improve the electrochemical performance
of the material.

From the literature study in Chapter 2, it can be argued that it is not realis-
tic to increase the energy density of iron based Li-ion insertion materials by
more than 5-10% based on the Fe®*"?* redox couple. Reports on anionic con-
tribution to charge storage in insertion materials are interesting and should
be investigated further. However, future improvements are likely to come
from electrode, cell, and battery pack engineering. One way would be to
reduce the amount of inactive material in the battery cell by controlling the
porosity of cast electrodes and making the cast thicker. Such studies were
partly carried out for tavorite LiFeSO4F in Paper 1l and should be continued.
Increasing the temperature window for Li-ion batteries could be another way
to improve the battery system for electric vehicles. Reducing the need of
cooling the batteries would reduce the weight of the battery system on a
vehicle level.

Apart from these practical issues concerning improved Li-ion batteries,
there are still many unanswered fundamental questions regarding both
Li,FeP,0; and LiFeSO,F. Crystallographically, their structures are not fully
investigated during Li-ion extraction and insertion. Electrochemical studies
of e.g. rate limiting steps of the compounds and battery cells are necessary to
improve Li-ion batteries for high-power applications further.
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