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ABBREVIATIONS

Abbreviation
ALD
BMS
BOL
CE
CE
C-rate
Ccv
DOD
DRC
ECM
EDL
EIS
EOL
EV
HCP
IR-loss
LCO
LCP
LFP
LFP/C
LIB
LMP
LxFP
NCA
NMC
PEG
PVDF
RE
SCE
SEI
SOC
WE
XPS

Meaning

atomic layer deposition

battery management system
beginning of life

coulombic efficiency

counter electrode

charging rate

cyclic voltammetry

depth of discharge

Democratic Republic of Congo
equivalent circuit model
electric double layer
electrochemical impedance spectroscopy
end of life

electric vehicle

hexagonal close-packed
internal resistance induced loss of potential
LiCoO2

LiCoPOa4

LiFePOa4

carbon coated LiFePOs4
lithium-ion battery

LiMnPO4

LixFePOa4, x = doped element
LiNixCoy Alz02

LiNixMny CozO2

polyethylene glycol
polyvinylidene fluoride
reference electrode

saturated calomel electrode
solid electrolyte interface
state of charge

working electrode

X-ray photoelectron spectroscopy

X-ray diffraction
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1 INTRODUCTION

Lithium-ion batteries (LIBs) are used to power portable electronic devices and
electric vehicles (EVs). Cobalt has been an essential element on popular cathode
active materials of LIBs since the commercialization of LiCoO2 (LCO) by Sony in
1991.".2 However, most cobalt reserves and processing facilities are in Democratic
Republic of Congo (DRC) and China. This creates geopolitical risks and restricts
supply expansion. On top of that, child labour is used to mine cobalt in DRC.
Consequently, cobalt free and low-cobalt materials should be and are developed
and used for commercial applications. One of the common cobalt free materials
used today is lithium iron phosphate,’ also known as LiFePQO4 (LFP). LFP was
identified as a cathode material for LIBs by Padhi, Nanjundaswamy, and
Goodenough in 1997 .3 Main advantages of LFP are its flat voltage profile, low cost,
abundant material supply,* environmental friendliness (nontoxic and cobalt free),
and thermal stability.® The downsides include relatively low theoretical capacity, low

energy density, low electronic conductivity, and low ionic diffusivity.*

This study focuses on synthesis of modified LFP and its electrochemical properties.
Common and novel synthesis methods are reviewed shortly. Especially,
performance increasing modifications are reviewed. These include coating, control
of particle size and particle morphology, and doping in which ions are used to
replace atoms in LFP.® Effects of the modifications are discussed through the paper
with most time spent on doping and comparison of the effects induced by doping
with different elements. In the end the dopants are ranked according to their effects
on performance, price, and sustainability of a battery.

To understand the modifications and their effect on electrochemical performance
the structure of the material must be studied and understood. Because of this a
chapter to crystallography and structure of LFP is included. Similarly, some basic
information about common electrochemical characterization techniques is included
to help the reader understand the plots and values produced by them. These include
cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), electrode
setups, and terminology.



2 LITHIUM-ION CELLS AND BATTERIES
2.1 General

In this Chapter, the different parts of batteries and cells and chemical and physical

phenomena inside LIBs are reviewed.

A cell is the basic electrochemical unit. In a cell, chemical energy is converted
into electrical energy making cell provide electricity. The cell consists of
electrodes, electrolyte, separators, container, and current collectors
(terminals). A battery on the other hand consists of one or more electrochemical
cells in series/parallel, monitors, controls, and other ancillary components.
Electrochemical cells/batteries can be identified either as primary (nonchargeable)

or secondary (rechargeable).”

Anode also known as negative electrode is the electrode, which gives up electrons
to the external circuit and is oxidized during cell discharge. Cathode also known as
positive electrode is the electrode, which accepts electrons from the external
circuit and is reduced during cell discharge. The electrolyte, also known as ionic
conductor, provides medium for transfer of charge as ions inside the cell from
cathode to anode. The electrolyte is usually liquid with dissolved salts, alkalis, or
acids to provide ionic conductivity. The anode and cathode are separated from each
other mechanically with separator. The separator is permeable by the electrolyte to
maintain the ionic conductivity but prevents short-circuits as itdoesn’t pass electrons
through, thus making the electrodes electronically separated.” Common materials

for LIBs are listed on Table 1 below.

Table 1. The most common materials used in LIB cells.

LIB cell component Common materials Ref
Cathode LiCoOg2, LiFePOs4, LiNixCoyMnzOz2, LiMn204 8
Anode graphite 8
Electrolyte solvent ethylene carbonate, dimethyl carbonate 8
Electrolyte salt LiPFs, LiBF4 8.9
Cathode current collector aluminum foil °
Anode current collector copper foil 9
Separator polyethylene, polypropylene 10




2.2 Lithium-ion cells
Lithium-ion cells and batteries come in different shapes and sizes. Common shapes

include cylindrical, prismatic, pouch, and coin.”-'! In Figure 1 a cylindrical cell is
shown.

Separator
Anode
Anode current collector

Cathode

z Cathode current collector
Can

Figure 1. llustration of cylindrical LIB by Jeon et al. reprinted with permission from
ELSEVIER BV."?

Coin cells as shown in Figure 2 are commonly used in academic research as

machine-made cells are produced in large patches which doesn’'t make sense for
research.!

(a) (b)

Stainless Steel Cap Stainless Steel Cap

and Gasket and Gasket

Stainless Steel Spring @ Stainless Steel Spring
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Graphite Negative Electrode - Graphite Negative Electrode

Celgard Separator BMF Separator

Celgard Separator "
Positive Electrode

Positive Electrode -
Aluminum Coated Can
Aluminum Coated Can

Figure 2. Parts of full cell coin cell with A) Two Celgard separators and B) with

BMF separator as illustrated by Murray et al.!!



When cathodes are prepared in laboratory or for commercial applications other
materials than the active materials are added. Common additives include binder

such as polyvinylidene fluoride (PVDF) and different conductive carbon
materials.'® The electrode preparation process is important for the performance of
the cell. Modern electrode preparation methods such as 3D printing (Figure 3) are

studied in research.3
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Figure 3. (a) Traditional electrode preparation process and (b) 3D printing
electrode preparation as illustrated by Hu et al. reprinted with permission from

John Wiley and Sons - Books."3

Although this study focuses on cathode, all the other parts of the battery or cell affect
the overall performance. Many phenomena that doping may or may not affect, such
as solid electrolyte interface (SEI) formation and possible electrolyte decomposition

under higher operating voltages'# are not discussed in this paper but should be kept

in mind.



3 OPERATION OF LITHIUM-ION CELL AND QUALITIES OF GOOD CATHODE
3.1 Cell potential, interfaces, electrical double layer, and reaction rate

Electric potential difference called cell potential exists between anode and cathode.
It can be measured with high impedance voltmeter. Cell potential is the energy
available to drive charge externally from one electrode to another. Inside the cell the
potential transitions between phases occur almost entirely on the interfaces. The

interphases have effect on the charge carriers in the cell and the magnitude of
potential difference at the interface controls the direction and rate of charge

transfer.!®

Electrochemical reaction is heterogenic meaning it occurs on an interface between
two phases, the electrode surface, and the electrolyte solution. In the bulk solution
electroneutrality rule applies unlike close to the electrode surface where adsorption
of ions or dipole molecules generates charge. This excess charge forms an electric
field. The region where these charges are is called the electric double layer (EDL).
The double layer is also on the outer electrode surface as it also has electron
deficiency or electron excess compared to the inner electrode. The EDL can be
divided to inner Helmholtz layer (x1) and outer Helmholtz layer (x2). x marks the
distance from the electrode surface to the layer. The inner Helmholtz layer consist
of desolvated molecules or ions specifically adsorbed to the electrode surface.
Specifically bound species have both electrostatic and chemical interaction with the
surface. The solvated molecules forming the outer Helmholtz layer can’t go as near
the electrode surface because of the water molecules surrounding them. Diffuse
layer forms after the outer Helmholtz layer. There subspecies move according to

thermal motion and weakening electrostatic interaction.®

Total capacitance (Ctai) of the layers can be calculated from experimental data.
The solution is thought as dielectric medium which has a relative permittivity and
this way the layers can be thought as similar to capacitors. The Helmholtz layers
are thought as one layer called the inner layer that has capacitance (C2). The
diffusion layer has capacitance (Cd). The inner layer capacitance is thought to be
connected in series with diffusion layer capacitance and together they form
capacitance (Cd). The specifically bound ions also contribute to capacitance (C9)

and are thought to be connected parallel with (Cai)."®



Equations (1) and (2) can be derived for Cdi and Ctdl.

4@ 11 % 1
Ca (6(])0) o + Cy (s,,so) + ((Zsrbsozze) cosh(zF¢, /2RT) (1)
_ (%42 _ (24" _ q’
Coar =~ (504) = (55) = Car + € )

The total capacitance depends on the relative permittivity of the Helmholtz layer (¢r),
bulk solutions relative permittivity (erv), bulk solutions concentration of ions (cb), the
distance from the electrode, the charge ofthe ions (z), and the potential on electrode
surface (¢o) which affects the potential on outer Helmholtz layer (¢2). (q’) is the inner
layer charge and (qa) is the diffuse layer charge. (F) is the Faraday constant (96485
C/mol), o™ is the charge of the electrode, and (€o) is the permittivity of vacuum

(8.854-10-12 F/m).'® EDL can be described with capacitors as shown in Figure 4.

Figure 4. EDL equivalent circuit where C:2 is the inner layer capacitance, Cd is the

diffusion layer capacitance, and Cq is the capacitance formed by specifically

bound ions. This circuit could also be described as single capacitor Ctdl.
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Figure 5 shows processes affecting general electrode reaction where (O) is reduced
to (R) with (n) moles of electrons (e). Reaction speed is affected by the cell potential
as the electron transfer (reaction 4 in Figure 4) at electrode surface and adsorption
(reaction 3 in Figure 4) depend on potential. Higher cell potential should result in
higher reaction speed. Chemical reactions’ reaction speed depends on
concentration of reactants, temperature, surface area and other factors. Mass
transfer (reaction 1 in Figure 4) can be divided into migration, convection, and

diffusion. Diffusion is the movement of a species that is affected by a gradient of
chemical potential (concentration gradient)."

Electrode surface region Bulk solution

Electrode 3. Other (adsorption, 1 MaSS t anSf

desorption etc.) S 3
o) % Osurf Q.— ObuII<
) Chemical reactions

TJA Electron transfer

Figure 5. Different processes affecting the overall reaction speed of electrode

reaction. Drawn by Jere Leinonen as shown in Electrochemical methods by Barry
and Faulkner.'s

The reaction rate of an electrode reaction can be described with Equation 3:

Rate = L= L, (3)
nFA nr

where (i) is the current, (n) is the stoichiometric number of electrons consumed in
electrode reaction, (F) is the faraday constant, (A) is the area of the electrode, and

(j) is current density.’®> We can see that the reaction rate depends on current which
can be described with Equation 4, also known as Ohm'’s law:

11



1=2, )

where (I) is current, (@) is potential, and (R) is resistance.’ The resistance of
electrode reaction can be described with a series of resistances each associated
with the component reactions discussed before.

The equilibrium potential (Eeq) of the cell is the potential when net current is zero.
When electrode or cell potential (E) is different from equilibrium value, the electrode
or cell is said to be polarized. Overpotential (n) is the measure of polarization and

can be described with Equation 5,1°
n=E—E,,. (5)

Overpotential drives the values of current density. The overpotential of electrode
reaction can be described as a sum of component overpotentials associated with
each reaction step (Figure 6). The reaction rate and the resistances correlate. The
reaction rate will increase if resistance or impedance is lowered, and the reaction
rate will go down if resistance orimpedance is increased.'® Polarization is something
to avoid when designing electrodes. Ideal nonpolarizable electrode would have

reaction rate of infinity and no potential losses.6

Figure 6. Resistances of mass-transfer (Rmt), charge-transfer (Rct), preceding
reaction resistance (Rrx), and the associated overpotentials.'®

12



3.2 Lithium iron phosphate and characteristics of a good cathode

The goalin lithium-ion battery cathode research isto find material that is safe, easy
to synthesize, and low cost that also has long cycle life, high energy density,
high capacity, and high power density. Long cycle life means that the cathode
material is stable when lithium ions are intercalated and deintercalated repeatedly.
High energy density means that the cathode material has high capacity and high
potential with reference to Li/Li* (lithium metal) reference electrode.’® This comes
from the fact that electric potential is the energy per unit charge. This can be
described with Equation 6.

- U
(P - qof (6)

where @ is potential [V], U is potential energy [J], and qo is (test) charge [C].”

High capacity means that the cathode can host high amount of lithium ions in a way
that they can also be electrochemically removed from the structure reversibly. High
power density means that the cathode material has a lot of power per volume.'8
Now, power is the rate at which work is done. This means that high power density
material is a material that can output high amount of work in short period of time.
The work is done by the electric field that exerts a force to a charged particle in the
electric field. This work can always be expressed in terms of electric potential
energy.'” However, average voltage can also be expressed via average (output)
voltage and average (output) current if either voltage or current is constant as shown
by Equation 7.

P, AW -AU 1
P, = = 2% — 700 _ Jo®o (7)
(average) v vt vt v

where Ppaverage) is the average power density [Wh/L] (commonly used unit with
batteries),V is the volume of the electrode [m3], AW [J] is the work done by the
electric field in time t [h], AU is the change in potential energy [J], lo is the average
output current [A], and @o is the average output potential [V].'® To achieve high
power density the cathode material must have high electronic conductivity and
high lithium diffusion coefficient which contribute to high rate capacity

(current).'®

13



4 ELECTROCHEMICAL ANALYSIS OF LITHIUM IRON PHOSPHATE

4.1 Basic terminology

To understand the electrochemical analysis methods we need to first know some
fundamental concepts about electrochemistry and electromagnetism. We also need

to know some terminology to know what is being talked about in the research
papers. This chapter is dedicated to these basics.

State of Charge (SOC) is the battery capacity as a percentage of maximum
capacity at a certain point. C-rate is the rate at which battery can charge or
discharge from all of its energy or power. 1C-rate would mean that battery is
recharged or discharged in 1h. If C-rate goes up the charge and discharge rate go
up, for example 2C would mean that a battery is charged or discharged in 60 min /
2C =30 min. A 0.5C charge rate would mean a charging time of 60 min /0.5 C =
120 min. A cycle is process of discharging and charging a battery once. A cycle can
be full or partial depending on application. Beginning of Life (BOL) values refer to
the battery values when the battery is built and end of life values (EOL) refer to
values when the maximum power and energy values have dropped to unsatisfactory
levels for the consumer.?° Irreversible capacity is the capacity lost during cycling
of electrochemical cell and the main cause of this capacity loss is the SEI layer

formation in LIBs which consumes Li*.2! Irreversible capacity losses are known as

capacity fade and reversible capacity loss is known as self-discharge.?? Depth of
discharge (DOD) is the percentage of the capacity that has been discharged from
the maximum capacity. DOD can be thought as the percentage of the total energy
that is cycled from the battery. Lowering DOD usually achieves greater cycle life and
improves safety. Specific energy (gravimetric energy density), defines battery
capacity in weight (Wh/kg). Volumetric energy density defines battery capacity in
volume (Wh/dm?3). Battery management system (BMS) is the control system
managing battery packs charging, discharging, temperature, balancing of the cells,

and communications for example in an EV.20

14



4.2 Nernst equation and Coulombic efficiency
Nernst equation (Equation 8) is maybe the most important equation in

electrochemistry and can be written as

— EO RT

E cell ~ f InK. (8)

cell

where F is the faraday constant (96485 C/mol),3° R is the gas constant (8.314
JIK:'mol),3% n is the number of moles of electrons moved in the reaction,® T is
temperature [K], Ecel is the cell potential [V] determined by the free energy of the
cell reaction: Ecet = -AG/nF,3° K is the equilibrium constant determined by the
activites (ax) or the partial pressures (px) of the compounds involved in the cell

reaction (Equation 9). This can be written as

a orp
K — products products (9)

Astarting materials O Pstarting materials

In ideal solutions concentrations can be used, and E°

e 1S the standard cell potential

[V],22 determined by the standard free energy of the reaction: AG®."S E2,;, can be
calculated by summing the standard electrode potentials of the cell. Nernst equation
is needed to understand any electrochemical system or analysis method. Nernst

equation shows the connection between the activity, or concentration, of the ions
and the cell potential.?*

Another important concept is Coulombic efficiency (CE) defined as the discharge

capacity over charge capacity of a specific electrode:

Discharge capacit
CE = ge capacty — (10)
Charge capacity

Total number of Li* back to cathode _ (1 1 )

Total number of Litdeparting from cathode

Total number ff e~ ba'ck to cathode (12)

Total number of e departing from cathode
In an ideal cell, where no sidereactions happen, the flow of Li* or electrons is
completely reversible and CE = 100%. This of course doesn’t happen in a real cell.
If the side reaction is chemical then the electron loss and acceptance still happen
on the electrode but are irreversible (e.g. electrolyte decomposition). If the side
reaction are electrochemical then the electrons of the reactions may end up in the

current collectors depending of reaction pathaways. CE goes down in the first initial

15



cycles as electrons go to irreversible SEI layer formation after which CE stabilizes.
The remaining capacity in a cell can be calculated as

Capacity retention = (CE)™. (13)

where n is the cycle number. This equation works reasonably well for LIBs, but not

for other technologies.?®

4.3 Two-, three- and four-electrode systems

Three-electrode system (Figure 7) consists of working electrode (WE), reference
electrode (RE), counter electrode (CE), and potentiostat. Three-electrode
system is used to measure the potential on just one half of the cell independently of
the other. The reaction of interest happens on the WE and the other half-reaction
happens on CE which allows current flow. RE acts as a stable reference point for
voltage measurement between WE and RE. WE is made of known material with
known geometry. Typical CE materials include platinum and graphite. Sometimes
CE is called auxiliary electrode. Potentiostat can change or keep the voltage
between WE and RE constant by adjusting the current flowing through CE to WE.
It's also used to measure the voltage between WE and RE.1516.24

CELL

Figure 7. Simplified circuit diagram for three-electrode setup drawn by Jere

Leinonen.
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The potential in RE should not ideally change even if small current were to flow
through electrode-electrolyte interphase. This kind of electrode is called non-
polarizable electrode. There is no real electrodes that are truly non-polarizable but
the most common silver chloride electrode (Ag/AgCl) and the saturated calomel
electrode (SCE) come very close.?* Ideally no current flows through RE,'® but in
real system negligible current flows through RE. The very small current is achieved
by having voltage meter (potentiostat) with large impedance.' RE is kept close to
WE to avoid internal resistance induced loss of potential (IR-loss). The IR-loss
occurs because the electrolyte solution has its own resistance. By keeping RE and
WE close IR-loss is smaller and the voltage measured between RE and WE
depends solely on the potential difference of the electrodes.’®2* Three-electrode
system is used in cyclic voltammetry and electrical impedance spectroscopy.26:27

In the simpler two-electrode system the RE works also as CE. This leads to current
flowing through the RE which then affects the concentrations of ions and in the end
the electrode potential. This is a problem especially in large scale electrolysis or
quick voltammetry in organic solvents. The voltage measured in two-electrode setup
is the complete voltage dropped across the whole cell. This includes the IR-

losses of the electrolyte which have to be taken into account.®

17



4.4 Cyclic voltammetry
In cyclic voltammetry (CV) excitation signal is applied between working electrode

and reference electrode. This excitation signal is linear potential scan with a
triangular waveform (Figure 8).2327 Other types of waveforms can also be used.

1. cycle 2. cycle

o
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0o

Einitial

Figure 8. The triangular waveform commonly used in CV. Drawn by Jere Leinonen

as depicted by Kissinger and Heineman.?’

This signal is produced by cycling the potential of the WE which is immersed in the
unstirred solution of a three-electrode system. The potential is oscillated between
two values sometimes called switching potentials one or more times.*2 The slope
of the waveform is the scanrate at which the potential is changed. Switcing
potentials are chosen so that diffusion-controlled oxidation or reduction of one or
more analytes occurs.2® The scan in which the value of potential goes down is called
the forward scan and the scan where the value of potential goes up is called
reverse scan. A cyclic voltammogram (Figure 13) is produced by measuring the

response signal which is the current at the WE during the scan. In the

18



voltammogram x-axis is the potential, which can be also thought as a time axis as

the potential changes with time. Y-axis is the current.2”

In a typical cyclic voltammogram (Figure 9) the initial potential is chosen so that

the compound of interest doesn’'t go through electrolysis. During the forward scan

the potential goes down and at some point the potential is low enough to start

reducing the compound of interest. This reduction means that electrons start flowing

and a current called cathodic current is measured, which can be seen as a peak

in the voltammogram.

CURRENT, pA

Figure 9. Voltammogram by Kissinger and Heineman reprinted with permission
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This peak forms because at some point the current has its maximum value as the
amount of the non-reduced compound goes down on the electrode surface and in
the solution around itand thus the current will go down also. Then the scan direction
is switced. During the start of this reverse scan the potential is still negative enough
to produce cathodic current and reduce the compound. When the electrodes
potential is positive enough it starts to oxidize the just reduced compound of interest.
This causes anodic currect which rapidly increases until there is no more of the
compound to be oxidized after which the negative current starts to decay. To satisfy
the Nernst equation (12) the redox-reaction has to happen. The big change in
currect in the diagram is expained by the logarithmic relation between Ecetand K =
In(@products )/(astartingmaterials ). At one point between the peaks the concentrations or the
activities of the compound of interest equal each other and then

|n(aproducts)/(astartingmaterials) =127

The important parameters of CV are the sizes of anodic peak current (ipa),
cathodic peak current (ipc), anodic peak potential (Epa), and cathodic peak
potential (Epc). The ip values can be extrapolated from the curve asin Figure 9. In
a electrochemically reversible couple both species (oxidizing and reducting
species) rapidly exchange electrons with the working electrode. In this kind of a
couple, the formal reduction potential (E°’) is centered between Epa and Epc:

B> = atlpc (14)

2

The number of electron transferred in the reaction (n) can also be determined from

the distance between peak potentials:

AE, = Epq —E,. =

pc n

(15)

If the electron transfer is slow its considered a sign of “irreversibility” and this causes
the peak separation to increase. Electrochemical irreversibility is caused by slow
electron change ofthe redox spesies with the working electrode. When this happens
equations (13) and (14) cannot be used. Coupled chemical reactions have effect
on the shape of the diagram. It means that the diagram may have multiple peaks
associated with the reactions happening to the initally reducted compound. This is
common with LFP that is doped. CV requires waveform generator for producing

the excitation signal, a potentiostat to apply the signal to the cell, a current-to-
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voltage converter to measure the current, and an oscilloscope to display the

voltammogram.?” In the studies electrochemical workstations were used for CV.

4.5 Equivalent circuits and electrochemical impedance spectroscopy
Equivalent circuits can be used to simplify circuits,!” show parasitic non-idealistic
effects happening in real circuit elements,'® and to describe physical phenomena in
cells. The equivalent circuit models (ECMs) are used by BMS software to estimate
battery pack information and detect failures in the battery pack by comparing the
model values to the measured values. Researchers use ECMs for electrochemical
measurements such as electrochemical impedance spectroscopy. ECMs are built
on based on the understanding of physical phenomena happening in the cell.?8 One
of the most common equivalent circuits used for electrochemical cells is the
Randles equivalent circuit (Figure 10).1°

Ic

d
=1

C. Zw

Figure 10. A) Randles equivalent circuit B) General impedance Zt can be be
described with Rct and Csor with C) Ret and Zw.

The current (ic) is needed for double-layer (Cd) charging and current (if)is attributed
to faradaic processes. Zr is general impedance which can be described in two ways

with series resistance (Rs) and pseudocapacity (Cs) or with charge-transfer
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resistance (Rct) and Warburg impedance (Zw) which is associated with mass
transfer. (Ra) is presenting solution resistance. The elements contributing to Zr are
not ideal and change according to angular frequency (w) defined by frequency (f)
as depicted by Equation 16.1°

w = 2nf (16)

Sinusoidal current (i) is defined in Equation 17 with w, time (t), phase angle (¢), and

the amplitude of current (l):
i =Isin(wt+ ¢). (17)

¢ is used to describe the difference in phases of, for example, current phasor and
potential phasor in phase diagrams. Commonly small sinusoidal current or
potential signal is applied to the electrochemical system studied in EIS. Then the
signal received from the system is used to calculate impedance (Z). Impedance
can be thought as the equivalent to resistance in AC circuits. Relationship of
impedance, voltage, and current can be described with generalized Ohm'’s law

(Equation 18) written as'>17
@ = ZI. (18)

Impedance can be divided into real (Zre) and imaginary (Zm) components which can
be written in form of Equation 19

Z(w) = ZRe +jZIm' (19)

where j is the imaginary number V-1. From Equation 19 we can see that impedance
depends on frequency. The frequency dependent portion of impedance is Zim which

comes from reactance (X). Reactance can be divided into capacitive reactance (Xc)
and inductive reactance (XL). This division can be written as Equation 20.1°

X=2Z, =X.+X,. (20)

Inductive reactance describes inductors ability to oppose changes in current by its

self-induced electromotive force. Larger frequency leads to larger XL which leads to
lowered |. XL is the product of w and inductance (L) as shown by Equation 21.17

X, = wl. (21)
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Inductive elements are not used in Randles circuit. Capacitive reactance describes
capacitors tendency to pass high frequency signals and filter low frequency signals.

This connection can be seen from Equation 22,7 where
X, =—. (22)

Zre however comes from resistance (R) and is not affected by the alternating current

in an ideal scenario (Equation 23) and thus'”

Zpo =R. (23)

e

Equations 24 and 25 written below can be derived for Rs and Cs mentioned before.
Rs can be defined as

R, =R, +— (24)

wl/?

where o is the Warburg coefficient associated with kinetic parameters of a

standard redox reaction and Warburg impedance. Cs can be defined as

C,=——: (25)

s cwl/?"

Equations 26 and 27 can be derived for Zm and Zre which can be written as

1/2

Rqt+ -
Zpe = Rg + ——1—<+— (26)
(Ciow2+1)%+w? Cf(Rep+ow1/2)2
and
1/242 12
WCy (Reptow™ 7 *)+ow 2(w2C 0+1)
2y = LaCatt a7+, @)

(Ca+ow2+1)2+w2CE (R +ow~1/2)2

Chemical information can be derived by plotting Zim vs. Zre for different w. This plot
is called the Nyquist plot and is commonly used in research papers to present EIS
data (Figure 10). At low frequencies w approaches zero and there is linear
correlation between Zm and Zre described by Equation 28 which can be derived

from Equations 26 and 27.1°

Zy = Zp, — Rpy + Ro, + 20%C,. (28)

Im
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At very high frequencies (w — <) Warburg impedance becomes unimportant and
half-circle with center at Zre = Ra + Rct/2 and Zm = 0 with radius of Rct/2 is observed

on Nyquist plot. This is described by Equation 30 as'®
(Zre + Ry =92 + (Z2,)% = (C9)2. (30)

Combining the half-circle and the linear part will result into Nyquist plot presented in
Figure 11.

Nyquist plot

: . Mass transfer/diffusion
Kinetically : : controlled region
contolled : :
region

Ro+R/2 Rg+Rg ZRe [ Q ]

( Increasing
(60

Figure 11. Common shape of a Nyquist plot from measuring impedance at

different angular frequencies.'526 Notice the negative sign ahead of Zm.
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Figure 11 is from a real research paper?® and we can see that the Nyquist plot has
a shape similar to Figure 11.

1 1

50 100 150 200 250 300 350
Z'/ohm

Figure 12. Figure from article by Yuan Gao et al.?® We can see that LFP-1 has the
least amount of Rct and Ra by the position and size of the half-circles.2®

From the Nyquist plot Rct and Ra can be calculated. Using Equation 31 o can be

calculated.
Zpe =Ry + R, + ow™/? (31)
After that Li-ion diffusion coefficient can be calculated using Equation 32.

R*T?
Dii = ey (32)
Sometimes different equations than the ones presented here are used to derive the
Li-ion diffusion coefficient, but Equations 31 and 32 are common.2® EIS can also be
used to define the exchange current density of an electrochemical cell, which is

the net current of an electrochemical cell in the absence of external electric field.2®
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5 THE OLIVINE CRYSTAL STRUCTURE OF LITHIUM IRON PHOSPHATE
5.1 Basic crystal geometry

Before we can go into doping of LFP we need to understand the crystal structure of
LFP, and to do that we need to know the basics of crystal geometry. A crystal is a
solid compound composed of atoms, ions or molecules arranged in periodic three-
dimensional pattern, also known as the basis. The crystal structure is then
presented mathematically with lattices, lattice points, interaxial angles (a, B, y)
and lattice vectors (a, b, c¢). The lattice points are separated by a distance of the
lattice vectors lengths and lattice points can be generated by applying the vectors
repeatedly. Lattice points have identical surroundings. Together the vectors and
points define the crystal lattice, which is a mathematical construct unlike the basis.
The lattice vectors are used to define the unit cell (Figure 13) which is a small
repeating pattern of crystal lattice. The crystal lattice is a repetition of these unit cells
through the crystalline material. One thing to note is that the crystal lattice can often

be defined with alternate unit cells.3°

Unit cell

Inter-axial angle

Lattice point

Lattice vector Point within lattice

Figure 13. Example of a unit cell, the repeating structure in crystal lattice. Drawn

by Jere Leinonen.
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Points in the lattice can be defined with respect to the origin of the lattice by position
vector. This can be formulated as Equation 33.

r=ua+v'b+w'c= (na+pb+qc)+ (ua+vb+ wc), (33)

where a, b, and c are the lattice vectors. n, p, q are integers which are used to define
lattice points (r1). u, v, and w are fractions used to define the points that are not
lattice points (r2). Basically, two vectors, one between lattice points, and the other
from lattice point to inside the cell can define r2. u’, V', and w’ contain the integer and

the non-integer values.30

Now that we know how to define points, we can define lines in the lattice by drawing
a line through origin point to a given line and then giving coordinates to any one
point drawn on the line. Let the point have coordinates u’, v, and w'. Indices of the
line are then [uvw]. They are also the indices of any line parallel to the given line as
lattices are infinite and origin point can be taken at any point. The values of U, v,
and w' are always converted to smallest integers in the index by multiplication or
division. For example, [/2'21], [112], and [224] all represent the same direction but
[112] is the preferred index. Negative indices are written with a bar over the number

e.g. [100]. Figure 14 below shows examples of indices of lines.30

Figure 14. Examples on how to mark indices of lines in a lattice drawn by Jere

Leinonen.
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Planes are described with indices called Miller indices. Orientation of the plane can
be described by giving the distances at which the plane intersects a vector axis

measured from the origin as a fraction of the axial lengths. Similarly to lines, three
indices: h, k, and | are used to describe the fraction of the axial length. They are

defined as the “reciprocals of the fractional intercepts which the plane makes with

the crystallographic axes.”? See Table 2 and Figure 15 for example.

Table 2. Example parameters for determining Miller indices.

Lattice vector a b c
Axial length 4A | 4A | 6A
Intercept length 1A | 4A | 6A
Fractional intercepts 1/4 11 11
(hkI) h=4 | k=1 |I=1
Miller indice 411)

When the plane is parallel to some of the axis then the Miller index value is zero and
when the plane cuts negative axis the corresponding index is negative and bar is

put on top of it.30

Figure 15. Describing a plane in crystal lattice with Miller indices. Drawn by Jere
Leinonen.
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With the help of X-ray diffraction (XRD) interplanar spacing dnk can be calculated
with Bragg’s law. This is the distance between two planes of the same indice as

shown in Figure 16.30

Figure 16. Interplanar spacing of plane (200) drawn by Jere Leinonen.

The plane spacings in orthorhombic system can be calculated with Equation (34).
2 2 2

= tete (34)
a [

where dis the interplanar distance, a, b, and c are the lattice vector lengths and h,k,

and | are the Miller indices.30
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It has been proven that only seven different kind of point lattices are needed to
define all crystals by the lattice vectors and vector angles to crystal systems.
However, 14 different point lattices are used as seven more point lattices can be
defined from the fact that each lattice point have different surroundings. These are
called Bravais lattices. Often Bravais lattice and point lattice are used as
synonyms. Unit cells can be divided to simple (P) also known as primitive and
non-primitive (A, B, C, F, |, R). Primitive cells have only points in corners (Nc) and
they have only one lattice point per cell while non-primitive cells have points on their
faces or inside and have more than one lattice point. The amount of lattice point can

be calculated by Equation 35:30
N=N,+2 4% (35)
t 2 8

where, N is the amount of lattice point, Ni are the internal lattice points belonging
completely to the cell, Nr are the lattice points on faces that are shared between two

cells, and Nc are the corned point shared between eight cells. Example of
orthorhombic and hexagonal Bravais lattices can be seen in Figure 17 below.30

—¢

d

Simple Body-centered Face-centered
orthorhombic (P)  orthorhombic (I)  orthorhombic (F)

Figure 17. Three of the four Bravais lattices of the orthorhombic crystal system

and the defining vector lengths and angles. Nc marks corner point, Ni internal
point, and Nr face point.3 Drawn by Jere Leinonen.
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Symmetry operations and elements are also needed to define repetition in the
crystals. Symmetry operations change the orientation of repeated features or motifs
in the lattice. The operations describe the changes which the lattice vectors and
lattice angles cannot. The symmetry elements tell where to look for identical objects,
except for orientation, relative to the symmetry element. The elements tells where
the operation is carried out. A structure is said to be identical when you can do the
symmetry operation and everything overlaps with the original. This can be
demonstrated by rotating cube by 90° or by putting a mirror plane in the middle of
a cube. By rotating the cube through an axis by 90° the cube looks identical. Same
can be said when a mirror is placed in the middle of the cube as both halves of cube
are identical and make up the complete cube by reflection.3° Figure 18 shows
example of rotation axes and mirror plane. Combining mirror and translation
produces glide plane.3' The symmetry elements act through a point and are thus
called point groups.3°

Rotation axes A, (90 degrees) Mirror plane

1

a a P
a ‘éa/a

Figure 18. Rotation axes and mirror planes are common symmetry elements.

Drawn by Jere Leinonen.
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Point groups together with lattice parameters makes up the space group which
defines the spatial arrangement of crystal system. There are 230 unique space
groups in three-dimensions. The simplest crystals are formed by placing identical

atoms to the Bravais lattice points. However, most crystals are not like this and

multiple atoms can be associated with each point of Bravais lattice.3® One example

of this is the hexagonal close-packed (HCP) structure seen in Figure 19 below.

A B C
Hexagonal close- _
packed structure Octahedral site Tetragonal site

Figure 19. A) The hexagonal close-packed (hcp) crystal structure with its Bravais
lattice in red. Green marks the one pair of atoms associated to one point. B)
Shows one possible octahedral site in hcp. Blue marks interstitial site (void)

where an atom can fit. C) Shows one possible tetrahedral site in hcp. The red lines

mark the lattices/sites shape.
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5.2 The crystal structure of lithium iron phosphate

Lithium iron phosphate has olivine distorted hexagonal close-packed crystal
structure with orthorhombic unit cell and it belongs to space group Pbnm,3
also known as group 62.32 What does Pbnm mean? Pbnm are the short Hermann-
Mauguin symbols, also known as short international symbols, for LFP’s space-
group. The symbols can be divided into “P” and “mmm” parts for orthorhombic
system. The “mmm®“part refers to the symmetry directions of the lattice, which
orthorhombic system has three: a = [100], b = [010], and ¢ = [001]. The “P”-part
refers to the Bravais lattice type.3? See Figure 20 below to see what b, n, and m

mean.

The crystal system has a glide
plane perpendicular to a-
direction and its translational
component is on (b)-axis.

What is the Bravais T
lattice type of the

There is a (m)irror

«———Pbnm —— plane perpendicular

space group? to c-axis.

It is (P)rimitive.

The crystal system has a
glide plane diagonally (n)
to b-axis.

)
o
@

AN

Figure 20. Space group symbols of LFP explained.32 Drawn by Jere Leinonen.

The orthorhombic unit cell of LFP is depicted on the next page in Figure 21. We can
see octahedrons and tetrahedrons inthe structure. The dark octahedrons are FeOs
that share some of the oxygen atoms with light tetrahedral PO4 and with each other.

The phosphorus and iron are in the center of these shapes and oxygen on the
corners.2 The lithium also forms LiOs octahedra that is not drawn often to pictures.
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Fig. 6. Crystal structures of (a)

LifePO, and (b) FePO,,

Figure 21. Orthorhombic unit cell of LFP from the study of Goodenough et al.
reprinted with permission from IOP Publishing, Ltd.2 The dark balls are lithium
ions. The octahedral shapes form from FeOse and the tetrahedral shapes form from
POa. In a) we can see LiFePOa4 with lithium in the structure. In b) we see that the

shapes change little bit as the lithium is no more in structure.

The P-O covalent bond is strong which stabilizes oxygen atoms leading to high
thermal stability.® The FeOs network is not continuous, and electrons can only be
transferred through the Fe-O-Fe chain leading to low electrical conductivity of
magnitude of 10-°~10-19S/cm at room temperature.?-33 Because of this pure LiFePO4
is classified as semiconductor, more specifically n-type semiconductor, which
means that conduction comes from free electrons. Pure p-type semiconductors
on the other hand have holes, thought as positive charges, that carry the current.
Doped LFP is p-type semiconductor.19:34
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Lattice parameters for LiFePO4 and FePO4 can be found in Table 3.

Table 3. Lattice vector lengths and volume of unit cell in Angstroms.35

Compound a(A) b(A) c(A) V(A3)
LiFePOa4 10.3449 6.0137 4.6990 292.33
FePOas 9.8213 5.7927 4.7886 272.43

We can see from the vector lengths that the structure is not perfectly rigid and that

the cell shrinks a little during charge when Li* leave LFP. The charge-discharge

reaction for LFP is shown in Equation 36.36

FePO, +Li* + e~ & LiFePO,

(36)

Computational and experimental studies show that Li* migration in nanosized LFP

particles occurs mostly via one dimensional channels along the [010] direction

particles as shown in Figure 22.37

Fast 1D Diffusion

Defect

Figure 22. A) 1D-Li* diffusion channels along [010] direction (b-axis). Li atoms are

green, oxygen atoms red, FeOs is brown, and phosphate is purple. B) Point

defects on the channels stopping lithium-ion diffusion to certain sites inside the

material. Figure reprinted from article by Malik et al. with permission from

American Chemical society.3”
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The Li* ion diffusion along perfect b direction is calculated to be so fast (D~10-8
cm?2s') that nanosized particles (100 nm) would be delithiated in 0.01 second and
micrometer sized particles in a second if the intrinsic Li* mobility would be the rate-
controlling factor. Macroscopic particles on the other hand have worse transport
properties that are also different as more Li* diffusivity occurs along a, and c axes.
The mostly one-dimensional diffusion is also hindered by possible defects on the
diffusion channels. These defects as shown in Figure 21 will prevent the Li* diffusion
and have huge impact to the diffusion time. Even 0.05 % defect concentration will
decrease the characteristic diffusion time by order of magnitude.3” The defect with
the lowest energy is the cation antisite defect in which Li and Fe ions exchange

position.38

In short even very low number of defects on diffusion channels will increase diffusion
time and nanosized particles have faster diffusion compared to bigger ones. The
nanosizing also leads to lower packing density and thus lower energy density for
batteries. For portable and moving applications larger defect free LFP particles are
desirable.3” The tap density of LFP should be kept at an acceptable level such as

over 1.5 g/cm3 to keep the volumetric energy density at a reasonable level.3°
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6 SYNTHESIS OF DOPED LITHIUM IRON PHOSPHATE

6.1 Solid state synthesis

Solid-state synthesis methods are done at high temperature without solvent. The
synthesis is simple and easy to industrialize. The downsides are that the prepared
LFP has large particle size, is non-crystalline, non-uniform, and the synthesis time
is long. The process usually requires repeated grinding (ball-milling) and calcination.
Common lithium sources include Li2COs, LiOH-2H20, LiF, and LiCH3COO. Common
iron sources include Fe(CH3COQz2)2, FePO4(H20)2, and FeC204-2H20. Common
phosphorous sources include HaPO4, NH4H2PO4 and (NH4)2HPQ4.35 One example

of solid-state synthesis is presented in Figure 23. Common impurities for LFP

synthesis include Fe203 and LisFe2(P04)3.40

l Li,CO;
FeC,0,-2H,0
(NH,)HPO,

In ratio of (0.5:1:1)
TiO, depending on wanted
stoichimetry.

Mix and ball mill for 24 h.

2

Drying the powder at 80 °C

3

Pelletization

Pressure: 10 kN
Time: 10 minutes
Diameter: 12¢
Thickness: 2Zmm

yil

Calcination at 700 °C
at 6 h under Ar.

LTiFP

Figure 23. Kim et al. synthesized Ti-doped LFP with typical solid-state method via

the presented route.*!




6.1.1 Mechano-chemical activation

Mechano-chemical activation is based on increasing the reactivity of mixtures by
high energy ball miling. The milling increases surface area and produces free
valences (unbound electrons) on the outer layer of the material both of which
increase reactivity. The powder produced has relatively low particle size and high
surface area. The downsides are the temperature rise and impurities from milling.3°
Figure 24 shows one example of ball miling synthesis.

1 LiH,PO, 2 Ultrasonic irradiaton.

NH,H,PO, .
CeH1,06-H,0 Add V,0s, LiF, and Fe,0; slowly.

PEG 6000 (10wt of cgry20¢-H,0)

All dissolved into H,O. Irradiation continued

for 90 min.

3 4.

Ball milling with
) ball-to-powder ratio 15:1 and
Drying at 120 °C rotation speed of 100+5 rpm
Overr‘”ght at 300 °C for 1h in N,.

Continued at 630 °C for 9h.

Figure 24. Li et al. used ball milling-based synthesis for V and F doped LFP.42

Ball milling is also commonly used in other synthesis routes to break down particles.
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6.1.2 Carbothermal reduction

Carbothermal reduction allows the use of Fe(lll) reagents instead of Fe(ll). Fe(lll)
compounds are cheaper, more available, and chemically stable compared to Fe(ll)
compounds. It is also energy efficient and can produce fine, uniform particles with
high capacity. In the synthesis carbon source like Carbon black, graphite, or

pyrolyzed organic chemicals are used as a reducing agent. The carbon is mixed
with other reagents with ball milling and then the resulting powder is calcined.3°

Two main reactions occur during the calcination. Reaction (38) results in more
reductive conditions and significant volume and entropy change. Reaction (37)

produces less reductive atmosphere and negligible changes in volume and
entropy.3® Figure 25 shows one example of a carbo-thermal reaction synthesis.

€ (s)+0,(g9) = €O, (g) (T <650°C) (37)

2C (s) + 0, (g) > 2 €O (g) (T > 650 °C) (38)

1 LiOH-H,0 (excess of 10%) 2

FeC,04:2H,0
NH,H,PO, 0 i

All ball milled with Super P Add 20 WtIAJ glycme

carbon asa reducmg agent

in acetone. and a carbon source.

rpm = 800
t = 10 minutes

Microwave treatment in Sintering at 750 °C

. . under Ar and final ball
air for 4 min at 800 W. milling.

Figure 25. Fang et al. used carbothermal route for synthesis of K-doped LFP.43
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6.1.3 Microwave heating

In microwave heating the heat is generated inside the sample by rotating polar
molecules. The heating rate is controlled with the power of the microwave. The
advantages of microwave heating are good controllability, uniform selective heating,
short processing time (2 — 20 min), energy efficiency, no need for inert gas,
repeatability, and low cost. In microwave heating microwave absorber is commonly
added to ensure heat generation. Commonly carbon is used as absorber as itis low
cost, allows rapid heating, and forms reductive atmosphere for Fe(ll).The heating
time is critical for electrochemical performance of the product powders. Typically,
longer heating times result in larger particle size, lower Li diffusion coefficient, Fe2P
impurities, and more capacity loss. Too short heating time results to incomplete
crystalline structure and may also form contaminants which lowers charge and
discharge capacities.?® Figure 26 contains one example of microwave heating
synthesis.

1LiOH-H20 (excess of 10%) 2
FeC,04-2H,0
NH,H,PO, 0 .

All ball milled with Super P Add 20 th/o egCIne
carbon asa reducmg agent

in acetone. and a carbon source.

rom = 800
t = 10 minutes

Microwave treatment in Sintering at 750 °C

. . under Ar and final ball
air for 4 min at 800 W. milling.

Figure 26. Calderodn et al. synthesized LiFePOa4 with microwave heating and with

tube furnace. Microwave heated sample showed better electrochemical

performance.**
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6.2 Solution based synthesis

6.2.1 Hydrothermal synthesis

Solution based synthesis is done in presence of solvent. The methods are usually
less time and energy consuming. They also tend to produce more uniform particles,

higher purity, smaller particles, higher capacity, and more homogenous carbon
coating.

In hydrothermal synthesis precursors are mixed with water and the solution is
heated above the boiling temperature of water. Calcination step can be avoided if
carbon coating is unwanted in hydrothermal synthesis. Hydrothermal synthesis is
usually done in autoclave and the water temperature is one of the most important
parameters as it controls the reaction rate, ionization degree, particle size, and
crystal structure of LFP. The water flow rate and the concentration of precursors are

also important.> Figure 27 contains an example of hydrothermal synthesis.

1

Mn30,H,0 (1.25 mol/L) Autoclave heating

FeSO,7H,0 (1.25 mol/L) )
H;PO, (85 wt%) at 100 - 180°C

LiOH-H,0 (2.5 mol/L) for 0 - 600 min
In ratio of 0.5:0.5:1:3. under N, gas
with stirring.

H,PO, added to Li-solution first.
Then Fe- and Mn-sources under
constant stirring at room 3 Mixing with 20 wt%

temperature. glucose and carbonized

at 650 °C for 6 h under

Ar with heating rate of
5°C/min .

Vigorous stirring for 2 minutes.

Figure 27. Xiang et al. synthesized LiMnosFeo.sPO4 with hydrothermal route.4°
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6.2.2 Sol-gel synthesis

In sol-gel synthesis a sol and a gel are formed. First precursor materials and solvent
are mixed together and then the mixture is heated, usually in low temperature, to
form the sol, stable colloidal suspension of solid particles in a solvent. The heating
is continued until a gel is formed. The gel is dried to form xerogel with lower
volume.3%46 The xerogel is usually then presintered to remove excess carbon and
other impurities stemming from the precursor materials. One example of this is the
synthesis done by Ma et al.#” Lastly the presintered material is sintered to form the
final LFP powder. Reaction parameters like temperature, precursors, pH, solvent,
and concentration affect the final powder. The type of solvent is extremely important
for the control of powder structure. Water is the most used solvent, but organic
solvents can also be used.3%46 Figure 28 contain one example of sol-gel synthesis.

1 LiOH-H,0 2
C4HgMnO,-7H,0 Heating and stirring at
FeCl,-4H,0 80 °C until gel forms.

NH,H,PO,

CEHBO}'HQO 3

All dissolved to H,0 in ratio of Presintering at 350°C
2:1:1:2:2. for 5h under Ar flow.

First Mn-source and citric acid 4 Cooling to room
were added. temperature and ball

Second FeCl, and NH,H,PO,, milling the sample.

and at last LiOH was added.

Calcination at 700°C for
10h under Ar.

Figure 28. Liu et al. synthesized Mn-doped LiFePOas with sol-gel synthesis.*8
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6.2.3 Spray pyrolysis and spray technologies

Spray pyrolysis is important easy to control method to produce ultrafine powders of
ceramic particles with narrow size distribution, and high purity. The method is based
on continuous generation of droplets from a solution containing colloidal particles.
Droplets can be generated with different methods such as ultrasonic transduction
and peristaltic pumps. The droplets generation is critical step as they act as
nucleation centers which will evolve to the crystallized particles. Particles produced
by spray pyrolysis have large surface area, high purity, and they can be smaller than
1 ym. The process starts with pumping or spraying of solution droplets with
precursors initinto a pyrolysis furnace ataround 400 — 600 °C by a carrier gas. The
collected precursor powder is the calcined at 700 — 800 °C. Metal dopants have
been used in spray pyrolysis and carbon sources can be added during spray
pyrolysis to produce LFP/C particles which increases specific surface area of the
powder. Process times under one minute can be achieved with spray pyrolysis.3%

Figure 29 shows synthesis with spray drying method.

1 FeSO,'7H,0 and NaH,PO, 2 Precipitant is transferred into a beaker and
are added to round water is added.

bottom flask under N,.
NaH;PO, is added to get molar ratio of Fe/P

NaOH is added until pH = 6.5. to 1.
0.18 M H,0, is added to oxidize Fe?* to Fe3*,

Obtained slurry (Fes(PO,),'7H,0) is
washed and filtered NaOH is added to adjust pH of slurry to 2.
to obtain the precipitant.

After 2h at 90 °C, white precipitant
3 (FePO,4'xH,0) is obtained after filtering and

. washing.
LIOH-7H;0
FePO4XH20
CeH1,06 Drying the slurry with spray-drying unit.
mixed together
and ball milled in 5

Sintering at 650 °C for 10 h under N,
water for 2h. with heating rate of 3 °C/min. ﬁ LN aFP/C

Figure 29. Wang et al. synthesized Na-doped LiFePO4/C with precipitation method
combined with spray drying method.4°
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6.2.4 Co-precipitation

In co-precipitation the reagents are mixed while pH of the solution is controlled to
allow precipitation of LFP precursors. The final LFP powder is obtained by
calcination afterwards.3® The pH and temperature conditions of co-precipitation are
not often specified in the research papers. According to He et al. LiFePOa4 can be
obtained at 298 K and pH = 0 — 11.3, with optimal precipitation occurring at pH =8
— 10.5. Fe3(PO4)2-8 H20 and Li3POs4 are intermediates that have to be formed to

produce LFP. At low temperature the rate of phase transformation is low and LFP
production is therefore difficult.%?

6.2.5 Micro emulsion drying

LFP can synthesized by drying micro emulsion solutions which are
thermodynamically stable mixtures containing water, oil, and emulsifying agent that
stabilizes the micro emulsions. The process start by making microemulsion by
mixing aqueous phase with organic oily phase. The microemulsions are then mixed,
matured, dried, and usually calcinated.3%

6.3 Novel and rare synthesis methods

LFP or doped LFP can also be synthesized with pulsed laser deposition, template
technology,®®  glass-ceramic  technique,® and  biomineralization.®®  In
biomineralization living organisms are used to produce minerals. Article by Hou et
al. is one example of biomineralization used for LFP synthesis. According to the
article, FeClz and MnCl2 were added to purified yeast solution where the cells
accumulated metal cations by biosorption for 4h. Then (NH4)2HPO4 was added with
continuous stirring for 30 minutes. Then pH was adjusted with CH3zCOONa to 5 and
the solution made was kept overnight to deepen the biomineralization process. The
solution was centrifuged and washed with deionized H20 and dried in vacuum
freeze-drying machine. The precursor was mixed with Li2CO3 and regular

presintering and sintering was done.?3



7 DOPING LITHIUM IRON PHOSPHATE

7.1 Introduction to doping and modifications

There is three main ways to modify and enhance the electrochemical properties of
LFP. These include surface coating, morphology control, particle
nanocrystallization, and ion doping. In doping, ions are used to replace Li, Fe, O,
and P atoms in LiFePO4. Most of the time ions with similar radii to the original ones
are used. The doping can be done with single element or with multiple elements that
have synergistic effects. Many different elements have been used in doping as

can be seen in Figure 30 below. Both cation and anion doping are done.®

1 2

H He
4 5 6 7 9 10
Be B C N F Ne
11 12 13 14 16 17 18
Na || Mg Al Si S Cl Ar

19 20 21 22 23 24 25 27 28 29 30 31 32 33 34 35 36
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55 56 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba Lu Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
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Figure 30. On green the elements making up LiFePO4 and on cyan most of the
elements used as dopants in LFP research. Carbon marked by yellow as the most

common coating material.

The doping can have effect on the unit cell stability, unit cell volume, band gap,
elasticity, isotropy, and lithiation/delithiation voltage. More stable unit cell
indicates a material with better cyclability. Elastic materials have less cracking and
phase transitions, improving cyclability. Materials with high isotropy have properties
that do not change according to direction. The opposite is anisotropy where
structural properties change depending on direction. Materials with high isotropy
won't crack as easy resulting to better cyclability. Higher voltage materials tend to
have higher energy densities. The synthesis of the doped material must also be

possible and economically feasible. Materials with lower doping formation energy
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are more easily obtained through synthesis. Smaller band gap corresponds to
higher electronic conductivity which enables better rate performance (fast charge
and discharge).>*%5 Using aforementioned properties theoretical screenings have
been made for transition metal dopants. Zhang et al. screening results predicted
Mn-, V-, Ni-, Rh-, and Os-doped LFP to have good electrochemical properties.%®
Other factors that should be considered include the price of the elements used in
doping, the elements abundance, and environmental impact. We are going to see
as we go through the studies that most dopants are used in low concentrations,
usually replacing only 1% - 3% of Fe in LFP. This means that even quite expensive
dopants would be viable if the enhanced electrochemical performance is deemed

worth the increase in price.

It was already mentioned on Chapter 5 that doped LFP is a p-type semiconductor.
This is because Fe is in oxidation state of +ll in LiFePOs4 and most dopants are
transition metals with possible oxidation states ranging from +ll to +VI. In FePO4, Fe
is in the oxidation state of +lll. The fact that LFP is semiconductor also leads to
lower conductivity at lower temperatures as less electrons have sufficient thermal
energy to break loose from their bonds.'® Adding p-type impurities to n-type LFP will
first lower electric conductivity because of reduction of electrons. At a certain point
however, LFP transforms to p-type semiconductor and the hole concentration starts
to rise which leads to increased conductivity. Too much dopant will lead to lattice
distortion that may block the Li* diffusion channels.®6 Doping with cations with
different charge from the parent ion (Li* or Fe?*) is known as aliovalent doping.5’
Supervalent dopants include dopants with oxidation state 4* and 5+.58

Polaron is a term used to define unit formed by an excess electron or a hole
localized within a potential well, self-generated by displacing the surrounding ions.5°
In LFP electron mobility is highly complex phenomenon where LFP exhibits polaron
hopping behaviour,®® rather than band-like conduction. It seems that both the
mechanics of conduction in LFP and how doping affects the conductivity are under
debate. Some studies attribute the enhanced performance via cation doping to
increased concentration of polarons and others to change in conduction mechanism

from polaron hopping to band-like conduction.5” Conductivity can also be increased
by introducing Li vacancies.°
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Many details affect the performance of the active material. Table 4 has collection of

details that should be considered during LFP synthesis, modifications, and analysis.

Table 4. Summarizing synthesis, modifications, and how they are characterized.

Detail Note Ref
LisPO4 impurity Can increase ionic conductivity but can also lower 61,62
performance.
Fe2P impurity Can increase conductivity but can also lower capacity. 61,62
Hz as reductive gas Prevents Fe2* oxidation during sintering. 63
Nanosized particles Increased conductivity and diffusion by shorter 35,39,64
distances. May lower tap density. Increased surface
area leads to increased rate capability.
Carbon coating Increased conductivity and diffusion by lowering 35,56,64
interfacial resistance. Can inhibit particle size growth.
Lowers wolumetric energy density.
n-type doping Raises (free) electron concentration and thus 65
contributes to conductivity.
p-type doping Hole conduction must first overcome free electrons in 56
LFP to increase conductivity. Too much doping can
lead to lattice distortion.
Shortening of b-axis Most diffusion occurs through b-axis and shortening of 34
the axis results to faster diffusion.
Doping effects in general Hybridization of orbitals due to existence of f-orbitals, 64,65
shortening of b-axis, shortening of band gap, increased
phase transformation kinetics, and formation of
desirable morphology.
Smaller interval between Smaller interval indicates better reversibility of a 66
oxidization- and reduction reaction.
peak in CV
Li-site doping Can block lithium ion migration but can also enhance 60
conductivity.
Small concentration in Most of the time only small mole concentration of (~3%) | %867
doping (~3%) of dopant is needed for increased performance.
Excess lithium Excess lithium can be added in synthesis to 68
compensate losses during calcination.
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7.2 Alkali metal doping

7.2.1 Sodium

Liu et al. synthesized LFP doped with Na* (Li1-xNaxFP) by solvothermal synthesis.
The LNaFP/C had increased Li* conductivity (1.23-10-'5 cm?/s) compared to LFP/C’s
(3.44-10-'° cm?/s). Lattice expansion occurred as Na* (0.97 A) ions are larger than
Li* (0.68 A). The lattice structure stayed the same as in LFP. Lattice vector b was
significantly reduced increasing the Li* conductivity. Na doping had no significant
effect on particle  morphology. The Na* ions probably didn't
intercalate/deintercalated like Li* ions as the initial discharge capacities were
reduced by doping Na*. The Na* seemed also less active than Li* as the capacity
decay was lower and capacity retention of 86.7% at 10 C was achieved after 500
cycles. The sample doped with 1% Na* had larger discharge capacity and better
rate performance than the LFP/C sample or the sample doped with 5% Na™* at high
current densities (1C, 2C, 5C, and 10C) and LFP/C was better at 0.1 C.5°

Wang et al. synthesized ultra-high rate LiNao.o1Feo0.990PO4/C with excellent cyclability
using sodium salt process via a facile precipitation method coupled with spray drying
technology. The lattice volume was increased via doping. The morphology of the
material was bowl-like. The Na® was assumed to occupy Li* sites although the
formula mentioned before might suggest otherwise. The doped sample exhibited
discharge capacity of 119 mAh/g at 40 C and good cyclability having 60.3 % of its
initial capacity at 3000 cycles at 10 C. The tap density of the composite was
relatively low at ~0.95 g/cm?3 because of its porous structure. The lithium diffusion
coefficient was increased to 1.35:10-'3 cm?/s and charge transfer resistance was

significantly reduced.*®
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7.2.2 Potassium

Fang et al. synthesized Li1-xKxFePO4/C by carbo thermal reduction method. The
Lio.o7Ko.03FePO4/C sample exhibited the best electrochemical properties. The initial
discharge capacity was 153.7 mAh/g at 0.1 C and the capacity retention was 92 %
after 50 cycles above 1 C. At 10 C discharge capacity was 76.4 mAh/g. Increase in
lattice parameters occurred which could provide more space for Li*
intercalation/deintercalation and increase the diffusion pathways. Increase in
electronic conductivity was also measured from 7.28:10-3 to 1.01-10-2 S/cm between
the undoped LFP and best doped sample. Slight increase in Li* diffusion coefficient

was also measured.*3
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7.3 Alkaline metal doping

7.3.1 Magnesium

In a study of Yang et al. Mg?* doped LiFePQ4/C was produced via improved solid-
state reaction without ball milling. LICH3COO-2H20, Mg(CH3COO)2:4H20, ascorbic
acid, and homemade amorphous FePO4 nanoparticles were used as raw materials.
The FePOs4 was added last to the solution containing other materials. Excess
lithium was added to compensate for Li loss during calcination. Ascorbic acid
acts as reductant reducing Fe(lll) to Fe(ll) and as a source for carbon for
carbon coating of LFP. The synthesis can be divided into three parts: mixing and

evaporation, pre-calcination, and calcination. The synthesis is shown in Figure 31.58

1 0.0252 mol LiCH;CO0-2H,0,
0.00125 mol Mg(CH5;C0O0),-2H,0,
0.0125 mol ascorbic acid,
and 0.025 mol FePO,
dissolved in anhydrous EtOH under continuous stirring at
60°C and evaporated until dry.

2 3

Pre-calcination at 350 °C N o
for 4 h Calcination at 650 °C for 10 h

under N, flow in a tube under Nfﬁ?:a"‘(’:é” a tube LMgFP/C

furnace.

Figure 31. Yang et al. synthesized Mg-doped LiFePO4/C via solid state route.%®

7.3.2 Calcium

Ting-Kuo Fey et al. synthesized LiFe1-xCaxPO4/C (x = 0 — 0.014) composites via
solid-state method. The unit cell volume increased by a little (~0.2 %) which can be
attributed to the larger size of Ca2* compared to Fe?*. The sample with 1 mol% Ca
had the highest conductivity (5.48:103 S/cm) and best electrochemical
performance. The Li* diffusion coefficient was calculated to be 4.59-10-3 cm?/s.

Increased conductivities led to increased reversible capacities of 120 mAh/g at 1 C
and 80 mAh/g at 10 C and discharge capacity of 149 mAh/g at 0.2 C.70
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7.4 Transition metal doping

7.4.1 Titanium

Wu et al. produced Ti**-doped LiFe1xTixPOs (0<x<0.09) via solution route.
Interestingly Ti4*-doping increased the lattice values although Ti** has smaller
radius than Fe2*. The results by Wu et al. suggest that Ti** doping did not occur on
iron sites. The sample with 3% Ti doping exhibited highest reversible capacity (126
mAh/g) and it was attributed to the largest b and ¢ parameters, enabling faster Li*
diffusion. The study seemed that Ti4* doping lowered the capacity compared to pure
LFP prepared in the study (131 mAh/g). This probably stemmed from the particle
size, composition, and thickness of the cathodes prepared for testing.”"

However, many other studies suggest positive results. Wang et al. synthesized Ti,
Mg, and Zr doped nanosized LFP crystals (LiTio.01Fe0.99POa) in the 40 to 150 nm
range with sol-gel method with near full capacity of 170 mAh/g in 2004. The Ti doped

sample and the pure LFP sample both exhibited stable discharge capacity of 160-
165 mAh/g at a rate of C/8.72 The synthesis is shown in Figure 32.

1 Li(OH)-H,0
FeC,04-2H,0
NHsH,PO,
(Mg(CH3CO3)5-4H;0) or (Zr(OC;Hs),) or (Ti(OCH3)4)
Dissolve all to
H,0.
Complexing agents: polyacrylic acid and citric acid
Stir and
heat at 85 °C to form a gel.

Calcination at 750 °C LT| F P
Heating at 500 °C

under Ar/H mixture

under Ar to (95/5) H
decompose organic to prevent Fe?* LI M g F P
material. oxidation and to form

the product. LI Z rF P

Figure 32. Sol-gel route of Wang et al. to Mg-, Ti-, and Zr-doped LiFePQ4.72

Kim et al. used solid-state method to produce LiTio.osFe0.92PO4 with high rate
capability as specific capacities of 160 mAh/g at 0.2 C and 110 mAh/g at 114 C
were retained. The XRD pattern of the doped sample showed peaks corresponding
to LisFe2(POa)s, Li2TiFe(PO4)3, and TiO2 phases. These phases (except TiO2) may

improve conductivity in Ti-doped LFP. The lattice parameters decreased by Ti
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doping. Ti** has smaller radius (74.5 pm) than Fe2* (92 pm). Kim et al. thought that
this may result in atomic and electronic structure variation that improves electrical

conductivity.*! See Figure 22 on page 37 for the synthesis.

Gao et al. produced titanium nitride (TiN) coated LFP with atomic layer deposition
(ALD). During the coating Ti doping occurred simultaneously. The synthesis of LFP
particles was not described in the work. In ALD chemical precursors are sequentially
introduced to the surface of the material that is coated. In this work TiN, titanium
tetracholoride (TiCls), and NH3 were used. ALD produces uniform coating with
precise control of the coating thickness. It also works on challenging materials but
can be costly. The material exhibited increased capacity of ~159 mAh/g from the
capacity of uncoated LFP at ~150 mAh/g. It seemed that 5 cycle coating process
was better than 10 cycles as the Li diffusion was inhibited in the sample with more
cycles. More cycles lead to more layers of coating. The cycling stability of the sample
was superior compared to the uncoated LFP. Capacity retention of the TiN coated
LFP was ~89% at 1,000 cycles. For the uncoated LFP detoriation started to occur
already at 500 cycles.”
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7.4.2 Vanadium

Chiang et al. synthesized V-doped LFP (Li1x-vWxFePOas) with modified sol-gel
method. The capacity increased from 138 mAh/g to 155 mAh/g and the conductivity
increased from 4.75-10* S/cm to 1.9-102 S/cm compared to the pristine LFP
counterpart. Enhanced capacity and conductivity were observed when V was added
less than 2% (x<0.02). Impurity of LiV20s emerged when the concentration was
higher. The V was substituted to Li sites and produced vacancies (v) to Li sites. The

lattice parameters saw no significant change. Figure 33 below shows the details of
the synthesis.”

1 LiOH-2H,O

FeC,0,4-2H,0 Add 5 wt% sucrose and
NH,-H,PO, spray-dry using hot air
V5,05 stream.

Dissolved in H,O0.
Inlet pressure: 0.2 MPa

Add citric acid and mix. Inlet temperature: 220 °C
Outlet temperature: 100 °C
Calcination at

800 °C for 12 h

Lndar N LVFP

atmosphere.

Figure 33. Chiang et al. synthesized V-doped LiFePO4 by modified sol-gel

method.”4

Jiang and Wang synthesized V-doped LiFePO4/C with sol-gel method. No change
in crystal structure was observed for doped samples. Particle size for doped
samples was lower than for the undoped sample (<140 nm). LiFeo0.97V0.03PO4/C
sample exhibited the best electrochemical performance with 112.7 mAh/g capacity
at 10 C after 200 cycles. Electrical conductivity was reported to be 5.9:10-4 S/cm.

Raman spectrometry suggested existence of LisV2(PO4)s phase.®”
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7.4.3 Chromium

Shin et al. synthesized LiFe0.97Cr0.03PO4/C by mechanochemical process and heat
treatment. The doped sample had bigger particle size (100 nm) than the pristine
LFP (73 nm) and LFP/C (95 nm). It is suggested that carbon coating inhibited
particle growth because the LFP/C sample had similar particle size to the doped
sample. The doped sample had initial discharge capacity of 151.5 mAh/g and the
LFP/C had 149.5 mAh/g. The doped sample exhibited better performance at 10 C
as it maintained high capacity of 120 mAh/g. The doped material had smaller unit
cell than the carbon doped and pristine counter parts.”®> However, other studies have
demonstrated that Cr-doping blocks Li*-diffusion, although conductivity is

increased.’®

7.4.4 Manganese

LiMnPO4 (LMP) is one of the materials in the lithium metal phosphate family LIMPO4,
where M = Fe, Mn, Co, and Ni. LMP has the same crystal structure as LFP but
higher theoretical energy density at 700 Wh/kg compared to energy density of LFP
at 578 Wh/kg.”” LMP has higher operating voltage than LFP at 4.1 V. On the other
hand pure LMP has even worse electrical conductivity than LFP at <1010 S/cm
and Jahn-Teller distortion occurs during LiMnPO4 charge/discharge process which
hinders lithium removal and uptake resulting to large changes in volume.'® This
means that the structure is not stable. Doping LFP with Mn2* ions is probably the
most common way to dope LFP and vyields LiFe1-yMnyPO4 (LMFP) that combines
the high safety of LFP and the high energy density of LMP. LMFP’s structure is
similar to LFP. It has octahedrons consisting of M-O, where M = Fe, Mn and the
octahedron isisolated by P-O tetrahedron and no continuous metal-oxygen network
forms leading to low conductivity. The diffusion of Li* also happens through one
dimensional channels which makes it slow.”” Increase in average working voltage
can be achieved by Mn?* doping but it creates a sudden voltage drop as Mn2*
oxidizes at different voltage compared to Fe2*. This is not ideal for most electronics."
However, the Mn?* ions widen the diffusion channels as it has bigger radius than

Fe2* enhancing the mobility of Li* ions.”8

Many studies have been made on the different Fe to Mn ratios of LMFP. Some
studies indicate that the optimal material is in the range of LiFe(0.75-0.85)Mn(0.15-

0.25)PO4. Other studies indicate that materials with higher Mn percentage perform
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better. It seems that the optimal ratio of Fe to Mn depends on the synthesis method,
carbon coating degree, and raw materials.”” There is many ways to synthesize
LMFP. Common ones include sol-gel synthesis, hydrothermal/solvothermal
synthesis, spray pyrolysis, and solid-state synthesis. Sol-gel synthesis is the
simplest synthesis method and can be easily reproduced. It produces powders with

high purity, uniform structure, and small particles size. Small amount of dopant can
be uniformly dispersed into final product and low temperature can be used.”®

Ultrahigh rate capabilities have been achieved by Hu et al. via 3D-printed electrodes
from LiMn1-xFexPO4nanocrystals synthesized with reflux process and carbonization.
The LiMno.21Feo0.79PO4@C had particles size 0f40-44.7 nm and discharge capacities
of 161.36 to 108.45 mAh/g at rates of 1 Cto 100 C. The material also had excellent
cyclability as the reversible discharge capacities remained at 150.21 and 140
mAh/g after 1000 cycles at rates of 10 C and 20 C with almost no capacity
decay. These numbers were the highest recorded for LMFP LIBs in 2016. In
comparison, traditional electrode had capacities of 103.38 and 90.64 mAh/g at same

rates.!3

7.4.5 Cobalt

Cobaltis a raw material that is used a lot in different LIB chemistries. These include
LiCoO2 (LCO), LiNixMnyCoz02 (NMC), LiNixCoyAlz02(NCA), and the LiCoPO4(LCP)
that belongs to the same olivine family as LFP. LCP has high operating voltage of
~4.8 V, high theoretical capacity of ~167 mAh/g and higher energy density than LFP
at ~800 Wh/kg. However, cobalt is more expensive than iron, and LCP has
unsatisfactory cycle life and rate performance. The higher operating voltage can

also decompose electrolytes.”® These are some of the reasons why LCP is not as
widely used as LFP.

Gao et al. synthesized Co-doped LFP via sol-gel method. LiCoo.01Fe0.99PO4/C
sample exhibited best rate performance with discharge capacity of 114.8 mAh/g at
10 C at and 104.2 mAh/g at 20 C. Capacity retention after 20 cycles at 20 C was
98.75 %. Decrease in lattice parameters was attributed to the smaller radius of Co?*.
Doped samples had higher electrical conductivites than pure LFP and

LiCoo0.01Fe0.99P04/C had second highest at 5.46-104 S/cm, lower compared to
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LiCo0.02Fe0.98PQ4/C at 6.53-10-4 S/cm. However, 0.02 Co-doped sample had larger
particle size that probably attributed to worse electrochemical performance.8°

7.4.6 Nickel

Omek et al. synthesized nano-sized, carbon coated, and nickel doped
LiNio.osFeo0.95P04/C with high initial discharge capacity of 155 mAh/g at 0.2 C via sol-
gel assisted carbothermal reduction. The material had also good capacity retention
of 99.1 % over 100 cycles and higher conductivity than its undoped counterpart. The
electrochemical properties seem to decline when the share of Ni exceeds 0.05 mol
in LFP. The unit cell volume on the other hand went down as the Ni content

increased.®! The synthesis is shown in Figure 34.

l Dissolved 2

LiNO3/Fe(NOs3)3-9H,0/NH4H,PO,

in 1:1:1 ratio to H,0. Heating to
. 90 °C for 3.5 h.
Next Ni(NOs),. with
And citric acid were added. constant agitation

Solution was stirred until it was clear.

Heating at 300 °C Grounding and Heating in tube
in air for 3 hto I addition of 10 wt- | furnace at 600 ° !
remove water and { ¢ tannic acid as | for 5 h under Ar- *LN'FP/C
decompose nitrate.] reductant and H, 85/15% gas
carbon source. flow

Figure 34. Ornek et al. synthesized Ni-doped LiFePO4 with sol gel assisted

carbothermal reduction.®’

Liu et al. synthesized Ni-doped LiNixFe1-xPO4/C via spray drying-carbothermal
method. LiNio.o3Feo0.97PO4 sample exhibited capacity of 135.5 mAh/g at 5 C, which
was 50% higher than that of pristine LFP prepared by same method. The sample
had the largest a, ¢, and V lattice values indicating widest Li* pathway. b value on
the other hand was the smallest indicating shortest Li* diffusion distance. The
sample also had smallest potential interval between oxidation and reduction peak,
largest peak current, higher peak discharge potential, and lower peak charge
potential in CV. The doped sample exhibited particles that were microsphere (1-5
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pm) aggregates of nanosized primary particles that are considered superior
structure for cathode materials.%®

7.4.7 Copper

Chang et al. produced LiFe1xCuxPO4/C materials with high tap density and
nanosized particles (100-300 nm) via solid-state route. The LiFeo0.98Cu0.02P04/C
sample had high tap density of 1.98 g/cm3 and a discharge capacities of 150 mAh/g
and 127.3 mAh/g at 0.1 C and 2 C respectively. Although the capacities were not
that high the high tap density lead to volumetric capacities of 297 mAh/cm? and 252
mAh/cm3. The study indicates that higher Cu concentrations than 2% can replace

Li in the LFP crystal lattice leading to worse electrochemical performance.??

7.4.8 Zinc

Liu et al. reported Zn-doped LiFePOa4 for the first time in 2006. Solid state method
was used. Conductivity increase from 9.98-10-'* cm?/s to 1.58:10-'3 cm?/s was
reported between LiFePO4 and LiZno.o1Feo99PO4. Zn?* radius does not change
during de-intercalation process unlike Fe?* that oxidizes to Fe3* with smaller radius
resulting into smaller lattice shrinkage compared to pure LFP. The lattice unit cell
was reported to increase. Capacity of 133 mAh/g at 0.1 C was reported. 5! Yiming
et al. produced LiFe1-xZnxPO4 (0=x<0.26) with wet chemistry method. The unit cell
volume decreased with increased Zn content. Particles in the 10 — 100 nm range
were produced. Zn is less electroactive than Fe and thus the theoretical capacity of
the material is lower than pure that of pure LFP. According to Yiming et al. more
investigation is needed to find the optimal level of doping.83

7.4.9 Niobium

Jiang et al. synthesized LiFeo0.95Nbo.osPO4/C via sol-gel method with specific
capacities of 157 mAh/g at 0.2 C and 85 mAh/g at 5 C. Smaller particles were
reported for the doped sample and diffusion coefficient increased to 7.94:10-12

cm?/S. 61
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7.4.10 Molybdenum

Ma et al. synthesized Mo-doped LiMoo.01Feo0.09PO4/C via two-step ball milling solid-
state reaction. No changes in crystal structure were reported. Increase in interplanar
distance (d) was reported indicating wider Li* pathway. Particle size of about 200
nm was reported for the doped material with high tap density of 1.82 g/cm3. High
tap density was achieved by filling of interspaces of bigger particles with smaller
particles. The best doped sample LiMoo.o1Fe0.99PO4/C exhibited discharge

capacities of 114.4 mAh/g at 5 C and 82.9 mAh/g at 20 C. Charge-transfer
resistance was cut nearly in half from 330.8 to 162.4 Q.84

7.4.11 Ruthenium

Gao etal. synthesized LiFeo0.99Ru0.01PO4/C with surface assisted sol-gel method with
increased electronical conductivity, Li-ion diffusion velocity, specific capacity, and
rate capability. The capacity retention after 15 cycles at 0.1 C rate was 99.5%, the
specific capacity was 162 mAh/g at 0.1 C and at 107 mAh/g at 10 C. The details for

the synthesis are shown in Figure 35.85

1 LiCHsCO0-2H,0 4

Fe(N03)3'9H20

RuCls

Hs;PO,
1:(0.99):(0.01):1
citric acid in 1:2 ratio with total cations Calcination at

All dissolved into ethanol with stirring. 700 °C und /
2 3 N, galsoﬂg\:v ?orquRUFP C

Proper amount of lauric

acid surfactant was Heating to 350 °C for
added after 3h. 4h to decompose
Heating organic components.

80 °C until gel forms.

Figure 35. Gao et al. used surface assisted sol-gel method for Ru-doped LiFePOa4

synthesis.8%

Gao et al. believed the high rate capability came from combination of carbon
coating, LisPOs4 and Fe2P phases, small particles, and Ru doping which formed
vacancies to Fe and Li sites.®
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7.4.12 Rhodium

Tong et al. synthesized Rh-doped LFP via carbothermal reduction.
LiFeo.975Rh0.025P04/C sample exhibited best performance having discharge capacity
of 117 mAh/g at 10 C and great cyclability. Capacity remained as 135.4 mAh/g at
300th cycle at 55 °C at 1 C rate which was 82% of the initial capacity. Slight increase
in lattice parameters was observed although Rh3* ion is smaller than Fe2*. Particle
size of the doped materials was about 120 nm.86

7.4.13 Palladium

Talebi-Esfandarani and Savadogo synthesized LFP doped with Pd via sol-gel
method. Pd doping seems to induce formation of impurities like LisPO4 which are
inactive mass. Lattice shrinkage seemed to occur although Pd?2* has bigger radius
than Fe?*. This probably leads blocked diffusion channels as less space is available.
Specific surface area decreased with more Pd doping. Low specific capacity of 107
mAh/g at 0.2 C was achieved for LiFeo0.96Pdo.04PO4/C. Palladium seems to be

unsuitable dopant.8”

7.4.14 Tungsten

Arava et al. studied the effects of tungsten W¢* doping on Fe site in LFP synthesized
with solid state reaction. The sample with 2% W doping and carbon coating had the
highest charge capacity of 146 mAh/g at 0.1 C and 110 mAh/g at 1 C. The diffusion
rate was also observed to increase to 8.82:10-'2 cm?/s from carbon coated LFP’s

3.42-10°12 cm?/s and pristine LFP’s 10-* cm?/s. Minor increase in unit cell volume
was observed.88 The details of the synthesis are presented on Figure 36 below.

1 Li,CO5

FeCzO4'2H20
NH4H,PO,
W(OC;Hs)e
Glucose 5 wt%
All mixed
stoichimetrically.

Ball milling in SPEX
8000 using
hardened steel vial
and steel balls with
EtOH as medium
for 90 minutes.

3

Pre calcination at
350 °Cfor 10 h
under Ar
atmohphere.

pa|

0 Eiars ' et | WP

Ar.

Figure 36. Arava et al. synthesized W-doped LiFePO4 via solid-state route.8
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7.5 Post-transition metals

7.5.1 Aluminium

Kulka et al. prepared Al doped Lio.97Alo.o1FePO4 via ceramics method with worse
electrochemical performance (96 mAh/g at 0.2 C) than the nanosized LFP

counterpart (150 mAh/g). The crystallite size was about 300 nm for all samples and
unit cell volume grew with increasing Al content.®®

7.5.2 Indium

Kumar et al. synthesized LiFeo0.99In0.01PO4/C with sol-gel method. The best sample
had discharge capacity of 142 mAh/g at 1 C and ~128 mAh/g at 10 C. The sample
also had excellent cycling stability of 96 % after 250 cycles. Decrease in charge-
transfer resistance was detected. Minor impurities of Fe2P and LisPO4 were detected
with XRD. The conductivity was measured with Van der Pauw method and increase
from 8-10-2to 1-10-2 S/cm between undoped and doped sample. The Li-ion diffusion
coefficient also increased from 4.5-10- to 1.4:10-'® cm?/s. The presence of
conductive Fe2P seems to enhance electrical conductivity .52
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7.5.3 Tin

Hou and Tao studied the effects of Sn?*, Sn**, and Sn?*/ Sn** co-doping doping to
LFP iron sites. Upon Sn doping new electronic states appear on the top of valence
band (Sn?*) and to the bottom of conduction band (Sn**) leading to decrease inband
gap. The change was from pure bulk LFP (3.74 eV) to (1.50 V) of Sn?*/ Sn** co-
doped LFP. The decrease in band gap was highest for co-doping. High level Sn
doping won’t be beneficial as Sn is electrochemically inactive.*°

Ma et al. used sol-gel method to synthesize LiFe0.97Sno.03PO4 with excellent specific
capacities of 146 and 128 mAh/g at 5 C and 10 C rates which were also higher than
the capacities of pristine LiFePO4 (119 and 107 mAh/g) prepared in the study. Both
samples had carbon coating. The electric conductivity was also increased from
3.08:10 to 3.47:10-3 S/cm. No significant change occurred in lattice parameters.
Particles size decreased from 71 to 60 nm. The synthesis is described in Figure 37

below.4”

1 FeCl-4H,0

Li,CO3
H5PO,
Li/Fe/PQ,/citric acid = 1:1:1:1 Drying at 85 °C to
SnCl,'5H,0 obtain green xerogel.
All added separately to EtOH.
Stirring to from blue sol.

After 3h stirring gel formed.

3

Sintering at 650 °C
Presintering at 350 °C under Ar flow in tube

for 5 h. for 15 h.

Figure 37. Sol-gel synthesis of Ma et al. to produce Sn-doped LFP.#’
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7.6 Metalloid doping

7.6.1 Boron

Li et al. synthesized LiFeP1-xBxO4-5/C via solvothermal route. LiFeP0.98B0.0204-5/C
sample showed first discharge capacity of 138 mAh/g at 2C with no obvious capacity
fade after 300 cycles. At 10 C the discharge capacity was reported to be 110 mAh/g.
No impurities were detected with XRD. The smaller radius of B compared to P°*
resulted into smaller unit volume in doped samples. Crystal size decreased after B
doping from 37.5 nm for virginal LFP to 32.4 nm for LiFePo.98B0.0204-5/C. Grain size
for doped sample ranged from 100 to 250 nm. Increase in Li* diffusion coefficient
and electronic conductivity was also reported between LFP and LiFeP0.98B0.0204
s/C. More than 0.04 B doping resulted in oxygen defects which lead to decrease in

active lithium.®"

7.6.2 Silicon

Zhao et al. used solid state route to synthesize LiFeP1-xSixO4/(C + yLi2SiO3),
(0=x<0.04, 0=y<2 %) composites with particle size of about 200 nm that had
increased electrical conductivities. The sample with 0.03 Si and 1% Li2SiOs
exhibited the best rate capability at 158 mAh/g at 0.1 C and 121 mAh/g at 5C.
Lithium-ion diffusion coefficient increased from 5.6-10-'3 cm?/s to 4.42-10-2 cm?/s

and charge-transfer resistance decreased. Li2SiO3 coating seems to increase rate
capability only at higher rates.%

7.6.3 Antimony
Full access to this article was not available but according to the abstract of the article

by Fey et al. solid state method was used to synthesize Sb-doped
LiFeo0.99Sbo.01PO4/C that had discharge capacity of 154 mAh/g at 0.2 C.%2
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7.7 Nonmetal and halogen doping

7.7.1 Sulfur

Okada et al. synthesized S-doped LFP/C nanoparticles (~100 nm) with solvothermal
method. Increase in lattice parameters occurred as S? is larger than O%. The S
doping increased the electrical conductivity and suppressed antisite defect (Fe
occupying Li sites) formation which helps Li-ion diffusion. The doping occurred on

the O-site and the LFP-S-0.22 sample had the best discharge capacity (112.7
mAh/g) of the samples at 10 C. Particles were about 100 nm in diameter.®3

7.7.2 Fluoride

Radhamani et al. used hydrothermal- and sol-gel methods to prepare F doped
LiFe(POa)1-xF3x (0=x<0.4) where F is substituted for O. The suppression of antisite
defects was demonstrated with F doping by studying P-O stretching vibrational

mode in FTIR spectra. Small changes occurred in lattice parameters.%

Meng et al. synthesized F-doped LFP with N-, B-, and F-doped carbon. F-doped

sample had discharge capacity of 123.9 mAh/g at 5 C and 71.3 mAh/g at 15 C.
Increased diffusion and conductivity were reported.®

7.7.3 Chloride

Liu et al. used solid state method to synthesize Cl-doped LFP/C by using pickling
iron oxide red (Fe203) as Fe source. They also studied the optimal synthesis
parameters and came to conclusion that the Li/Fe 1.03:1 ratio, sintering time of 4 h,
sintering temperature of 650 °C, and having mass percentage of 80.25 wt% citric
acid to Fe203 was optimal. Initial discharge capacity of 164.1 mAh/g at 0.1 C and a
reversible capacity of 105.3 mAh/g at 10 C after 500 cycles was achieved for doped

sample. Increase in Li* diffusion rate and electronic conductivity were both

achieved.%

7.7.4 Bromide

Zheng et al. synthesized Br-doped LiFe(PO4):3-x)3Brx/C via sol-gel method. Particle
size was between 1-4 ym and the shape was irregular. Porous structure was
induced by breakdown of citrate to water. Lattice volume increased via B- doping.

The best sample LiFe(POa4)2.98)3Bro.02/C had discharge capacity of 152 mAh/g at 0.2
C and 105 mAh/g at 1 C.%7
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7.8 Rare earth element doping

7.8.1 Yttrium

Herrera et al. synthesized LiFe1-xYxPOas with hydrothermal method. They showed
that Y doping can increase lithium insertion degree and better cycling stability.®®
Yanwen et al. produced Y doped cathode materials with one being Lio.99Y0.01FePO4
prepared with solid state method. The material had smaller grain size and increased

initial discharge capacity (~130 mAh/g) and improved cycling performance.%°

7.8.2 Lanthanum

Cho et al. synthesized La3* doped LiFe1-xLaxPQO4/C with solid-state method. The
LiFeo.99La0.01PO4/C sample had the best maximum discharge capacity of 156 mAh/g
at 0.2 C. The samples electronic conductivity was 2.82:10-3 S/cm. It seemed that
higher than 1 mol% dopant would result to lower discharge capacity. Samples were
synthesized with varying amount of salicylic acid, which was source of carbon for

coating, and the sample with 50 wt% of salicylic acid showed best electrochemical
performance.83

7.8.3 Cerium

Zhao et al. used solid state route to synthesize Ce3* doped LiFe1-xCexPQO4/C
samples. The best sample LiFeo09Ce0.1PO4/C delivered initial capacity of 155.4
mAh/g and possessed capacity retention of 99.6% after 100 cycles at 1 C. The
capacity remained high at 136.7 mAh/g at5 C. More than 10 mol% dopant resulted
to worse electrochemical performance. Lattice parameters were higher for doped
samples as Ce3* has bigger radius than Fe?*. The particle size decreased via

doping.190
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7.8.4 Neodymium

Zhang et al. synthesized Nd-doped LFP/C via novel solid-state route without inert
gas sintering as shown in Figure 38. Slight increase in lattice parameters occurred
via Nd3* doping providing more space for Li* intercalation/deintercalation. Carbon
coating inhibited particle growth. The Lio99Ndo.o1FePO4/C sample exhibited
improved performance compared to undoped samples. The doped sample had
specific capacity of ~152 mAh/g. After 20 cycles at 0.5 C the discharge capacity
remained at ~151 mAh/g for the doped samples.*°

1 Li,CO, 7 (Li,co, + Ndo,)
NH,H,PO, FeC,0,-H,0 Calcination at 350 °C
PEG-20000 NH,H,PO, for 10 h.

1:1:1

Ball milling each alone 8 wt% PEG-20000 e

for 4h with agate vessels dispersed in anhydrous 6

and agate balls. grain alcohol. Heat treatment at 450 °C

Ball to powder ratio: 20:1 Ultrasonic dispersing for for 6 h.

150 rpm 35 min.

3 4 The smaller crucible 7

Drying at 30 °C was put inside bigger
and ground with agate crucible and

martar and put into columned active Sintering at 750 °C
small ceramic carbon was added for 12 h. I_N FP
until the smaller

crucible. . ;
crucible was buried.

Figure 38. Novel synthesis route of Zhang et al. to produce Nd-doped LiFeP04.40

7.8.5 Samarium

Meng et al. used sol-gel method to produce Sm3* doped LiFe1-xSmxPO4/C (x = 0,
0.02, 0.04, 0.06, 0.08). The LiFe0.94Smo.06P0O4/C sample had the highest discharge
capacity (162.1 mAh/g at 0.1 C) within voltage range 2.5 — 4.2 V. The sample had
high specific discharge capacity of 112.6 mAh/g at 10 C and average particle size
of 150 nm, which was smaller than the pristine LFP prepared. Diffusion and
conductivity were increased via doping. Charge-transfer resistance was lowered.
The small amount of doping seemed to have no effect to the structure of LFP

besides increasing lattice parameters.'0’
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7.8.6 Europium
Altin et al. synthesized LiFe1-xEuxPOa4 by glass-ceramics technique quenching. Eu

doping induced LisFe2P3012 impurities which were the lowest for the best sample
LiFeo.9sEu0.02PO4 that had capacity of 149.4 mAh/g at 0.5 C.52

7.8.7 Gadolinium

Pang et al. synthesized LiFe1-xGdxPO4/C via high temperature solid-phase reaction.
Slight increase in unit cell parameters occurred for doped samples. The particle size
was smaller for doped samples. The LiFeo0.93Gdo.o7PO4/C sample exhibited best
electrochemical performance with maximum discharge capacities of 150.7 mAh/g
at 0.2 C and 81.3 mAh/g at 10 C, initial discharge capacity of 80.4 mAh/g at -20 °C
and 0.1 C. The discharge capacity decreased as the temperature decreased. This
was attributed to polarization and slower Li* diffusion at lower temperature. The
charge-transfer reactance (Rct) decreased greatly. 192

7.8.8 Dysprosium

Goktepe synthesized LiDyo.02Fe0.9sPO4/C in a solution medium. Both the undoped
and doped sample were classified as orthorhombic Pnma. The volume of the unit
cell increased slightly and electrical conductivity increased to 1.9-10-2 S/cm. The

doped sample had increased discharge capacity of 152.6 mAh/g at 0.1 C.103

7.8.9 Holmium

Altin and Yolun synthesized Ho-doped LiFe1-xHoxPOa4 (x = 0, 0.01, 0.03, 0.05) via
solid-state reaction. The doped samples had smaller particles size than the pristine
LFP prepared with 1mol% doped sample having the smallest one. Best capacity

value was obtained for the undoped sample but the 1 mol% and 3 mol% Ho-doped
samples exhibited better cycling performance.%4
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7.8.10 Erbium

Goktepe et al. synthesized Er-doped LiEro.02Feo0.98PO4/C via solution-based method.
It exhibited increased lattice volume and increased conductivity (from 104 to 10-2
S/cm). Er3*ion has larger radius (r = 0.104 nm) than Fe2* (r = 0.074 nm) which can
explain lattice expansion. These factors led to increased initial capacity of 149
mAh/g at 0.1 C for the doped sample. Particle size and agglomeration also

decreased compared to undoped LFP.105

7.8.11 Ytterbium

Goktepe synthesized LiYbo.o2Fe0.9sPO4/C by solution-based method. The sample
had smaller particle size, increased conductivity, and increased reversible capacity
of ~146 mAh/g at 0.1 C.106
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7.9 Co-doping

7.9.1 Cerium and lanthanum

Zhang et al. synthesized La and Ce co-doped LiCeo.015La0.015F€0.97PO4/C with
ultrahigh rate performance of 91.9 mAh/g at 200 C via solvothermal method. The
sample exhibited high power density of 57.6 kW/kg at energy density of 300 Wh/kg.
The Li* diffusion coefficient was calculated to be 7.09-10-13 cm?/s. N-type doping
effect was indicated by X-ray photoelectron spectroscopy (XPS) and by electron
density states. This changed the conduction type from p to n and lead to increased
number of electrons on the conductive band. The doped sample had nanosphere
and nanorod shaped particles with sizes of ~10 nm and ~100 nm. Interplanar
spacing also increased. The increase was attributed to the larger size of La3%* and
Ce3* ions compared to Fe?*. Lower resistances of doped sample resulted to
conductivity that was 5 orders of magnitude higher than that of the undoped

sample.6®

7.9.2 Niobium and titanium

Tian et al. used sol-gel method to synthesize graphene (G) coated Nb- and Ti-doped
Lio.9aNbo.o1Feo.97Tio.03PO4/G with discharge capacity of 140.1 mAh/g at 5 C. Nb was
assumed to locate to Li-site as the Nb5* ion is smaller than Fe2* and Ti** was
attributed to Fe-sites because of the similar size to Fe?*. b-axis of the crystal lattice
shrunk resulting to shorter diffusion distance. The lattice volume increased despite
of this. Graphene layer and doping both decreased the particle sized to an average
of 155.6 nm. The doped sample had the best exchange current (0.284 mAh/g)
implying best reversibility among the samples in the study. The electrical

conductivity of LFP increased from 0.16:10-3to 0.89:10-3 S/cm between pristine LFP
and LFP/G. The conductivity of doped LFP was 3.1-10-3 S/cm. 107

7.9.3 Fluorine and vanadium

Li et al. synthesized V and F doped LiFePO4/C via ball milling route with high-rate
capacity of 124.9 mAh/g at 10 C with high capacity retention of 95.7 % after 100
cycles at 1 C. All lattice parameters increased. Electrolyte resistance and charge
resistance both were lower for doped sample. Li* diffusion coefficient was increased
to 3.58-10-1" cm?/s for oxidation state. The doping affected Fe-site and POs-site and
the goal was to make a conducting cluster with mainly Livacancies coupled with Fe

and O ions.42
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7.9.4 Cobalt and zirconium

Gao et al. synthesized Zr and Co co-doped LFP via solid-state method. Cobalt was
located on octahedral sites decreasing a and c lattice parameters but expanding b
direction. However, Co?* ions act as pillar to prevent collapse of crystal during
intercalation and de-intercalation. Particle size was between 200 and 400 nm.
Lio.99Zro.0025F €0.290C00.01PO4 sample showed best electrochemical performance
having initial discharge capacity of 139.9 mAh/g at 0.1 C, remaining at 115.8 mAh/g
after 50 cycles. Lithium diffusion coefficient was 3.8-10-'2 cm?/s .64

7.9.5 Sodium and chlorine

Wang et al. prepared Na* and CI co-doped LFP/C via solid-state reaction. Co-doped
sample had higher electrical conductivity (1.1:10-2) S/cm than pristine LFP and
samples doped with only CI- or Na*. Na* was assumed to be at Fe?*-site and CI- at
O?-site. Li-O and P-O bonds for co-doped sample were longer than Na*-doped ones
and shorter than Cl-doped ones. For Fe-O the case was exact opposite. Na* serves
as a pillar in the structure, which can stabilize the crystal structure. Cl can also
stabilize crystal structure by shortening the P-O bond length. Particle size was
between 20-60 nm. Near 100% coulombic efficiency was achieved and increased
capacity was achieved for co-doped samples. At 10 C, capacity was 115 mAh/g.

Charge-transfer resistance was also reduced.’®
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8 WHICH DOPANTS ARE THE BEST?

In this chapter materials with ultra high rate performance are coloured with green.
These materials are classified as materials with discharge capacity over 100 mAh/g
at +20 C in this thesis. High performance materials are coloured with blue, and
exhibit discharge capacities of over 110 mAh/g at +10 C or over 120 mAh/g at 5 C.
Yellow colour is used for materials with average capacity at high C-rate and for
materials with good capacity at lower C-rates. Red colour is used for materials that
had worse performance than their LFP counterpart and for materials with poor rate
capabilities. Arrows pointing up (1) indicate increased performance compared to
LFP counterpart and arrows pointing down (|) indicate worse performance
compared to LFP counterpart. Lastly, other than performance factors are considered
in Figure 39 where green, blue, yellow, and red are used to indicate best-, good-,
mediocre-, and poor dopants. Table 5 includes capacity, conductivity, and Li-ion
diffusion coefficient of alkali-, alkaline-, and post-transition metal dopants. We can
see that Na-doped LFP has shown ultra high rate performance. Metalloids In and
Sn have also shown great rate performance. In-doped LFP and Eu-doped LFP show
the highest electrical conductivity (102 S/cm) of all the doped LFP materials
presented here.

Table 5. Performance metrics of LiFePO4 doped with alkali-, alkaline-, and post-

transition metals.

Material Specific Electric L™ diffusion Synthesis Ref
discharge conductivity coefficient method
capacity and [S/cm] [cm?/S]
C-rate
[mAh/g]
LiNao.01Fe0.9sPO4/C 119 1 11.3510™ | precipitation and spray drying i
40C
Lio.o7Ko.03FePO4/C 76 11.01-10° 11.14-10™ carbothermal reduction 3
10C
Lio.9sMgo.0sFePO4/C 108 1 1 solid-state °8
5C
LiCao.01Fe0.09PO4/C 80 15.48-10° 4.59-107" solid-state ”
10C
Lio.o7Alp.01FePO, 195 ceramic B
C/5
Lilno.01Feo.09PO4/C 128 11-10™ 11.4-10™ sol-gel N
10C
LiSno.03Fe0.97P04/C 146 13.47-10° 12.89-10™ sol-gel il
5C
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From Table 6 we can see that metalloid, halogen and nonmetals produce materials
with relatively good rate capabilities.

Table 6. Performance metrics of LiFePO4 doped with metalloids, halogens, and

nonmetals.
Material Specific Hlectric Li* diffusion Synthesis Ref
discharge conductivity coefficient method
capacity and [S/cm] [cm?/S]
C-rate
[mAh/g]
LiFePs 98B0.02045/C 110 11.86-10° 1.38-10™ solvothermal I
10C
LiFePo.97Si0.0304/ 121 1 14.42-10" solid-state °°
(C+1%Li>SiO3) 5C
LiSbo.o1Fe0.00PO4/C 154 - - solid-state i
C/5
LiFePO378S0.22/C 113 1 1 solvothermal %3
10C
F-LFP@NBFC 124 T T hydrothermal >
5C
LiFe(POa4)0.97Clo.01/C 105 - - solid-state e
10C
LiFe(POa)2.98:3Bro.02/C 152 - - sol-gel o
C/5
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All the LFP materials doped with elements close to Fe (Ti, V, Cr, Mn, Co, Ni) in the
periodic table have shown good rate performances. Especially Mn-doped LFP. Rh-

doped LFP also shows good performance as predicted by theoretical screenings.%°

Table 7. Performance metrics of LiFePO4 doped with transition metals.

Material Specific Hlectric Li* diffusion Synthesis Ref
discharge conductivity coefficient method
capacity and [S/cm] [cm?/S]
C-rate
[mAh/g]
LiTio.osFeo.92PO4/C 110 1 1 solid-state !
114C
LiV0.03Fe0.97PO4/C 117 15.910" - sol-gel o
10C
LiCro.03Fe0.07PO4/C 120 1 - mechanochemical ®
10C
LiMno 21Feq 79PO4/C 108 1 1 reflux processand ™
100 C carbonization
LiCoo.01F€0.0sPO4/C 115 15.46-10™ 1 1.04-10 sol-gel oF
10C
LiNio 03Feo 97PO4/C 94 - - spray drying and carbothermal °°
10C reduction
LiCuo.02Fe0.0sPO4/C 127 i - solid-state °
2C
LiZno.01Fe0.9sPO4/C 133 - 11.58-10™ solid-state ot
C/10
LiNDo.05F€0.9sPO4/C 85 - 17.9410" sol-gel o
5C
LiMoo 01Fe0.99PO4/C 83 - - ball miling and o
10C solid state
LiRug.01Fe0.9sPO4/C 117 i 17.15-10° surfactant-assisted i
5C sol-gel
LiFeo.975RN0.025P04/C 117 1 1 carbo thermal reduction e
10C
LiPdo.02Fe0.0sPO4/C 1109 - ! sol-gel o7
5C
LiWo.02Fe0.98PO4/C 110 1 1 solid-state vs
1C
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From Table 8 we can see that Ce- and Sm-doped LFP show the best high C-rate

performance out of rare earth elements.

Table 8. Performance metrics of LiFePO4 doped with rare earth elements.

Material Specific Electric L™ diffusion Synthesis Ref
discharge conductivity coefficient method
capacity and [S/cm] [cm?/S]
C-rate
[mAh/g]
Lio.9aY 0.01FePO4 ~130 - - solid-state/ball milling >
LiLao.01Fe0.09PO4/C 156 12.82:10° 1 solid-state o
C/5
LiCeo.1Feo oPO4/C 137 15.93-10% 1 solid-state oo
5C
LiNdo.01Fe0.00PO4/C 115 i 1 solid-state i
2C
LiSmy 0sFeo.04PO4/C 113 1 11.25-10™ sol-gel T
10C
LiEuo.02Feo0.9sPO4/C 149 T - glass-ceramics quenching >
C/2
LiGdo.03Fe0.97P04/C 81 1 1 solid-state ™
10C
LiDyo.02Fe0.08PO4/C ~110 11.9-10° T sol-gel i
2C
LiHoo.01Fe0.99PO4/C ~160 1 1 solid-state o
C/6
LiEro.02Feo.9sP04/C ~105 110° - sol-gel o
2C
LiYbo.02Fe0.05PO4/C ~146 11.9-10° - sol-gel e
C/10
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Table 9 shows that co-doping can produce LFP materials with great performances.

La- and Ce co-doped LFP has ultrahigh rate performance that is much better than

the LFP materials doped with just Ce or La presented in Table 8.

Table 9. Performance metrics of co-doped LiFePOa4.

Material Specific Hectric L™ diffusion Synthesis Ref
discharge conductivity coefficient method
capacity and [S/cm] [cm?/S]
C-rate
[mAh/g]
LiCeo.015La0.015F€0.97PO4/C 92 - 17.09-10™ solvothermal o
200C
Lio.09Nbo.01F€0.97 Ti0.03PO4/G 140 13.1-107 - sol-gel o
5C
~Lio.97V 0.017F0.058F€P1.0103.99C 125 1 13.58-107™" ball milling *
10C
Lio.09Zr0.0025F€0.99C00.01PO4 140 - 3.8-107 solid-state o
Cc/10
LiFeo.99Na0.01PO3.99Clo.01/C 115 11.1-10% 1 solid-state &
10C

The performance metrics are not all that matters when developing battery materials.
The abundance and price of the elements vary, and this affects the reasonability of

some dopants. In Figure 39 we can see prices of most dopants.

26,552 i i
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Figure 39. Price of elements in USD/kg and charge capacities of each element at
indicated oxidation states. Figure 39 is from an article by Gao et al.1%
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We can see from Figure 38 that elements Ru, Rh, and Pd are extremely expensive.
Although Ru and Rh both show good or at least average electrochemical
performance they wouldn't be economically feasible. Using the same logic Tb and
B shouldn’t be considered as good dopants. V and In are also quite expensive but
the reported performances are good. About 95% of rare-earth elements (REEs) are
produced in China and this increases supply risks of REEs."% REEs like Tb, Pr, Eu,
and Dy are also quite expensive as shown in Figure 38. Assuming similar prices for
elements Er, Ho, and Gd not listed in Figure 38 leaves only La, Ce, and Sm as
reasonable dopants from REEs. This is because La and Ce co-doped material has
shown ultra high rate performance and both are quite abundant elements.® Sm is
also quite inexpensive according Figure 38 and has shown good performance
making it average dopant. Child labour and supply risks' make Co less favorable
dopant than the electrochemical performance suggests. European Union (EU) has
made a list of critical raw materials (CRMs) in 2020. CRMs are materials with high
importance and with high supply risks to EU economy. Some pure elements are
included on this list. These are Sb, Co, In, Nb, Ti, V, W, and all REEs."" The
average performance, CRM status, and alternative uses of Sb and W make them
poor dopants. F has shown good performance as a single dopant and as a co-
dopant with V. S and Si are cheap and good performances have been reported.

However, several factors are not considered here. Adding one or more reagents to
a synthesis that is already complicated in industrial scale can have many effects.
Articles with large scale synthesis were not reviewed. The cyclability and effects on
low temperature performance were not discussed in detail. The analysis in the
research articles have been made with different systems and electrode preparation
processes. Different coatings have been used through the research articles. This
affects the measured performance of a material in electrochemical testing. The
amount of literature of available for each dopant varies a lot. Some dopants have
been studied more in detail and thus better synthesis routes for LFP doped with that
singular element could have been found that are not included here. The articles
reviewed here may or may not be the best presentations for each dopant’'s true
performance. The price and availability of dopant elements is also under constant
change.
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With this shallow analysis, acknowledging the shortcomings, dopants are divided

into four tiers: green, blue, yellow, and red as shown in Figure 40. Green tier has

the best dopants where ultra high performance and economic feasibility are

combined. Blue tier combines dopants with high performance and economic

feasibility. Yellow tier consist of dopants with mediocre performance. Red tier

consist of expensive dopants, dopants with low performance, and dopants with

possible supply chain or abundance issues.
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Figure 40. Considering performance and economic factors dopants are coloured

with four different colours. Green marks the best dopants, blue good dopants,

yellow average dopants, and red worst dopants.
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9 SUMMARY

Basics of electrochemical analysis methods CV and EIS were presented. Combining
the electrochemical characterization with structural analysis methods like XRD and
SEM gives researcher a lot of tools to work with. Particle size, possible impurity
phases, particle morphology, lithium diffusion coefficients, electrical conductivity,
and resistances associated with different phenomena occurring in the material can
all be defined. Understanding the common figures and values given in research
articles is essential for study of battery materials and are given in almost any article
available. These characterization tools can be applied to LFP but also to all other

battery chemistries.

Several synthesis routes can be used to produce pure or doped LFP with high
performance. These include carbothermal reduction, sol-gel method, solid state
synthesis, and hydrothermal synthesis, to name a few.3°

LFP has low electronic and ionic conductivity which affect rate performance
negatively during charging and discharging. Using nanosizing, coating, and doping
the conductivities and electrochemical performance of LFP can be improved.® As
shown by the studies reviewed in Chapter 7, coating and nanosizing of active
material particles is almost universally applied. Carbon coating can reduce charge
transfer resistance, ensure good electronic contact, and inhibit particle growth.
Nanosized particles have larger surface area, shorter diffusion pathways, and lead
to a lower charge transfer resistance and increased rate capability.3> Economically
feasible dopants with best electrochemical performance were identified in Chapter
8. Top three includes Mn-,'3 Na-,*° and La and Ce co-doped®> LFP all with reported
ultra high rate performances. Si-,%¢ S-,23 Ti-#! V-57 Cr-,"> Nb-,%' In-%2 Sn-4" and F
and V co-doped*2 materials have also shown high performance. It seems that the
conduction mechanism and the effect of doping to conductivity in LFP is not yet
completely understood.5” However, doping with right elements can have positive
effect on unit cell stability, unit cell volume, band gap, elasticity, lithiation/delithiation

voltage,®*55 and conduction mechanisms.5”
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