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ABSTRACT

DEVELOPMENT AND CHARACTERIZATION OF HIGH POWER
DENSITY CATHODE MATERIALS FOR LITHIUM-ION BATTERIES

Dogu, Safak
Ph.D., Department of Micro and Nanotechnology
Supervisor  : Prof. Dr. Mehmet Kadri Aydmnol
Co-supervisor: Prof. Dr. Zafer Evis

May 2015, 175 pages

In this thesis, facile and cost efficient aqua based synthesis method is developed to
synthesize power dense and fast rechargeable LiFePO4 cathode materials. In order to
obtain nano sized crystal morphology, nucleation controlled techniques were studied
on precursor synthesis. These techniques are freeze (cryogenic) drying with co-
precipitation and ultrasound assisted sub-sequential precipitation with vacuum drying

at low temperatures (<350 K).

In co-precipitation with freeze drying synthesis, star-like platelet LiFePOs was
synthesized while ultrasound assisted sub-sequential precipitation synthesis yielded
2D polycrystalline nano-plate structures around 100 nm thickness which has high tap
density. The morphology of particles was diverted by manipulation of nucleation and
crystallization processes and then preserved with carbon encapsulation strategy before
LiFePO, formation through calcination. The highest discharge capacity is found as
140.3 mAhg* at 0.1C cycling rate for LiFePO4/C synthesized by ultrasound assisted

sub-sequential precipitation and carbonized via CVD.

The highest and endurable electrochemical performance was achieved with sucrose
encapsulated LiFePO./C where the thinnest plate-like LiFePOs (40 — 100 nm) was

synthesized via ultrasonicated formation of vivianite precursors. The rechargeable



capacities are found as 125.1 and 89.2 mAhg at slow (0.1C) and fast (1C) discharge
rates, respectively. Regarding to these slow and fast rated discharge capacities, higher
capacity retentions (82 — 90%) were observed as 103.8 and 81 mAhg coulombic
capacities even after less than 1 hour fast charging. Through this synthesis technique,
especially in fast charging, it is able to achieve more discharge capacity than other high
temperature hydro/solvothermal synthesis.

Keywords: Ultrasound, reactive crystallization, sub-sequential precipitation, co-
precipitation, freeze drying.
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LIiTYUM iYON BATARYALAR iCIiN YUKSEK GUC YOGUNLUKLU
KATOT MALZEMESI GELISTIRILMESI VE KARAKTERIZASYONU

Dogu, Safak
Doktora, Mikro ve Nanoteknoloji Boliimii
Danigman : Prof. Dr. Mehmet Kadri Aydinol
Es danisman : Prof. Dr. Zafer Evis

Mayis 2015, 175 sayfa

Bu tezde, yiiksek gii¢ yogunluklu ve hizli sarj edilebilen LiFePO4 katot malzemelerinin
sentezlenmesi amaciyla kolay ve diisiik maliyetli su bazli sentez yontemi
gelistirilmistir. Nano boyutlu kristal morfolojinin elde edilmesi i¢in ¢ekirdeklenme
kontrollii onciil sentez teknikleri iizerine calisilmistir. Bu teknikler dondurucu
(kriyojenik) kurutma ile takip edilen es-¢oktiirme ve diisiik sicakliklarda (350K)

yapilan vakum kurutma kullanilan ultrasonik ardisik ¢oktiirme yontemleridir.

Dondurarak kurutma uygulanan es-¢oktiirme yonteminde yildiz sekilli levha
morfolojisinde LiFePO; iiretillirken, ultrasonik ardisik ¢oktiirme yontemiyle 100 nm
kalmhiginda, yliksek sikistrma yogunluguna sahip iki boyutlu, ¢ok kristalli nano
tabakali yapilar elde edilmistir. Par¢acik morfolojisi ¢ekirdeklenme ve Kristalizasyon
prosesleri yonlendirilerek c¢esitlendirilmis ve ardindan kalsine edilerek yapilan
LiFePOs olusumundan 6nce karbonla sarma stratejisi ile korunmustur. En yiiksek
desarj kapasitesi, 0,1C ¢evrim hizinda CVD yontemiyle karbon kaplanan ultrasonic
ardisik ¢oktiirmeyle sentezlenmis LiFePO4/C malzemesinde 140,3 mAhg ! olarak elde

edilmistir.
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En yiiksek ve dayanikli elektrokimyasal performans, ultrasonlanmis viviyanit onciil
bilesiklerinin olusumu ile gergeklestirilen ultrasonik ardisik ¢oktiirme yontemi
kullanilarak ftiretilen en ince tabakali LiFePOs (40 — 100nm) sukrozla sarmalanmig
halinden elde edilmistir. Tekrar sarj edilebilir yiik kapasiteleri sirasiyla 0,1C ve 1C
desarj akimlarinda 125,1 ve 89,2 mAhg olarak bulunmustur. Bu yavas ve hizli sarj
kapasitelerine gore, bir saatten az siirede gerceklestirilen hizli sarj (1C) isleminden
sonra dahi, sirasiyla, 0,1 ve 1C desarj akimlarinda; 103,8 ve 81 mAh g kulombik
kapasite veren yiiksek kapasite tutma oranlar1 (82 — 90%) gozlenmistir. Bu sentez
yontemiyle, ozellikle 1C hizli sarj akiminda, yiliksek sicaklikli hidro/solvotermal

sentez yontemlerine kiyasla daha yiiksek desarj kapasitelerine ulagmak miimkiindiir.

Anahtar Sozciikler: Ultrason, reaktif kristalizasyon, ardisik ¢oktiirme, es-¢oktiirme,

dondurarak kurutma.
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15T CHAPTER

1. Future of energy demand and storage technology

Nowadays the demand for electrical power has increased much more than ever has
been before. Also it is needed in right place and right time just before to be used.
Energy consumption strategy needs more localized and mobile solutions. Moreover,
power has to be delivered more efficiently than already does. With this point of view,
electrochemical storage technology seems to be the most efficient way to convert the
energy between electrical and chemical forms.

Electrical energy storage can be done by capacitors and batteries. While the capacitors
are rapid, batteries are slow because of their low molecular mobility during chemical
reactions. In Figure 1, a relation between specific power and specific energy is
explained for energy source devices. Fuel cells can provide high energy with low
power while super capacitors have more power with less energy. In high battery
systems, the aim is to achieve the highest power capacity especially for electrical drive

systems in automotive technology.

In the recent decades, a tremendous interest has been placed to develop better
electrochemical energy storage systems and batteries. There are several driving factors
for this attraction. One is about the environmental pollution caused by internal
combustion engines. It is well known that the combustion of fossil fuels causes the
emission of pollutant materials. Pollutants accumulate in nature as greenhouse gases
resulting in global warming and poisonous atmospheric gases threatening the public
health.

Pollution density is not same in everywhere. It is high in cities with high population
and industrial areas. Regulations have been used to limit the emission related to
automotive industry. These regulations forced the automotive industry to find more
efficient and ecological solutions. Alternative fuels and energy storage media should
be developed for vehicle propulsion systems. Electrified vehicles can be a solution in

which power is supplied by battery. Afterwards, hydrogen fuel cell can be next.
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In order to provide sufficient range during urban routes, and adequate acceleration,
relatively large amounts of power and energy must be suited in the vehicle. Thus,
power amount must be supplied from a battery solution. Moreover, weight reduction
is also an important parameter in automotive applications.

1.1 Fundamentals of electrochemical storage and batteries

Rechargeable battery is a device which reversibly stores energy for future delivery by
an electrochemical reaction. Energy density of the battery is important in portable and
mobile applications, like cellphones, portable computers and video cameras. However,
conventional batteries have a limiting parameter on battery life, rate capability, and
capacity as seen in specific power and energy graphics provided in Figure 2. Among
them, the most beneficial target would be the fast charge acceptance to reach the goal

of being an alternative power source for electric vehicles.
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1.2 Thesis objectives

As an iron based cathode material, LiFePO4 has been studied because of its abundance,
safety and reliability for high power application in electric vehicle energy storage
systems. The most important development is the power acceptance improvement of
LiFePO; cathode material. Fast rechargeability is the key obstacle for
commercialization. Although, fast charging target within 5 minutes with pumping of
a fuel tank may be an achievable limit with novel nanostructured materials and designs.
At the same time, developing a sufficient synthesis with reasonable cost is much more

important than getting the top notch results on a lab bench.

Size reduction of crystalline LiFePO4 material has unexpected effects on capacity and
rate capability of cathode at nanoscale because of its lithium diffusion anisotropy. This
is explained by refining Li* ion diffusion length and reducing defect concentration in
lattice. Nano crystalline materials look promising if large scale and affordable

production capacities can be achieved.

LiFePO. (LFP) based electrode kinetic is controlled by poor electronic conductivity
and the low lithium ion diffusion in the structure. After reviewing production methods

for fast kinetic mechanism by enhancing poor ionic and electronic conductivity with



fast electrochemical kinetic supporting high power application was focused in this

thesis.

In last decade, the general research motivations focused on to synthesize a cathode

material having superior parameters as listed in below;

I.  Performance parameters
i. Energy density
ii. Power density (Rate capability)
iii. Fast rechargeability
iv. Cycleability
v. Durability (Self discharge)

Il.  Safety parameters
i. Flame retardancy
ii. Self-shutting down to avoid explosion
iii. Temperature limitations
iv. Toxicity

1. Cost efficiency

Fast rechargeability is a key role that leads the traction battery application in
automotive industry. High rate capability during charging is required for easy and
quick regeneration of the energy from the high current and power feedback system.
Improving the power capability and fast rechargeability of the cathode materials is the

purpose for synthesis of nanostructures via low cost and facile methods.

The long and stable cycle life is essential for the easy management during all service
life time of the battery. To collect all generated current in a fast way and to enhance

the utilization of active mass, cathode material must be electronically conductive.

Rate limiting step for lithium ion diffusion through the inner part of cathode material
is important for 1D structures like olivines. So reducing this pathway may have
tremendous effect on electrochemical reaction kinetic. To achieve a high rate charge-
discharge capability of LiFePO. electrodes, the particle size refining should be
focused. Recently, organic (carbon) phase or other electronic conductive agents having
only surface contacts for each cathode particle provided that the electron-conducting
phase also percolates the whole electrode material.
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To achieve a relatively high power, enough conductivity is required to act as a
conductive additive. It may also be possible to form nano powders as well as nano rods
or flakes. It is believed that the nano structures enhance the Li diffusivity and
significantly reduce the defect concentration by limiting the size of crystallites.
LiFePO4 crystal structure, having anisotropic diffusivity of Li* ions, the reduction on
the length of transportation route into the structure should increase the fast
rechargeability by localization of crystallographic directions along with preferred
orientations. This yields an improvement in intra- and inter-conductivity of the

particles.

Reducing the intrinsic resistance of the cathode material by controlling the size and
crystal structure with the help of external manipulating effects on aqua based
precipitation synthesis is the motivation of this thesis. For manipulating the final
structures towards nanoscale, first issue was to gain control on nucleation and growth
mechanism by controlling the nucleation temperature and adding surface active

organic compounds.

Alternatively, modulate the final LFP/C structure, heterogeneous nucleation and slow
dissolution kinetic of sub-sequential precipitation was used as a metamorphological
synthesis of 2D LiFePO4 cathode material by transformation of 2D intermittent
precursors. Additional manipulating effect of ultrasound irradiation on precipitation

and recrystallization reactions was studied in an agueous environment.

1.2.1 Originality of the study

In the thesis, fast rechargeability and power capability of LFP is tried to be enhanced
by nanotechnology processing techniques. To overcome drawbacks of olivine type of
LiFePOs which are lack of electrical and ionic conductivity, it is proposed to
synthesize cathode material in nano-sized particles. Throughout the thesis, mainly two
techniques are used which are freeze drying co-precipitation and ultrasonic wave
assisted sub sequential precipitation to obtain nano crystalline and preferentially
oriented nano plate structures of LiFePO4 materials. In order to develop a facile and
cost effective implementation, it is also aimed to design a synthesis processes that is

compatible with aqua based environment and solution chemistry.



Although there are some studies reported using freeze drying method for synthesis of
LiFePO4,2? there is still a need to improve electronic conductivity in order to achieve
high efficiency and low resistance during charge/discharge at high rates. In the thesis,
temperature and pH controlled co-precipitation methods are studied within freeze
drying procedure in order to obtain refined crystallite size for enhanced
electrochemical performance. Effects of temperature and pH, separately as a driving
force of co-precipitation process, are investigated with the help of cryogenic drying
condition against oxidation. Rapid freezing was implemented on both pH driven and
temperature driven nucleated precursors. Reaction mechanisms were proposed by

differential scanning calorimetry and x-ray diffraction analysis.

During synthesis, agglomeration is important during production phase and thus this
effect should be eliminated by minimizing the surface energy. In order to reduce
surface energy during crystallization, different encapsulating agents such as CTAB
(Cetyl trimethyl ammonium bromide), ascorbic acid, and citric acid are used. These
encapsulation agents can transform into a conducting layer during the calcination step
by keeping the particle away from further agglomeration along the whole synthesis
process. Furthermore, this helps to slow down and control the nucleation and growth
mechanism of precipitated products by limiting the diffusion in the solution phase. The
effect of these compounds is investigated on morphology of active material and their

effect on nucleation, growth and agglomeration mechanisms.

The sub-sequential precipitation method is also studied with sono-crystallization. The
promising effect of ultrasonic wave assisted crystallization process is to produce nano-
plate LFP refined especially in one dimension. Preservation of these individually well
distributed and crystallized nano-sheet materials is achieved by transformation of
vivianite crystals into LFP. During this transformation, in-situ carbonization of surface
active carbonaceous materials is performed during calcination where conductivity of

resulted material increases.

To high energy and power density, homogeneous and thin carbon layers has to be
maintained while keeping the particle size refined after synthesis of LFP/C particles.
In this research, in-situ carbon coating and encapsulating strategies are combined to

reach an optimum crystallite size and shape regarding the crystallographic orientation.



2N°P CHAPTER

2. Background and literature

Achieving high performance capacity and regenerability while reducing the weight of
energy storage system is the purpose. Due to the recent technological developments
especially in mobile devices such as laptops, phones and cars, weight of storage system
matters as well as its performance. Since the discovery of lithium ion batteries by
Whittingham,* the most convenient solution to mobile applications is lithium ion
batteries in the field of electronic devices. Almost all laptops, multimedia devices and
medical devices use lithium-ion batteries. Lithium ion battery performance should be
studied. Nowadays, more research studies focus on battery kinetics and nano
technology point of view since the lighter and faster energy storage and conversion
solutions are desired in both automotive and portable device industry.

2.1 Rechargeable lithium ion batteries

Lithium has become a good candidate for anodic compound batteries due to its high
energy density like a host material for Li+ ions during intercalation. However, early
models of this type of lithium ion batteries had many problems about safety. During
test phase, short circuit explosion experience because of the dendritic formation of
lithium between recharging cycles raised the public concerns up. Finally Besenhard
and Fritz® has introduced graphite as another intercalating compound for lithium.
Graphite layers helped to solve the dendritic growth problem by layered structure of
graphite and waiving of capacity. After the discovery of LiCe intercalation in graphite
material as an anodic compound by Yazami and Tauzian.,® use of lithium ion batteries

has dramatically increased in commercial applications.

Lithium rechargeable batteries offer high power, light weight, and advanced
electrochemical performance. With those prominent characteristics, lithium ion
batteries dominates the market for portable rechargeable power tools such as personal
electronic and communication devices and medical devices. Batteries with high energy
density, efficient cyclability and durable chemistry are the purpose. This feature is
coming from its endurable nature in charge - discharge cycles by having no memory
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effect which provides more flexible usage for multiple applications.

Lithium ion batteries seem to be likely the best alternative energy storage device for
the next generation transportation industry. Despite its reliable capacity and long
service life, main drawback is its limited rate capability during both charging and
discharging processes. Especially, enhanced power density would be an important

driving force for electric vehicle technology.

2.1.1 Kinetics of intercalation compounds

Lithium ion rechargeable battery electrodes are based on intercalation compounds of
lithium, which reversibly accommodate lithium ions into their crystal framework. In
contrary to conversion electrode reactions, intercalation compounds are able to
conserve their crystal structure during charge and discharge reactions. This mechanism
allows high power and cycle ability because of stable structure during charge and
discharge reactions. However, intercalation compounds have limited capacity around
250 mAhg? which is equal to one electron redox potential.” On the other side,
conversion reaction compounds can reach higher energy storage capacity than
intercalation mechanism. Schematic illustration for these mechanisms is shown in
Figure 3. The cathode and anode in conventional lithium ion batteries typically have

either a layer or a tunnel structure.

Figure 4 illustrates a typical lithium cell design. During discharge, lithium is oxidized
at the negative electrode and released into the ionic conductive electrolyte. Then
lithium ions travel through the electrolyte towards the positive electrode, where the
lithium ions are reduced in case of entering to the host framework of the positive active
material. In order for this process to occur, electrons must also move from the negative
electrode to the positive. The electrolyte is not electronically conductive, so the electric
current must pass through an external circuit, producing electrical work. During
charge, these processes are reversed, requiring an electrical charge input. Amount of
power extracted from the discharge process is proportional to the current, or reaction
rate. Cell potential is related to the difference between the anodic and cathodic
chemical potential of lithium in these two host compounds. The open circuit or

theoretical standard potential of the lithium ion cell is described as changing chemical



potential of Li ions (Equation-1) at each state in between anodes and cathodes as a

rocking chair movement.

Intercalation
(Low capacity)

Conversion
(Large structural
change)

Figure 3. Intercalation and conversion reactions in electrochemical energy storage.®

E, = _(:uLi/+ - :ULi/—)/ nk (1)

Here, Eo is the equilibrium cell potential, pLi+ and pi- are the chemical potentials of
lithium in positive and negative electrodes, respectively; n is the number of electrons

involved in the reaction, and F is Faraday’s constant.

In high power cell, electrolyte should sustain a high current on formed species during
each cycle without suffering from irreversible processes, and side products such as
solid electrolyte interface (SEI). Otherwise, galvanic cell potential decreases further
from open circuit voltage which decreases the battery power and cycle time. There are

certain kinetic requirements of an electrode materials for high power cell as below:
e High lithium intercalation capacity

e Large gap of electrochemical potential between positive and negative

electrodes vs. the Li/Li* couple
e Facile lithium intercalation Kinetics
e High diffusivity of lithium in the solid

e Electronically conductive (or compatible with conductive additives)
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e Stable to electrochemical cycling

Li conducting
organic
Copper current electrolyte
collector

Figure 4.  Schematic illustration of lithium — ion battery reaction mechanisms.®

Li,.CO,
Aluminum
current collector

These requirements are fulfilled for the negative electrode by many materials,
including graphite, certain metal alloys, some transition-metal oxides,'® and lithium
metal.!! Lithium metal is not used commercially due to safety concerns, but it is widely
subjected to research projects, particularly when characterizing positive electrode
materials because it displays a constant electrochemical potential during charge and

discharge.

A wide variety of cell chemistry fulfill the electrochemical requirements for positive
electrodes. For example; LiCoO2 has found extensive commercial application due to

its high energy density and long-term stability in repeated electrochemical cycling.

High power requirements would be achieved by modulating structural properties of
electrode materials.'?> Recent studies show that particle size refinement on electrode
materials results in better electrochemical properties.t®* Furthermore, increase in

porosity of active mass helps in fast ionic and electronic conduction in electrode.®

2.2 Cathode materials for lithium-ion batteries

There are three main host structures for cathode materials which are spinel, layered
and olivine structure (Figure 5). The spinel structure has 3D openings through the inner
galleries. In this type of structure, ions are free to move in all axis and Li ions can

diffuse through each surfaces. Li,Mn,Qy4 is a well-known type of structure.® It has less
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toxicity, more abundant from natural resources and intercalation/extraction ratio

changes between 0 < x < 2.

Main drawback of spinel structured cathode materials is caused by phase transition
between charged and discharged states. Transition between cubic and distorted
tetragonal structures causes large volume change which leads to a limited capacity
with 120 — 125 mAhg™. Capacity degradation due to phase transition occurs at
moderate temperatures (50-70°C) that can easily be reached early in most applications.

The layered cathode materials have 2D structure where diffusion occurs along a
specific direction of the crystal structure (Figure 5). LiCoO- is a common cathode
material used for most of the industry scale productions. LiCoO> cathode can be easily
synthesized using both solid-state and chemical approaches. It has excellent cycle
ability at room temperature especially when LixCoO: having stoichiometric ratio at the
range of 0.5 < x < 1.0. Out of this stoichiometric range the crystal structure tends to
collapse and are destroyed permanently. Specific capacity and theoretical capacity of
LiCoO; are 140 mAhg?, and 273 mAhg, respectively.!’

LiFePO,, LiMePO,  LicoO,, Li(Ni,Co)0,,  LiMNn;0,, LiMn, ;Me, O,
LiCoq;3Niy;Mn 4,0,

Figure 5.  Three main types of host structure of different cathode materials.®

LiCoO; is widely used as cathode material for portable devices. In large scale battery
packs, especially for electric vehicle application, operation fluctuation brings the

difference in cell structure that cannot be easily managed during dynamic charge and
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discharge sequences. Therefore, this causes disintegration on cathode materials
especially during high ampere discharge. Excessive amount of heat can be released
and localized in the battery which can yield safety concerns in automotive industry. In
addition to these concerns, cobalt ingredient makes LiCoO: cell very expensive.
Moreover, mass production of this Co included cathode material for transportation
brings serious questions on collection and recycling of the large amount of used
batteries. For high Co content, LiCoO: is highly toxic and must be recyclable.
Furthermore, recyclability of LiCoO- has not been properly solved yet.

The third cathode material structure is olivine type which has Li diffusion channel in
one direction (Figure 5). Generally, this type of host structures is phosphate containing
cathodes which may easily be interrupted by disordered structure or non-released
atoms. Similar lattice parameters between charged and discharged states of phospho-
olivines cause small amount of volume changes during cycling. Olivine type cathode
materials also provide good thermal stability and excellent cycling performance.!®
Raw materials for synthesis of these type of materials are well abundant in nature and
therefore inexpensive. Olivine type cathode has relatively a large theoretical capacity
20 of 170 mAhg™. It shows good stability at relatively high temperature and safe even
in abusive uses. The olivine structures give more stable open circuit voltage of 3.45V
and flat curve during discharge; however, it is hardly diagnosed and managed in
package configuration. Moreover, excellent cycle ability can be observed during
service life. No complete transformation is allowed in cathode material because of the

structural collapse.

2.3 Structure and properties of LiFePOg4

Fully discharged, lithium inserted, LiFePO4 cathode material forms from tetrahedral
and octahedral sandwich layers. During charge and discharge reactions, Fe atom at the
center of octahedron is oxidized and reduced, respectively while Li* ions are extracted
and inserted with reduction and oxidation in the same order (equations (2)-(5)). LiOs

octahedral share edges and Li ions may diffuse along [010] and [001] directions.
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Cathode reactions:  Charging
LiFePO, — xLi* + xe™ + FePO, + (1- x)LiFePO, (2)
xFe®" — xFe®*" + xe (3)

Anode reactions:

Charging
XLi* + xe” — xLi 4)
XLi+xC; — xLiC; ()

Unit cell volume?! of FePOq is 272.4 A3 while that of LiFePO4 is 291.4 A3. After the
extraction of Li* ions the lattice volume is reduced. This volume change being very
strict gives high stability and mechanical cohesion during cycles between two phases.
Figure 6 represents the structure with Li atoms which easily hope to the sites in the

green octahedrons through diffusion path lying on the way of b axis.

Figure 6. Expanded view of the framework built on FeOes octahedral and PO4
tetrahedral, with Li ions in red?:.

On the other hand, Li[M]PO4 (M: Fe, Co, Ni, Mn) structure shows poor electronic
conductivity because of the oxygen atoms suited in PO,* tetrahedral. This interrupts

the electron paths for conduction and makes the electrical conductivity of active
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material is very poor. Due to the nearly close packed hexagonal oxygen atom array
provides a relatively small free volume for lithium ions having small migration speeds

at ambient temperature.

2.3.1 Lithium diffusion mechanism in LiFePOs crystals and nano

structured materials

Lithium diffusion is the main step responsible step of kinetics limiting charge and
discharge in the crystal structure and thus, lithium ion diffusion is very dependent on
crystal orientation of cathode material. LFP is a good candidate in term of structural
properties since it has channel like structure that makes it easy for lithium ion diffusion
path in the crystal.

A number of computational research studies has shown that the lithium diffusion could
be much faster and have less potential barrier through [010] direction then other crystal
directions.?? By reducing the length in this diffusion path, which is normal of (020)
plane, Li" ions can move freely along b axis of lattice. Also against the chance of
defects concentration or undesired site occupancy which has blocked the channels as
unusable volume can be reduced dramatically. According to a study by Ceder et al.Z,
Li ions with nanometer long channels can diffuse more easily facing on few obstacles
than micron size particles have (Figure 7 and 8). Calculations of surface redox
potentials can provide insight into the possible Li insertion / extraction mechanisms,
particularly for materials with small particle size, where surface effects on the

lithiation thermodynamics are expected to be significant.

anti-site Fe

anti-site Li

F606 \)
octahedron —
' PO,
[010] ‘t?trahedron
o® Y
Figure 7. Illustration of undesired site occupancy in 1D crystal structure of LFP?2,
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Figure 8. Unblocked volume change with respect to the particle size according to
change in defect concentration.??

2.3.2 Electrical and ionic conductivity in LFP

There are three main mechanisms occur in a cell during charge / discharge process
where lithium ions move from cathode to anode through the electrolyte or vice versa

(Figure 9). These mechanisms are as below;
e Lithium ion diffusion within solid state electrode materials (rate determining)
e Charge transfer reaction at the interface between the electrode and electrolyte

e Lithium ion movement in the electrolyte.
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Figure 9. Conduction mechanism in cathode materials.?*

Slow rate is determining step in lithium diffusion of solid state at macro scale.?*
Therefore, nano-structured cathode materials may enhance the reaction kinetic by

decreasing the diffusion length dramatically.?® Therefore, it is shown that morphology
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and size of LFP cathode materials play crucial role in improving fast cycling. High
power cathode materials for lithium ion batteries should have small particles, fast ionic
and electronic conduction, and thin electrode component.

There are two main problems related to olivine structure. First is poor electronic
conduction and second is limited diffusion due to the 1D (one dimensional) structure.
Nano painting with carbon sources can be a part of solution but nanometer scale results
in more conductivity as compared to bulk phase.

Nano-structured materials have been extensively explored to enhance Kinetic
properties by decreasing the diffusion length to nanometer scale. In bulk compounds,
achieving the stability at intermediate lithium concentrations by increasing the
temperature is not a practical or safe solution for a battery electrode. Another approach
is to use nanotechnology. It is expected that lithium diffusion length is greatly reduced
in nano fibrils, which can allow fast kinetics and good utilization rates.?® On the other
hand, diffusion mechanism of lithium ions should be improved during electro-insertion

and extraction. Therefore, diffusion length in the structure must be refined.

2.4 Recent developments in cathode materials for lithium-ion

batteries

Lithium rechargeable batteries are recently dominating the market for portable power
devices used in laptops, cell phones and medical implants, etc. due to their high power,
light weight, and advanced electrochemical performance. The key point of the
spreading feature is coming from its endurable nature in charge / discharge cycles
caused by having no memory effect. Oxide materials such as LiCoO2 and LiMn,04
are widely used as cathode materials for lithium ion batteries. However, a drawback
on safety cautions comes forward due to their high reactive nature. Alternative to these
oxide materials, Padhi et al.?’ has introduced olivine type LiFePO, as a promising
candidate having more stable oxygen atoms shared by octahedral-POg and tetrahedral-
FeOs. Although LiFePO4 displays outstanding properties in terms of better cycling
stability and safety issues, two major disadvantages are; low electronic conductivity
(~107° Scm™) and slow lithium ion diffusion coefficient with poor rate capability

(~1.8x107* cm? s71).28 Nano painting with carbon sources can be a part of solution
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but size reduction to nanometer scale results in also extra conductivity as compared to
bulk phase.®

Electronic conductivity of LiFePO4 cathode materials could be improved by carbon
coating.?® However, these reports, Gaberscek et al. % claimed that optimization of the
particle size carries more importance than the presence of carbon coating for the
enhancement of electrode performance. As particle size decreases, the rate capability
of cathode material increases which resulted in high power density. Similarly, carbon
free nanoscale LiFePO, particles were directly conducted with satisfactory
electrochemical properties.®® Hydrothermal method resulted in micron sized particles
rather than nano sized structures. In order to gain control on size distribution and
provide better homogeneity, co-precipitation method is a most promising technique
for the mass production of LiFePO, owing to its low cost and facile route. 28:31-33

Several solvothermal methods were used to get plate like LFP crystal formation
reducing size in [010] direction to achieve better rate capability. However, moderate
temperature (180-200 °C) synthesis followed by high temperature (600-800 °C)
calcination step was used in solvothermal method.3*" In these methods, organic

solvents are widely used to modify the morphological structure.

2.5 Synthesis of LiFePO4

2.5.1 Co-precipitation

In Co-precipitation method, impurities are transferred to a precipitate concurrently
with the deposition of some primary substances from a solution, melt, or vapor
containing several substances. Solution should be super saturated with the substance
forming the precipitate or when a melt is super cooled. Co-precipitation, the solubility
of an ion is lower in mixed ionic solution than in pure ionic solutions. A co-
precipitation procedure is seen in Figure 10. Co-precipitation method consists of two
steps which are nucleation and precipitation under normal conditions (standard
pressure and temperature) subsequently followed by crystallization through thermal

treatment®L, It is also an important method to extract trace amount of impurities which

17



are generally undesired. However, in some case it would be an efficient way to add

dopant materials in to target substance.®

‘ Reactants 1 solution

Reactants 2 solution —— 1.  Soluble precursors in mixed
solution
Saturating
compounds 2. Supersaturation of soluble

products in the solution

Precipitatates including different

‘Precipitated productsJ 3. .
ions

Figure 10. Co-precipitation procedure explained.

2.5.2 Freeze drying

Agglomeration is a challenging problem in order to have small sized cathode materials
with high electrochemical properties. Current synthesis techniques mostly include heat
treatment processes at early steps of production to get rid of the solvent content.
However, this results in bigger and agglomerated LiFePO4 particles as shown in Figure
11 by Palomares et al.>® Hence, a new cryogenic technique is being introduced to dry
precipitated precursors without heat treatment by minimizing the agglomeration for

the synthesis of cathode materials.*°

Freeze drying is a chemical synthesis method under cryogenic conditions. The first
step is the preparation of precursor solution in desired stoichiometric ratios. Generally,
the aqua based solutions are preferred because of easy vaporization.**** However,
other solvent materials such as alcohols, ethers, and benzenes can be also chosen for
low temperature synthesis. The liquid dispersion is pulverized into liquid nitrogen and
suddenly frozen. Particles dehumidified in a freeze dryer have to be calcined in an inert
atmosphere with two steps after drying in a cryogenic atmosphere. Then, frozen solid
phase is evaporated by releasing nitrogen and solvent under vacuum at low
temperatures (cryogenic). Generally, drying is implemented in a freeze dryer at — 40

to 0 °C under low pressure (10 — 100 mbar). Drying speed strongly depends on
18



temperature and pressure profiles. However, the process parameters should be chosen
carefully to avoid from melting and degradation of glassy phase. Further thermal
investigation was conducted to specify the exact starting point for melting and glassy

transition.3®

Figure 11. TEM images of the sample (a) LiFePO4 nanoparticles surrounded by a
carbon web; (b) aggregated LiFePO4 particles and amorphous carbon; (c)
bigger LiFePO4 grains covered in carbon®.

After cryogenic drying, solid material is calcined in an inert atmosphere. It is important
to eliminate oxidation of iron to a high oxidation state. Thus, inter-metallic compounds
can be formed and then lithium insertion occurs at high temperatures (>500 °C).

Even though freeze drying is allowed to produce other common materials such as
spinels, it is rarely investigated for olivine type of cathode materials.*® This method
was applied on LiFePO4 cathode materials for the first time by Panero et al.*® Then
Palomares et al. improved the method to achieve higher efficiency.®® Koleva et al.’
proposed new formate precursor method in order to get in situ coating with carbon.
Both LiFePOs and LiMnPO. cathode materials were synthesized.*® Kang et al.

investigated the effect of carbonaceous matrix on the cathode particles.*®

Freeze-drying method was also used to synthesize in another solvent dispersion inaqua
solution as emulsion.®>*® However, different organic aqua soluble additives affect
different process parameters such as nucleation, growth, crystallization and coating.
Moreover, there are lack of knowledge on their effect on precipitation, phase

distribution and evaluation.
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2.5.3 Sub-sequential precipitation

In recent years, different synthesis methods have been used to synthesize nano
materials because of limitations of hydrothermal process. The key strategy should be
slowing down the crystallization reactions which can be easily accelerated at high
temperatures within liquid suspension. Reactive crystallization rate can be suppressing
by especially reducing reactant concentration. This reducing abundance of monomers
within close region to newly formed nuclei may be supplied by controlled synthesis of
reactant or encapsulated surface by additives.

The sub-sequential precipitation is related to form secondary structures by driving the
effect of solubility difference between these compounds. In literature, there are some
studies investigating the synthesis of LiFePOs using sub-sequential precipitation
method. In LiFePOj4 synthesis, LisPO4 (LP) was used as a seed material.

Based on solubility difference, two or more compounds are precipitated within
following sequence and separate reaction conditions. The more soluble product is
precipitated at first then it is followed by another precipitation reactions to form less
soluble compound by adding another reactant or changing the conditions as pH,
temperature etc. Second precipitation is controlled by limited mass transportation

depends on dissolution of early precipitated compound.

Solubility coefficients of LisPO4 and Fes(POs)2 are different (Equations (6), (7)) and
reactions continue with respect to this differences. Because of high solubility of LP,
reactions slightly go on to right side to form lithium and phosphate ions. Phosphate
ions are consumed for crystallization reaction which forms iron (Il) phosphate
intermittent compound as precursor. The basic illustration of reaction mechanism are
represented in Figure 12. Then this is followed by LFP formation by lithium

intercalation during calcination.

In meta-morphological synthesis method, the sub-sequential precipitation is used to
manipulate and determine the size and shape of final LiFePQO4 crystals by controlling
the size and shape of primarily formed precursor particles to achieve nano scale.
Therefore, this is only possible because of controlled nucleation and growth reactions

of precipitated precursor crystals.
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Figure 12. Illustration of sub-sequential precipitation procedure and reaction
mechanism.>!

Li,PO, — Li* + POY" Ksp: 3.2 % 10°° (6)

Fe,(PO,), > 3Fe* +PO}"  Kg: 1x 103 (7)

2.5.4 Ultrasonic wave treatment and sonocrystallization

In literature, it is well proven that ultrasound method has a high efficiency to minimize
particle size.>? This powerful technique has wide applications in industry especially
for the production of medicines and dyes where solid materials are dispersed into
liguid media homogenously through Ultrasound (US) waves. Furthermore, US
technique is also used for grinding processes of hard materials such as metal oxides or

ceramic into very small sizes.>-°¢

Common synthesis techniques, to refine particle size, using disk mills, high shear
mixers and homogenizers would not provide sufficient energy to keep materials in
range of nano meters. US can increase the reactivity of metal powders by more than
100,000 times (Figure 13) in a short time. US can drive metal particles together at high
speeds. They melt at collision point, and ultrasound can generate microscopic flames

in cold liquids.
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Figure 13. Energy and pressure scale in time domain with respect to some
generation phenomena.>?

In the process of ultrasonic irradiation, bubbles created by US waves grow, absorb
energy and then collapse into a high pressure phase. Figure 14 illustrates how bubbles
and waves are formed in a very tiny space and time period. During such an implosion,
very high temperatures (5000 K) and very high pressures (approx. 1000 bar) are
created locally.>” Moreover, high speed liquid jets are formed when these bubbles
collapse generating strong shock waves. Reaction processes in ultrasonic emission
range, which is called as sonochemistry, can be divided into homogeneous and
heterogeneous processes. Homogeneous process proceeds at the hot spot produced by

the bubble collapse in the liquid, and the heterogeneous process proceeds at the liquid—
solid interface.®

During the agitation via ultrasonic method, liquid jets induce particles collide with
each other at a high speed which is called “interparticle collision”. Due to the
interparticle collision, agglomerates holding together by Van der Waals forces are

broken down. This technique is applicable in nanomaterials processing where high
shear forces of ultrasound have an advantage of preventing agglomeration.
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Figure 14. Ultrasonic wave irradiated cavitation behavior in liquid media.>®

Ultrasound chemical effects arise from the physical processes that create, enlarge and
implode gaseous and vaporous cavities in the liquid. Ultrasound waves consist of
compression and expansion cycles. Compression cycle exerts a positive pressure on
the liquid, keeping the molecules together; expansion cycle exerts a negative pressure,
pushing the molecules away from one another. During the expansion cycle, intensity
with a sound wave can generate cavities. A liquid is held together by attractive forces,
which determines the tensile strength of a liquid. In order to form a cavity, a large
negative pressure associated with the expansion cycle of the sound wave is needed to

overcome the liquid's tensile strength.

The implosion of cavities establishes an unusual environment for chemical reactions.
Gases and vapours inside the cavity are compressed, generating intense heat raising
liquid temperature immediately surrounding the cavity and creates a local hot spot.
Although temperature of this region is extremely high, region is very small for heat to
dissipate quickly. This environment can give unique opportunity to initiate hardly

occurred reactions that terminates at an instant.

After increasing the activation of reactions, disintegration or dissolutions within a very
short time, the relaxation period comes with a rapid quenching and implosion period
(see Figure 14). These sudden and tremendous elevating temperature and pressure

within a tiny spot can be restricting action on reaction kinetics. Controlled stimulation
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and restriction on desired reactions controlling the other undesired side effects such as
further growth, agglomeration, oxidation or solubility and diffusion after very
distinctive time periods.

There are generally three types of experimental setup for insonation. Ultrasonic bath,
direct immersion of ultrasonic horn, and the ultrasonic flow cell reactor are used in the
experiments. The immersion horn and the flow cell reactor were used for
sonocrystallization of first and second precipitation reactions.Sonocrystallization is a
crystallization process that can be controlled by application of ultrasound energy into
crystal growth and nucleation mechanisms. High powered ultrasound can assist the
crystallization process in several ways, as initiating the nucleation, controlling the rate

of crystal growth, particle size minimization, and surface renewal.®

In the industrial crystallization processes, there are several example about the use of
ultrasound assisted crystallization such as zeolite production, food preservation and
wine making by its rapid and homogeneous nucleation effect.®+52 Furthermore,
heterogeneous crystallization is also associated with pressure release from the
implosion of bubbles. Their shock waves induce spontaneous formation of new
crystals by braking of large crystals to give large number of nuclei for further
crystallization. Small and even size crystals appear to be related to increasing rate of

nucleation which can be promoted by enhanced power at reduced frequency.®®

In literature,54% ultrasonic irradiation was used for cathode and anode material
synthesis in the lithium-ion battery applications. Shen et al.®® reported LiCryMnzxOa4
spinel with a uniform particle size distribution which can be obtained by ultrasonic
irradiation. Furthermore, Yi et al.®” showed that LiAloosMni9sOs powder with
uniform, nearly cubic structure and octahedral morphology with narrow size
distribution has been synthesized via the ultrasonic-assisted sol-gel method. In another
study®®, ultrasonic assisted co-precipitation synthesis was studied by obtaining
discharge capacity of 96 mAh g (120 mAh g?) at C/3 (C/10) rate with only size

refinement in anisotropic LiFePQO, particles.

Another effect that needs to be coincide is the anti-site disordering between iron and
lithium which could block the [010] channels restricting lithium intercalation. Thus

the synthesis of nano-sized LiFePO4/C material having shorter channel dimension
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seems to be an effective route for improved high rate performance. Accordingly,
improved specific capacity (increasing from around 80 to 130 mAh g*) with a up to
60% higher performance was obtained with defect-free material at slow rate (C/20).%°

2.5.5 Other synthesis methods for LiFePO4 cathode material

In solid state reaction method, precursors for Li, iron and phosphate sources are mixed
in solid state. Grinding could be performed at elevated temperature in order to allow
degasification. Then second grinding phase is performed with an addition of
carbonaceous species to coat on particle’s surface. Slightly reductive atmosphere has

to be supplied to avoid oxidation.”®"

In mechanochemical activation, high energy ball milling is used to achieve small grain
sized product. The idea is to keep continuous renewal of contact surfaces to overcome
poor reaction rate. This high energetic collisions enhance the diffusion of one

component through the product layer.’

In carbothermal synthesis, precursor mixing and carbonization processes’ take place
at the same time at a high temperature under hydrogen atmosphere. The key parameter
in this technique is the carbon ratio in the reactor causing further reduction in the

formation of compounds such as Fe,P.”

By microwave processing’®’’ cathode material is synthesized under atmospheric
conditions by rapid oxidation of carbon. In this method, a mixture of solid state
precursors (Li.CO3z, ammonium phosphate) are prepared and then iron source
compound is added as a microwave susceptible to absorb microwaves for desired
temperature. Reductive atmosphere requirement is supported by an activated carbon
which can also absorb microwave. Due to reductive atmosphere, CO. is rapidly
produced which preserves iron in Fe (11) oxidation state formed as a result of synthesis
in air.”®

Hydrothermal process’®® is a solution based method where pH, concentration and
stoichiometric ratios of precursor solutions are important. The uniform distribution of
particles in product can be achieved by this method. This is a promising method for

doping applications for cathode materials.8%82
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Solvothermal process involves thermal treatment at moderate temperatures in a non-
aqueous media where precipitation and crystallization reactions occur in organic
media.8384 Reactions occur at an elevated temperature and pressure in a specialized
autoclave reactor condition.®®® Then further extraction and separation steps are
needed to obtain individual LFP crystallites. In this method, the media plays an
important role to restrict and direct the crystal growth.%® Next step of calcination is
needed to increase crystallinity and eliminate the undesired occupancy especially
between Fe and Li atoms. Moreover, carbon coating step is crucial and critical step
which should have just enough thickness without further resistance for Li ions while

increasing the electronic conductivity of the material.

Sol-gel process allows using long or short chain organic compounds as gelation
compounds such as polyethylene glycol (PEG). The reactant salts are dissolved in
organic solvents generally mediated with alcohol or water/alcohol mixture.®” Then this
final mixture is stirred slowly and heated slightly up without boiling until the gel is
formed. Gel precursor is dried at elevated temperature between 50 and 90°C in an
ambient or inert atmosphere. Calcination step is pursued separately by allowing
possible intermittent grinding process between low and high temperature steps in inert
atmosphere. Calcination and sintering steps, are performed at 300 — 400°C and 600 —

800°C, respectively.8° Up to 400°C, the decomposition of precursors takes place.

26



3RP CHAPTER

3. Methodology

Based on the knowledge on lithium ion diffusion in LiFePO, crystals®*, particle size
refinement has a dramatic effect on the rate capability of this material. The immiscible
two phase transformation between LiFePOs and FePOs has been explained with
nucleation and phase boundary diffusion in the previous chapter. During lithium
transportation, which is parallel to b axis, this anisotropic rate of interface movement
depends on particle size, shape and crystal orientation. In order to achieve particle size
refinement and different morphologies, precursor structures are modulated to gain

control on final structure of LFP/C cathode materials in this thesis.

Nucleation mechanisms can be limited to achieve nano-crystalline materials. For this
purpose, two different approaches are used to refine the structures’ dimensions. In the
first approach, which can be referred as bottom-up approach, the desired nanocrystals
are allowed to nucleate in a limited condition, which is controlled against further
agglomeration and growth. Some sort of surface active organic materials are
commonly used as an agglomeration inhibitors. In the second approach, which is called
top-down approach, dissolution effect on seed or precursor materials is used with the
help of ultrasound. Then crystallization procedure is implemented under control of

sound waves.

In the thesis, the aqueous precipitation methods are investigated because they are
facile, controllable and economic. Water soluble raw materials are chosen to obtain
different precursor structures. The production procedure followed in this thesis
consists of multiple steps such as precipitation of precursors, preparation of LFP
powders with carbon coating and fabrication of electrodes for testing as shown in the
flow chart provided in Figure 15.For the precursor preparation step, two different
techniques are chosen; co-precipitation and sub-sequential precipitation. In the thesis,
the co-precipitation method is modulated with freeze drying synthesis which allows

the control of the particle size and nucleation steps with solution pH.
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Figure 15. Flowchart showing the steps followed within this thesis.

Sub-sequential precipitation is used to restrict the precursor formation in suspension.
The ultrasound effect on precipitation sequence and precipitated structure is also
investigated. As seen in this study, the US waves can control the precursor structure
and products by manipulating the solubility and rate of the reactions. Two different
precursor synthesis methods are implemented based on reaction sequence of sub-

sequential precipitation.

3.1 Raw materials

Different types of reactant grade raw materials are used in the synthesis of LiFePO4
compound. The raw material types are chosen between different salts of Li*, Fe?* and
PO.* ionic species with regard to their high water solubility (Table 1). It is well known
for chemical reactions that raw materials have an effect on products as well as the
mixing sequences and solution pH values. Hence, in this study, the solution pH
changes in regard to mixing sequences and reactant acidity. These changes are
examined to investigate the solution pH and reactions resulted in which precipitated

products are suitable for the synthesis of lithium iron phosphate in following steps.
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Moreover, precipitated powders are recovered from the solution as precursor and

analysed by XRD for better understanding about phase structures.

Table 1. The precursor types used for the experiments

Iron sources  Phosphate sources  Lithium sources

FeSO4 H3PO4 LiOH
C12H22FeO (NH4)H2PO4 LiNOs
Fes(NOs)s LiH2PO4 LiCHsCOO

LiH2PO4

3.2 Precursor synthesis for LiFePO4 formation

There are two main synthesis methods for precursor preparation as seen in Figure 16.
In the first method, co-precipitation, freeze drying is used to manipulate nucleation
and growth reactions. In the second method, sub-sequential precipitation is modulated

with the help of US waves to synthesize size refined 2D precursors.

In the co-precipitation method, freeze drying procedure is used to slow down the
nucleation and growth kinetics, and to prevent further oxidation of the precipitates. In
order to make the cryogenic sublimation of water content in freeze dryer, solution or
suspension — according to pH — is sprayed into liquid nitrogen for sudden freezing.
Two different sequence to start precipitation, are conducted at cryogenic and room
temperature conditions. The co-precipitation products are observed at these two
different freezing conditions by adjusting the pH to either acidic or neutral region.
Cryogenic or temperature driven precipitation term was used for sudden freezing of
solution by stabilizing the anionic and cationic reactants as completely dissolved in
aqueous media within acidic pH. On the other hand, for pH driven precipitation in
neutral pH is performed to maintain precipitation at room temperature before sudden
freezing of this suspension. The only difference between two routes is the neutral or
acidic pH adjustment, to start the nucleation or not, during mixing condition. Then the
frozen mix is freeze dried. Thus, the dehumidified powders are prepared to keep the
nucleated particles away from further crystal growth and oxidation reactions with

water and ambient air.
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Figure 16. Schematic illustration of experimental routes used to synthesize nano-

structured LFP cathode materials.
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In the second method, two main sub-sequential precipitation routes are used in
conjunction with the US wave irradiation to manipulate the structure of the
precipitates. Two types of precursor seeds are prepared, namely vivianite (VVT) and
ammonium ferrous phosphate (AFP). The morphology of these crystal precursor seeds
have been modified with the help of reducing, stimulating, and reorganizing effect of
the US waves on 2D nano structures. The resulting LiFePO4/C nano-structures and the
approaches have been illustrated in Figure 16 after calcination.

The calcination process is used to reach the final nano-structured LFP cathode
materials through solid state transformation in slightly reductive atmosphere in
furnace. Also, carbon coating is studied by using in-situ and ex-situ carbonization of

carbonaceous materials in calcination step.

3.2.1 Co-precipitation

For preliminary understanding of solution based chemical reactions and precipitation
products, room temperature co-precipitation synthesis has been investigated with
changing pH and reaction precursors. Co-precipitation procedure is summarized in
Figure 10 in previous chapter. Co-precipitation method includes further precipitation
after the co-existence of all cationic and anionic species in a solution before

precipitation.

3.2.1.1 Temperature (cryogenic) or pH controlled co-precipitation in

freeze drying synthesis

For the manipulation of nucleation conditions to gain control on size and morphology,
freeze drying method is chosen to produce LiFePOs using different types of salts.
Especially, the salts as raw material should have high solubility for wet chemical
reactions. In this method, precursors are mixed then the precipitation occurs as a result
of reactions. Final mixture is suddenly frozen by spraying it into liquid nitrogen. The
freeze drying step is done under vacuum to dehumidify the precipitate. After this step,

samples are calcined through two steps.
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In this cryogenic drying method, it is aimed to obtain precipitated materials from iron,
phosphate and lithium precursors in an aqueous media by rapid nucleation in a very
small scale. At the same time, to recover the intermediate precursor precipitates from

the solution, mixture is dried at cryogenic temperatures under vacuum.

During the experiments, solutions are prepared using two different cation (Fe?")
concentrations; that are 0.05M and 0.1M. These two different concentrations are
applied for all precursor solutions. The amount of lithium ion concentration is chosen
by calculating the stoichiometric ratio of lithium and iron. During the mixing process,
pH change and precipitation points are observed and regarding to those, pH adjustment

is performed with pH stabilizers.

Fe source
Growth of nuclei
Li source T
Nucleation & preC|p|tat|0n Freeze drying
PO4 source D Spray
- Freezing —
dl:b -P mcreasmg -’ |ncreasmg @ 80K
pH :> Vacuum
pH stabilizer 3‘ e
solut|on suspension precipitates

Temperature driven

Figure 17. Schematic of the co-precipitation procedure manipulated with freeze
drying.

For Fe source, two types of compounds with +2 valance electrons are used such as iron
gluconate and iron sulphate. As phosphate source, ammonium di hydrogen phosphate
or phosphoric acid; as lithium source, lithium hydroxide or and lithium nitrate are used

according to higher and lower pH adjustments, respectively.

Throughout the preliminary experimental study, all mixing reactions are performed
under standard ambient condition and precipitates were investigated. All precipitation
pH points are recorded according to solution stability. The solution is prepared by
adding iron, phosphate, and lithium source as being 0.1M concentration in final mix.
In the case of pH driven co-precipitation solution, pH has to be tuned as moving from

low pH to higher pH, which reduces the solubility for all solute components. So all
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reactants are added in the following order of iron, phosphate, and lithium sources.

For co-precipitation reactions, Fe?*, PO,*, and Li* sources are prepared in aqua
solutions with 1:1:1.2 mole ratio. First, Fe** and PO4* sources are mixed in 80 mL
solution. Then, 20 mL concentrated Li source solution is added drop wise into this
solution. For the pH driven precipitation, pH is increased to 5.0 and above. Final
suspension is frozen by spraying into liquid nitrogen. For the temperature driven
precipitation, pH is arranged to be around 2.0 by adding concentrated sulphuric acid
as pH stabilizer. Once a clear solution is achieved, it is sprayed and rapidly frozen in
the liquid nitrogen in order to obtain precipitated materials from iron, phosphate and
lithium precursors in an aqueous media by rapid nucleation in a very small scale. The
freeze drying procedure is performed as the same with the rest of the pH driven

procedure.

After freezing of mixtures, they are placed into the freeze dryer to evaporate the
moisture content to avoid high temperature treatment during drying. Frozen
precipitates are dried under vacuum at low temperature freeze drying conditions (—40
to 25 °C). The method is illustrated in Figure 17.

Table 2. Freeze Drying Parameters

Freeze Dryer Program

Step Temperature Time Phase Vacuum,

(°C) (min) (mmHg)
1 -40 10 Hold 40
2 -30 20 Ramp 40
3 -30 150  Hold 40
4 -25 10 Ramp 40
5 -25 890  Hold 40
6 -20 10 Ramp 40
7 -20 710  Hold 40
8 -10 20 Ramp 50
9 -10 480  Hold 50
10 -5 15 Ramp 30
11 -5 240  Hold 30
12 0 15 Ramp 30
13 0 120  Hold 30
14 20 240 Ramp 30
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Then calcination treatment was followed immediately after drying. Further thermal
investigation is conducted with the help of DSC and XRD analysis to specify the exact
starting point for melting and glassy transition point. Analysis were focused on
precipitation condition effect on phase composition change after drying and during
calcination reactions. Two different routes, pH and temperature driven precipitation,
have been analyzed on the intermittent samples. The schematic illustrations of
experimental procedure is shown in Figure 18. For thermal investigation, heat
treatment was carried out under slightly reductive atmosphere for 45 and 90 minutes
(Ar + H2 wt.5%) at 80, 130 and 175 °C where after each thermal transition peak point

in DSC profile. This thermal treatment has performed with only iron sulfate raw

material.
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Figure 18. A schematic illustration showing general experimental procedure in co-
precipitation method with DSC and XRD analysis.

In order to minimize the increase of thickness and control the shape of the crystallites,
the encapsulation of precipitates is done with the surface active additives. As solution
based additive, ascorbic acid (AA), citric acid (CA), sucrose (S), and cetyl tri-methyl
ammonium bromide (CTAB) compounds has been examined with respect to their
existence in low (<2.0) and neutral (>5.0) pH for both temperature and pH driven

precipitation routes, respectively. The details are given in section 3.3.2.

3.2.2 Sub-sequential precipitation

Sub-sequential precipitation method consist of two types of precursor materials. They
are named as precipitated precursors before calcination steps for transformation to
LiFePOa.
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Figure 19. Schematic representation of sub-sequential precipitation procedure and
mechanism.

Crystallization of second precipitate are suited on to the surface of first precipitated
seeds. Crystal growth process is initiated with dissolution of ionic compounds from
first solid precipitate and the concentration is accumulated on the surface region. Thus,
second precipitation depends on the rate of dissolution of first phase. So crystal growth
mechanism obeys the heterogeneous nucleation approximation on a surface of the seed
materials. There are four Kinetic steps identified in crystal growth for sequential

precipitation.

1. Bulk transport of species through solution

2. Adsorption or attachment to the surface

3. Movement and reaction of ionic species on the surface
4

Attachment of newly formed compound to edges and kinks

The first process is the so-called transport process, whereas items 2 — 4 are indicated
as surface processes. Since these different steps normally occur in series, the slowest
process will control the overall crystal growth. But for the sequential (secondary)
precipitation there are highly accumulated region of newly dissolved ionic species very
close to the surface region of first precipitates. Therefore, growth is controlled by the
release of phosphate ions from the surface of firstly precipitated particles (LisPO.) (see
Figure 20).

In the first route, Fes(PO4):8H20 (vivianite or VVT) precursor crystals are precipitated
after LisPO4 (LP) solid seed particles dissolve. This material is used to combine with
iron precursor subsequently. All chemical reactions are slightly evolved with respect
to solubility tendency of species. Solubility coefficients, which is the key driving force,
are different and so the reactions continue due to this difference. In this study, the
effect of LP seed micro structure on precipitation mechanism of precursors is also
investigated.
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Figure 20. Schematic representation of sequential precipitation controlled by surface
dissolution.

3.2.2.1 Ultrasonic wave assisted sub-sequential precipitation synthesis

This section summarizes the method used to achieve well distributed, 2D nano
structured precursors and LiFePO4/C nano composite. By following carbon coating
and calcination process, metamorphological transformation leads to the preserved
morphology and size. In this method, the sonochemical effect of ultrasound on

crystallization process of precipitates is investigated.

Vivianite is well known natural mineral that can be widely found in nature. For sub-
sequential precipitation of VVT precursor, lithium phosphate crystals are precipitated
because of slightly higher solubility coefficient than ferrous phosphate and its hydrated
species. By preparation of lithium phosphate precursors, the ultrasonic irradiation is
applied through two different methods which are described as flow cell reactor and rod
immersion by powerful US irradiation at 20 kHz. (Figure 21). Precursor nano plate
material in 2D was prepared using a powerful US irradiation assisting dissolution,

precipitation and following recrystallization reactions in each precipitation step.

This procedure not only involves in first precipitation which yields LisPOs seed
preparation and second precipitation with addition of iron precursor subsequently. All
chemical reactions are slowly occurred with respect to solubility tendency of species
and so that morphology mediated production could be possible. This procedure has
been improved to control the spherical morphology of seeds and the nanostructured

precursors by US irradiation during sub-sequential precipitation.
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Figure 21. Experimental setup and instruments as US rod immersion (left) and US
flow cell (right) for ultrasonic wave assisted precipitation and
crystallization.

LiOH and (NH4)H2PO4 mixed in a solution to form LisPOs4 seed materials through US
assisted precipitation. These spherically crystallized seeds are centrifuged and dried in
a vacuum environment at 60 °C followed by a sintering step at 300 °C in an
atmospheric oven.

Sub-sequential precipitation procedure includes two consecutive precipitation steps,
which are preparation of LisPOs (LP) as a seed material and then precipitation of
vivianite. As firstly precipitated material, LisPOs micro-sphere structures are not only
used as a seed to supply phosphate ions during second precipitation but also serve as

a lithium source during calcination as well.

The key strategy that defines crystal growth limitations and driving the reaction is the
solubility difference between LisPO4 (Ksp = 3.2 x 107°) and less soluble species. LP
material is used to combine with iron ions to form Fes(PO4),-8H20 (Ksp =1 x 107%)
subsequently. All chemical reactions are slightly evolved with respect to solubility
tendency of species. As a key source to drive the reaction, solubility coefficients are
different and the reactions pursue with respect to this continuous difference. Because
of higher solubility of LP, reactions slightly go towards to form iron phosphate

intermittent specious until LP is consumed.
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Figure 22. Schematic representation for US assisted sub-sequential synthesis of
LiFePO4/C nano-composite cathode.

The sequential precipitation is accomplished by adding 0.1M FeSO47H0 solution to
LisPOg4 ina 1:1 molar ratio while applying simultaneous US wave irradiation. US wave
is used to initiate the fractural dispersion and accelerate the dissolution and
recrystallization processes leading to formation of vivianite nano-sheet crystals. Then

it is intended to form LFP nano-structures keeping metastable morphology.

Due to the addition of iron source, pH changes are observed. Fe precursor should be
added slowly because of the slow dissolution rate of LisPOs followed by
Fes(POa4)2:8H20 precipitation. Fes(PO4).-8H20 particles are gradually formed on the
LisPO4 seeds until the dissolution of Li* and (PO4)* ions are absorbed by the secondary
precipitation layer on seed crystals. After the nucleation and formation of vivianite
(Fes(PO4)2:8H20) micro crystals, phase transformation is occurred by lithium delivery

to produce the LiFePO4 phase as long as solid-state reaction continues.

The same sub-sequential precipitation procedure is implemented with different mixing
sequence of 0.1M phosphate and iron source sources at first precipitation which yields
(NH4)FePO4 H20 precursor. The AFP nano plates are obtained at first precipitation
step with and without US by pH adjustment in basic solution. Then lithium sources are
used to precipitate with co-existence with AFP nano plates for sequential precipitation.
Three different lithium salts were used that are lithium acetate, lithium nitrate and
lithium hydroxide for second precipitation, to investigate the effect on morphology

and crystal structure of LiFePO4 cathode powder. Solution of lithiation compounds are
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prepared and added on pH adjusted AFP suspension with respect to 1:1 molar ratio of
Li:Fe. Sequential precipitation is accommodated by saturation of lithium salts’
solution by adsorption and ion exchange reaction between Li* and NH.*, which
continues through the whole transformation in high temperature calcination towards
the LiFePO4 formation.

3.3 Preparing LiFePO4/C cathode powders by calcination and

carbonization

The same calcination procedure is used for both co-precipitation and sub-sequential
precipitation methods. Calcination procedure that has to be applied to gain better
crystallinity and ordering has a destructive effect upon morphology by accelerating
growth and agglomeration. So the optimized conditions and carbonization methods are
investigated for further improvement on the crystallinity besides morphology

preservation, size reduction and coating thickness on cathode surface.

3.3.1 Calcination as a solid state transformation to LiFePO4/C

nano-composite

Following the drying process, in order to maintain annealing and final transformation
of LFP crystallites, samples were thermally treated under reductive (Ar + H2 5% wt.)
atmosphere at 300 and 700 °C for 4 and 6 h, respectively. Regarding to XRD analysis,
more than 90% of the product was composed of LiFePO.. The rest of the product
include other phosphate phases. As a result, LiFePO4/C (LFP > 95%) composite is

successfully synthesized in some experiments mentioned as in further chapter.

In some cases ineffective side products such as LisPO4 and Fe can reduce the LFP
yield towards 80 wt.%. In all cases, Rietveld refinement has been conducted to
calculate analytical LFP percentage. Higher calcination temperature above 800 °C
tends to destroy the LFP crystal structure and decomposition reactions occur.® The
conditions and carbonization methods which give highest yield of LiFePO4 material

have been chosen for further cathode material preparation and electrochemical tests.
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3.3.2 Carbon coating and encapsulation strategies

Carbon coating is the crucial step®® for the synthesis of conductive LiFePO./C
composite cathode materials To make LiFePO4/C composites having good rate
capability, high energy density, the carbon content and method for coating carbon onto
the LiFePO4 particles must be given careful attention.

Despite, in general, in-situ carbonization refers to addition of any carbonaceous
compounds before calcination step because of actual LiFePOs transformation in
calcination, carbonization is named according to drying step as a reference for this
nomenclatures. Because all carbonaceous materials are added to the solid precursor
mix before or during calcination and carbonization which are named as in-situ
according to general use. But in the case of this study, to distinguish the difference
between the addition sequences, the precursor drying step will be considered as a
reference step for the determination of carbon addition method as in-situ and ex-situ,
as before and after this step, respectively. Throughout the thesis, the in-situ
carbonization refers to the addition of soluble compound on solution (precipitation)

phase just before drying.

Carbon ingredient is delivered form different synthesis steps by adding organic
materials for growth limitation and conduction. There are three ways to introduce

carbonaceous materials into the precursors.

1. Addition into the solution before the formation of precursor. This way can
limit growth, direct structure or enhance nucleation.

2. Vaporized additive during calcination deposited on LFP powders

3. Dissolved additive mixed with precipitated solid precursors (evaporated

saturation in suspension)
3.3.2.1 Carbon coating with solution based additives

In order to minimize the growth or thickness and control the shape of the crystallites,
the encapsulation of precipitates is possible with the same carbonaceous materials used
for carbon coating. Possible surface active and water soluble encapsulating compounds
have been used right after drying of precipitates and before calcination step for both

freeze drying and US assisted methods.
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For freeze drying method, three different chelating organic compounds are ascorbic
acid (AA), citric acid (CA) and CTAB as carbonaceous componds. In the precipitation
step, they also show reductive properties. So, in this in-situ technique, the
carbonization was done by calcination step without any further addition of
carbonaceous compound besides these components added during precipitation step.

For US assisted method, ethylene glycol (EG) and citric acid (CA) compounds were
used as carbonaceous compounds in precipitation step besides their reductive

properties in carbonization.
3.3.2.2 Carbon coating with Chemical Vapour Deposition

In contrast to in situ carbonization, carbon coating can also be implemented externally
after LiFePO, formation. In chemical vapor deposition (CVD) method, a vaporized
organic compound is sent to the furnace, which has the desired material to be coated
and carbonized as layer by layer. Tubular type furnaces are preferably used for stable
flow of carrier gas and exhaust of gasification products. Decomposition of organic
vapor and deposition onto the material surface is maintained along the furnace. For
CVD method, toluene vapor has been used. Toluene vapor is sent to be vaporized by
bubbling of the carrier gas in the liquid toluene. Carbon coating is continued for 1h
deposition at 800°C.

3.3.2.3 Carbon encapsulation with sugar saturation

After precipitation and drying of intermittent products, the whole dried solid material
was mixed with appropriate amount of sucrose and subjected to a final drying in a
vacuum atmosphere below 60 °C. This procedure gives sufficient encapsulation effect
and organic compound, which generates carbon layer after carbonization onto the nano

crystallite surface.

In freeze drying method, the dried powders are also covered with a conductive carbon
layer. In order to limit the growth rate and size during calcination, all carbonaceous
materials were added before the calcination step as a common implementation in this
thesis. There are two different addition namely as in-situ and ex-situ that refer as added

on mixture before and after drying step, respectively.
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3.4 Material characterization

The evaluated products’ phase and morphological changes are analysed by stepwise
X-Ray Diffraction (XRD) and Scanning Electron Microscopy (SEM). Also, Energy
Dispersive X-Ray Spectroscopy (EDX) analysis is performed on those products which
could be distinguishable from the candidates among the alternative phases determined
by XRD patterns. Transmission Electron Microscopy (TEM) analysis is used for
further structural analysis of nano-structured and nano-crystalline LFP particles.
Selected Area Electron Diffraction (SAED) analysis is used to determine the
approximate orientation of LFP crystals. Raman spectrum has shown graphitization
degree of the deposited carbon layer onto the synthesized cathode materials.

3.4.1 Scanning Electron Microscopy and Energy Dispersive X-Ray

analysis

SEM analysis is used to observe the material morphology and to measure the thickness
and sizes of representative nano structured materials. EDX is also used as a
supplementary tool to determine the composition and phase identification upon

observed specific crystals which can be pictured by SEM.

SEM imaging and EDX analysis of samples after calcination is performed using field
emitting scanning electron microscope (FEI-NOVA Nano SEM 450) with an
accelerating voltage of 5-10 kV and 18-20 kV, respectively. A thin gold layer is
deposited on some of the samples in order to reduce surface charge for better imaging.
Some images are taken in a slightly steamized (10mBar) atmosphere with low vacuum

detector (LVD). All SEM imaging is carried out at a working distance of 5 mm.

3.4.2 Transmission Electron Microscopy and Selected Area

Electron Diffraction analysis

Transmission electron microscopy (JEOL 2010F TEM) is used to examine the
nanoscale microstructure of the particles at 200 kV having an ultra-thin beryllium
window for EDX, attached with a link analyser. After sonication of samples in ethanol

for 30 min, emulsion solution is dropped on the Cu TEM grids and then TEM imaging
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and selected area diffraction (SAED) analysis are performed. Other magnetic powder
samples including Fe residue particles are dispersed into the EmBed-812 solution then
cured at 60 °C overnight. After curing is done, plastic mould including particles are
removed and cut with a piezo diamond knife (Leica EM UCS6). Then they are placed

as 70 nm thick sheets onto a holey carbon coated Cu grids.

3.4.3 X-Ray diffraction analysis

X-Ray diffraction patterns were obtained by Rigaku DMAX 2200 X-Ray
Diffractometer instrument with Cu Ka radiation and Bragg-Brentano geometry with
fixed slit setup and the scan rate of 2 degrees/minute. For preferred orientation
investigation, parallel beam and standard beam geometries are satisfied by Bruker D8
diffractometer. On the synthesized LFP nano structures, the Rietveld method is carried
out for the quantitative phase analysis. For quantitative phase analysis Rietveld
refinement was computed with Materials Analysis Using Diffraction (MAUD v. 2.5)

program.®?

3.4.4 Raman spectroscopy

Raman spectroscopy (Horiba Jobin Yvon iHR 550) is used to analyse carbon layers in
the powder samples. Laser wave-length was 514 nm (green light source) equipped with
a grating 600 lines/mm and a 50X microscope. Raman spectra of selected samples are
deconvoluted at around 1300 cm™ (D band) and 1590 cm™ (G band) using Lorentzian

peaks to find out the Ip/lg intensity and area ratio.

3.4.5 Particle size measurement

Particle size measurement was done on powder samples which are sonicated in ethanol
as a dispersant. Particle size distribution measurement is performed with laser

diffraction particle size analyzer (Mastersizer 2000).
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3.4.6 Differential scanning calorimetry

Differential Scanning Calorimetry (DSC) analysis is performed in freeze drying
method to better understand the nucleation, growth, crystallization, and phase
transformation towards the LiFePO4 formation in calcination. Analysis is conducted
with SEIKO SlI calorimeter. The acceleration rate is chosen as 40 °C min™ and the
limiting temperature range is between 0 to 400 °C. Lower heating rate, which gives
higher resolution is not chosen because of decreased sensitivity of scanned patterns
despite of the broad peaks. Otherwise, the faster transformation mechanisms such as
growth existed in the crystallizing samples might not be distinguishable well enough.
However, slower scan rates can be useful also for analysing each transformation step

in detail.

3.4.7 Electrode and cell making procedures

The electrochemical performances of cathode materials are measured in a button cell
against lithium metal as anode and a glass microfiber mat separator. The working
electrode is prepared by dispersing 80% wt. active materials, 15% wt. carbon black
(Timcal C65), and 5% wt. polyvinylidene difluoride (PVDF) binder in the N-methyl
pyrolidione (NMP) solvent to form a uniform slurry using a ball shaker. Carbon
content measurements are performed by Eltra CS 80 carbon/sulphur analyser in order
to make calculation for appropriate carbon and active mass amount. The slurry is
coated by a doctor blade on Al foils keeping the total wet thickness to 250 um. The
foil was then dried in vacuum at 120 °C for 12 h. The electrolyte is 1M LiPFs in
ethylene carbonate, di ethylene carbonate (EC:DEC) (1:1) mixture. Carbon black

content was chosen as well as in literature used for high rate cell cathodes.°

3.4.8 Galvanostatic measurements and electrochemical impedance

spectroscopy

Button cells are assembled in an argon-filled glove box and tested by galvanostatic
charge and discharge cycles between 2.8 and 3.9V on a test system (Solartron
Multistat). Electrochemical performance tests are conducted with galvanostatic cyclic

regime as indicated in Table 3. The electrochemical impedance spectra (EIS) test (the
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frequency range of 0.3 — 300 000 Hz) was performed on a (Princeton VersaSTAT-3)
electrochemical workstation. Electrochemical impedance data are fitted according to

the electrical circuit shown in Figure 23.

Re Q Q

Rse Re —m w —

Figure 23. Schematic of equivalent circuit for EIS of cell test.

Table 3. Galvanostatic cell test parameters with currents and respective rates

Current (mA) Rate
Cycle Charge Discharge Charge Discharge
1 0.125 0.125 C/10 C/10
2 0.125 0.625 C/10 CI2
3 0.125 1.25 C/10 C
4 0.125 6.25 C/10 5C
5 0.125 12.5 C/10 10C
6 1.25 0.125 C C/10
7 1.25 1.25 C C
8 1.25 12.5 C 10C
9 0.125 0.125 C/10 C/10
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4™ CHAPTER

4. Results and Discussions

The co-precipitation reactions have been investigated with different precursors. Each
precursor was selected according to their high solubility, low melting points and easy
gasification of side products in calcination step. First, aqueous precipitation in room
conditions were studied to get an idea about nucleation rate, suitable intermittent
phases and their tunable morphology for the synthesis of LFP. Then freeze drying
method was implemented to have control on the morphology and oxidation at low

temperatures.

Alternately, some different precipitation techniques were studied within sequential
precipitation routes preparing precursor structures. This sequential precipitation
processes play delaying effect on the recrystallization of the precursor materials. By
this way, it is possible to control the morphology by manipulating the Kinetic

mechanism of crystal structures with external US irradiation.

4.1 Co-precipitation

4.1.1 Effect of iron sources and pH on precipitation products

In the co-precipitation method, three iron precursors have been used for analyzing
preliminary wet solution chemistry and reactions in stable pH region. It is observed
that precipitates can be formed in a lower pH (1.5) by using iron (111) nitrate, while
higher pH (3.5) values for iron (11) gluconate and iron (I1) sulfate sources are achieved.
Despite the fact that LiFePOg is stable thermodynamically at pH values lower than
11.3, it is not possible to obtain it in strongly acidic pH (< 2.0) conditions. In the case
of using FeSO4 precursor, especially, slow kinetics was observed during precipitation
formed around a pH level of 3.15 — 3.75, which is in agreement with literature.%
According to the visual observation, the precipitation is still continuing after several

minutes.
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For iron nitrate as the iron source, the precipitation pH level is around 1.5 and first
precipitated product is LINOz as ion exchanging product as shown in Figure 24 — c.
The precipitates were washed up with LiOH solution after products occurred. As we
know, lithium nitrate is also a very good oxidizer.** So its thermal decomposition,
which gives Li,O, NO, and O products,®® can oxidize the iron ions by yielding
undesired oxidized products such as LisFe2(POa)3, Fe-O3 during calcination reactions.
So iron nitrate was no longer used as raw material because of its highly oxidative side
products and unsuitable precipitation pH point at acidic range in particularly low

temperature solution media.

o LSO _H,0 « LINO,
J NHFe P O, 10H0
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Figure 24. XRD analysis of precipitated products prepared with iron gluconate (a),
iron sulfate (b) and iron nitrate (c) after co-precipitation and drying under
room condition.

Lithium is ready to react with whatever anion of iron source is because of its higher
ionic affinity in solution media. So ion exchange reaction products are observed at first
in precipitate powders. So at the beginning of the lithium source addition in iron sulfate

experiment, it gives stable Li;SOs'H,O salts (AGr. -1324.7 kJ mol?) as given
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possibility to form iron phosphate compounds within various hydrated forms (Figure
24 —b).

For iron gluconate as iron source, the precipitation point is similar with the iron sulfate
experiments pH around 3.5 — 4.0. However high organic content of iron gluconate
keeps away the precipitate powder from higher crystallinity as shown in Figure 24 —
a. Thus, the highly amorphous structure of precipitate cannot be analyzed by XRD.
However, some precipitated crystal products are observed in higher suspension pH as
described in the following section.

4.1.2 Effect of pH and carbon existence on phase morphology and

crystallinity

In the experiments using iron gluconate as iron source, the resulted precipitates
occurred at the pH level between 3.0 and 4.0 after the addition of LiOH. In this point
ammonium dihydrogen phosphate source could arrange the solution pH even after
basic LiOH addition because their two more proton, which can enhance the stability
of solution pH as a stabilizer. This further ionization orders help to keep pH level at a

certain range while adding enough lithium stoichiometry before it precipitates.

Significant morphological differences are observed in co-precipitated powders using
various pH values as shown in the SEM images provided in Figure 25. The plate like
morphology (Figure 25-a, b) of vivianite crystals, as shown in Figure 26, is produced
in between 4.0 to 6.0 pH range with plate like shape. This finding represents that this
pH region is crucially important to obtain platelet morphology of crystallites.
However, these rough platelets are ready to lose their morphology at higher
temperatures in calcination. As explained further in results, the simultaneous
crystallization is modified with the help of external forces and conditions.
Homogeneous particle distribution are satisfied as well as refinement to nano size by
manipulation of crystallization kinetics and transport mechanisms. The aspect ratio of
thickness / length could be enhanced from 3 to 30, approximately, with further

treatments explained in details in section 4.3.
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Figure 25. SEM image of co-precipitated structures at pH (a, ¢) 4.0 and (b, d) 6.0 by
using iron sulfate (a, b) and iron gluconate (c, d)

As seen in vivianite crystallites in Figure 25-a, shape of precipitated vivianite
crystallites are similar to plate morphology like LFP crystallites reported in
literature.®4%6°7 Moreover this morphology was achieved in this study, without any
organic addition into aqueous solution by co-precipitation. Many research activities
were focused on one batch production by using various type of organic additives to
manipulate the final shape of LFP crystallites as plate like morphology. However, most
of them are resulted with bigger crystallites away from nano sizes and required high
temperature synthesis. *8% If the shape conservation would be possible at the precursor
phase, the morphology manipulation and size determination could be successfully
maintained based on a preliminary low temperature production of precursor phases
like vivianite. At least this particular high aspect ratio can be conserved along the phase
transformation. This idea drives the meta-morphological synthesis strategy as

investigated in details of section 4.3.
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Figure 26. XRD patterns of co-precipitated samples by using different iron (II)
precursors as iron sulfate (a, b) and iron gluconate (c, d) at pH 4.0 (b, d)
and 6.0 (a, c)

For understanding the effect of iron sources, iron gluconate was used to investigate its
strong chelating properties on Fe?* together with the effect of in-situ carbon addition
during the co-precipitation step. Besides, carbon addition was also supplied by adding
organic acids to the co-precipitation step in the case of FeSO4. The presence of carbon
in the precursor source acts as an oxidation inhibitor for Fe?* ions in solution phase.
Furthermore, the presence of carbon prevents Fe** from oxidation during the

calcination step, too.

The dissolution of FeSO4 precursor in water is a slow process and a blur solution is
observed even before the solubility limit. After an overnight waiting period, orange
precipitates are observed at the bottom of the flask. An explanation for the precipitation
would be the oxidation of Fe?* ion to Fe** ion in the aqueous media. The solubility of
solution containing Fe3* ions is lower than the solution containing Fe?* ions, which
causes precipitation. This phenomenon is well known and managed by co-existence of

reducing agent before precipitation.
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At low pH ranges, the oxidation of Fe ion is avoided by the presence of excess amount
of protons. In addition, it was also observed that the precipitate amount was increased
for the solutions in which pH was adjusted.

Iron sulfate and iron gluconate sources have different effects on the precursors’
morphology. XRD patterns and SEM images show that samples prepared using iron
gluconate precursor did not have crystalline structures as in the case of FeSO4 both
after precipitation and calcination steps. The use of carbon precursor resulted in

undefined amorphous structures.

Regarding to these SEM images (Figure 25), it may be speculated that homogenous
nucleation is dominant in the case of FeSO4 usage in order to have well-defined, and
uniformly scattered ‘plate-like’ structures. On the contrary, it may be proclaimed that
heterogonous nucleation is more dominant evidenced by bulky and bigger structures
observed in SEM images (Figure 25 ¢ and d) through the use of carbon containing iron
source. Hence, gaining control on the nucleation is the key point to have well-defined
structures in the co-precipitation method. On the other hand, the samples using iron
gluconate as precursor, do not show any kind of definite shape rather than its strong

carbon encapsulation and size refinement effect on the final LFP particles.

4.2  Freeze drying with co-precipitation

In atmospheric conditions, for co-precipitation methods, there are two ways to start the
nucleation, which are increasing concentration or decreasing the solubility by
controlling pH and decreasing temperature. In order to control the size of solid
particles by enhancing the number of nuclei, rapid nucleation should be conducted,

limiting the growth rate of the particles.

After the precipitation, the solid particles has to be separated from water (solvent).
Freeze drying can be a suitable treatment for drying by vacuum in freeze dryer. After
mixing completed, pH determines the mixture to be a solution or suspension. If pH is
high enough to start the nucleation, intermediate phases occur as a result of the reactive
precipitation. In order to investigate the nucleation starter effect of temperature or pH,
two different final pH were chosen as 2.0 and 5.0, respectively. Then this suspension
or solution is frozen suddenly using liquid nitrogen. Freeze drying process is a useful

treatment for drying without any agglomeration or crystal growth in solid materials.

51



4.2.1 Temperature (cryogenic) and pH controlled nucleation in co-

precipitation with freeze drying

It is well known that co-precipitation of precursors from solution could be controlled
by tuning the pH of the solution. In our solution system, solution pH is adjusted from
3.0 to higher to start co-precipitation of iron phosphate compounds. If the solution
media is forced to have acidic property by adding acids, co-precipitation is suppressed
at atmospheric conditions with all sources. In the case of suppressed co-precipitation,
the solution temperature is rapidly reduced by “spray freezing” method into liquid
nitrogen (like quenching) where a decrease in the temperature is the driving force for
nucleation. Then frozen mixture is dried according to “freeze drying” procedure.

Precipitate formation is occurred in a similar pH range to precipitation of solution with
iron sulphate or iron gluconate source. In temperature controlled nucleation route, the
aim is to have a sudden nucleation during the freezing step by limiting the growth rate.
So particle size may be limited with the formation of nano-clusters within early state

of nucleation.

For further understanding of the solidification and precipitation during sudden spray
freezing of the solution, thermal behavior of precipitated species are investigated by
DSC analysis. Measuring the heat dissipation during calcination in inert atmosphere
provides useful information on the crystallization and growth of nuclei from
amorphous to crystalline phase. Moreover phase transformation temperatures and

other reactions can be analyzed in both exothermic and endothermic cases.

Under sublimation (freeze drying) condition high temperatures may cause melting due
to the low melting point of starting solution. This melting failure may be seen after
drying due to the color change of the sample. Palomares et al. determined this melting
point as -16 °C by measuring the increase in conductivity with the similar sources
during an increase in temperature. It was chosen -20 °C as the highest temperature as
fully dried condition according to this information. The sample must be kept away

from elevated temperatures before the DSC tests.

Two different lithium sources are used (i.e. LIOH and LiH2POs) to arrange the pH

value of 5.0 and 2.0, respectively. Calorimetric profile of heat flux clearly shows that

pH driven processes show glass transition (Tg) around 80 — 100 °C (Figure 27).
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Otherwise, instead of the Tq, temperature driven precipitated samples have strong
exothermic peaks, dominantly, representing the growth and crystallization process of
formerly produced nuclei in solidified amorphous phases. After the Ty and nuclei
growth temperature, similar series of endothermic peaks follow them in both pH or

temperature nucleated cases.

Decreased intensities in XRD patterns in Figure 28 and Figure 29 show phase
transformation or melting of phases. So some peaks were hardly distinguishable in the
XRD patterns especially in temperature driven procedure as expected. This is because
of the amorphous content due to the rapid freezing before crystallization. However,

some set of peaks can be identified in early solidified precipitates like Li>SO4°HO.

In the temperature driven processes, after freeze drying, FeSO4-7H20 and Li.SO4H>0
phases mainly crystallized up to 120 °C. After this point, LiH,PO4 phases forms by
ionic exchange with the amorphous phosphate content in the solid material. A delayed
transformation of Li,SO4 to LiHPOs4 means Li.SO4 is more stable than lithium
phosphate compounds (LiH2PO4 and LisPQOs) in lower temperature with the existence
of (S04)*~ ions.

By elevating temperature towards 175 °C, iron sulfate and iron phosphate species
appear in dehydrated forms as shown in Figure 28. After 300 °C, other endothermic
peaks are seen that represents dehydration of FeSO4-H,O at 250 — 350 °C associated
with the gasification of the sulfur content (SO, HxS), which is mainly coming from
the conversion reactions of lithium sulfates (Li.SO4) to the lithium phosphate
(LiH2PO4 and LisPOy4) species (Figure 28).
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Figure 27. Heat flux profiles (exo-up) in DSC analysis (40 K min™) of temperature
and pH driven precipitated samples with Fe:Li mole ratio of (a) 1:3 and (b)
1:1.2.

In the pH driven processes, dried powder samples include mainly hydrated phases as
Fe3(PO4)2:8H20 and Li>SO4°H20 by ion exchange reaction in suspension aqueous
media. In heat flux profiles, after the glass transition step, there are two main peaks
matching with the dehydration steps of Fe3(POa4)2-8H.0 at 120 — 140 °C and 170 — 190
°C, respectively. They are representing the dehydration steps of formerly produced
hydrated crystalline vivianite compounds as shown inFigure 29. Furthermore,
according to the DSC and XRD analysis on solid state calcination process, there is no
more transition observed until 400 °C. This means that the LiFePO4 formation occurs
at temperatures higher than 400 °C. Formerly, LiH>PO4 compound is produced as a
common intermediate phase at temperatures between 120 — 175 °C.
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Figure 28. XRD patterns of temperature driven precipitates in heat treatment as
increasing temperature from 0 to 175 °C, and calcined at 700 °C.

In both temperature and pH driven precipitations, LiH2PO4 seems as an intermediate
product synthesized during solid state reactions above 120 °C. It means that solid state
reaction mechanism goes through lithium phosphate based compounds first and then
iron source intervene the reactions no matter which nucleation route is applied. Before
that heating, Li>SO4'H20 is the common crystallized product appearing in both
nucleation routes within the main dried crystallites before the heat treatment. This
points the ion exchange reactions between iron sulfate and lithium salts rapidly formed
and lithium sulfate may readily crystallize even in sudden freezing conditions during
temperature driven precipitation. So the lately crystallized phases are based on iron
compounds, which are crystallized at higher temperatures. This ion exchange reaction
favors the iron phosphate formation. But in temperature driven nucleation, the
exchange reaction seems to be slow as iron sulfate crystals are still in the dried powder.
Moreover, less hydrated compounds are detected in temperature nucleation than in pH

nucleated iron phosphate hydrates.
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Figure 29. XRD patterns of pH driven precipitates after heat treatment.

Endothermic peaks above 250 °C in Figure 27 are the major difference between DSC
profiles of pH and temperature driven precipitates. In temperature driven processes
(these peaks mostly correspond to iron sulfate dehydration steps because of the late
transformation from iron sulfate to dehydrated iron phosphate species. On the other
case, vivianite dehydration steps were seen because of early iron phosphate formation

in pH driven nucleated suspension.

Lastly, it was found that LiFePO4 was successfully synthesized through freeze drying
method by both co-precipitation at pH driven (basic) and temperature driven (acidic)
nucleation. However, pH driven process has little amount (10-15 wt.%) of LisPO4
impurities after calcination. Therefore, this shows that the key formation step for the
synthesis of LiFePOg is the calcination step rather than the drying steps. So main phase

transformations is summarized in schematic provided in Figure 30.

SEM images show increased agglomeration trend as pH decreases before spray
freezing. The crystallization of solid particles start right after the precipitation at

around a pH of 4.0. But even these micron sized crystallites” morphology cannot
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endure after formation of LiFePO4 synthesized via both temperature driven and pH

driven processes without any carbon additives (Figure 31).

(a) (b)
Fe,;(PO,), "8H,0 + FeSO, "xH,0 +
Li,SO,*H,0 (hydrated) Li, SO, H,0 (hydrated)
LiH,PO, + Li,5O,'H,0 LiH,PO,
+ Fe,(PO,), "8H,0 + Li,SO, "H,0 + FePO,.0OH
(Dehydration and exchange (Dehydration and exhange
reactions) reactions)
LiH,PO, + Li,PO, + LiH,PO, + FeSO, +
Fe,PO; Fes(PO,),

Figure 30. Proposed phase transformation mechanisms during heat treatment
following (a) pH driven, and (b) temperature driven precipitation.

Figure 31. SEM images of synthesized LiFePO4 via free dryg of tempeature (a,
c) and pH driven (b, d) precipitated samples at pH values of 2.0 (a), 3.5
(c), 4.5 (b), and 6.0 (d).
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4.2.2 Effect of cation concentration

In general case, during crystallization processes, lower cation concentration gives
lower nucleation potential resulting in lower amount of nucleation sites. Thus, the
nucleation rate increase with increasing cation concentration during freezing in the
presence of inorganic amorphous structures. However, in our case, use of
carbonaceous compound such as iron gluconate and other organic acid moieties, yield
so much bulky structures buried in carbonaceous precipitates (Figure 32). These
organic molecules strongly differ in resulting crystallite size and shape as well as the
nucleation mechanism in aqueous solution. On the other hand, carbon coating amount
must be strictly arranged because of the quality of final residual carbon content after
calcination. So the cation concentration cannot be considered separately from other
organic solution additive concentration and Fe:C ratio.

In the case of high concentration usage (0.1M), the precipitation reactions are resulted
in micron sized structures. SEM images of the frozen and dried (via sublimation)
sample are shown in Figure 32 (a, c). As shown in these images, macro porous
structures were synthesized in the high concentration case. The gallery like layered
shape morphology might be likely caused by the nucleation and growth of ice crystals.
The large temperature difference between the cold droplet surfaces and the inner part
yields rapid ice solidification along the direction of temperature profile. Because of
rapid solidification in liquid nitrogen, a high rate of ice solidification obtains small
crystals which disperse the accumulated organic portion. In the study this gallery like
organo-metallic structures appear in a low concentration of 0.05M. This is found as
the optimum water / solute content. This mechanism is recently proposed by Sun et al.
and used for porous multi layered graphene production named as modified freeze
casting process.'® As atomized frozen droplet nucleates in sudden temperature drop,
the 0.05M concentration is high enough to get uniform nucleation and yield closed

solid structures to obtain solid state reactions.
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Figure 32. SEM images of the samples after calcination, which are precipitated by
using iron (I1) gluconate at various concentrations of 0.1M (a, c) and
0.05M (b, d) within pH 4.0 (a, b) and 6.0 (c, d) in suspension

In the low concentration case, amorphous and bulk structures are formed after the
sample is frozen and dried (Figure 32). This observation was comparatively different
than the porous structure formation in the high concentration case. The reason for this
different structure formation depending on the concentration would be related with the
pH of the solution. In the high concentration case, solution pH is in the range for the
precipitation process and this provided homogeneous environment for the

agglomeration.
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Figure 33 SEM images of the freeze dried samples before calcination which are
precipitated by using iron sulfate at concentrations of (a, b) 0.1M and (c,
d) 0.05M within pH 4.0 (a, ¢) and 6.0 (b, d) in suspension

4.2.3 Effect of pH and reactant stoichiometry

Generally in co-precipitation method, the reactant stoichiometry was adjusted to have
Li excess to make sure Li intercalation is completed.'® Also to start the-precipitation,
the basic media can be supplied by adding LiOH instead of other alkali salts which
would bring contaminant. The stoichiometric Li:Fe ratio of precursors were set as 3
and 1.2. The higher impurity phases are present in the final LiFePO4 rich with the
stoichiometric ratio of 3. Beside the side products such as Li»SOa, LisPOs, the other
oxidized phase LisFez(POs)3 forms especially in a less reducing atmosphere. To
increase the yield of LiFePOs after calcination, lithium source percentage was
decreased to a slightly higher ratio than 1.0. The higher amount of lithium is also

unnecessary because actual LFP transformation takes place in the high temperature
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calcination step. It is optimized as sufficient to compensate volatile lithium content
during high temperature calcination. Even in the lower pH values than 4.0 without
excessive LIOH stoichiometry, frozen granulate supplies enough Li* ions to solid state

reactions during calcination.

According to phase analysis, the lower pH (3.0) precipitate yields some impurity
phases as indicated in the XRD patterns given in Figure 34. Although main portion of
calcined powder has LiFePOs phase, crystallinity is relatively poor. Identified
impurities are reduced phases such as FeS, Fe, and Fe3(POa.). because of highly
reducing environment with lithium deficiency, coherent with literature.®102103 |n the
higher pH (6.0 and 9.0) reduced iron ingredient rises and conversion decreases again.
Optimum pH point is around 6.0. Beyond a pH of 6.0, compounds having Fe in
oxidized state formed using basic solutions in the emulsion drying method. The
precipitation phases having more stable Fe?* cations are favourable for LiFePOys in this

technique.

Intermediate pH (4.5) results in higher crystallinity and low amount of impurity by
comparing the higher pH (6.0) precipitation by using iron sulphate as iron source
material as seen in Figure 35. Also there are much more impurities reduce the complete

conversion rate to LiFePOs..

On the other hand, for in-situ carbonization with iron gluconate source yields high
amount (90 wt.%) of LiFePO4 because of its self-reducing organic portion during
calcination. However, the more organic portion it has, the more reduced iron is
composed by unreacted stable Fe?* cations at higher pH values. Besides, too low pH
values yield mainly LisPO4 and other phosphate side products because of increasingly

reducing conditions with Li deficiency, as coherent with literature 99102103
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Figure 34. XRD pattern phase analysis of synthesized cathodes within different pH
values of (a) 3.0, (b) 4.5, (c) 6.0, (d) 9.0 in co-precipitation media by using
iron gluconate.

As a consequence, the formation of phases with individual iron and lithium salts need
to have reducing agents besides precipitation with Fe*2. However precipitation pH has
to be tuned to have less reduced iron and better conversion of iron source for the
synthesis of LiFePO4. Even though the well crystalline powder is seen at pH of 6.0 as
compared with lower pH (4.5), reduced Fe phase is highly formed in pH 6.0 as
reducing the conversion rate. Therefore, for pH driven co-precipitation experiments,
optimum pH value is identified as in between 4.5 — 5.0 with respect to phase analysis

in Figure 34.

Also for iron sulfate source, carbon addition has to be used externally (ex-situ) after
drying. Therefore, some additional carbon sources were investigated according to their
effects on morphology, crystallinity and conversion rate before obtaining LiFePO4/C

cathode composites.
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Figure 35. XRD pattern phase analysis of synthesized cathodes within different pH
values (a) 3.0, (b) 4.5, (c) 6.0, and (d) 9.0 in co-precipitation media using
iron sulfate.

4.2.4 Optimization of calcination temperature on LiFePO4 powder

synthesis

In literature, it is reported that calcination increases the crystallization and dispels the
anti-site disordering between Li and Fe atoms within the LiFePOa crystal structure
around 500 °C and higher temperatures.’® There are various treatment temperatures
between 550 and 900 °C in literature. Also it is known that LiFePO. decomposes above
800 °C even in reducing atmosphere.®® Thus, in this study, to find out the effect of
calcination temperatures are used as 600°C and 700 °C to observe the crystallization
product of LiFePOa.

It was suggested that higher calcination temperatures would provide improved
structural characteristics. XRD analysis is conducted with both iron gluconate and iron
sulfate solution. It is found that higher (700 °C) temperature result in a highly
crystalline structure compared to lower temperature counterpart as shown in XRD

patterns given in Figure 36.
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In freeze drying method, hydrated compounds include nonvolatile moisture at such
low temperatures. For that reason, well dried powder calcination in reducing
atmosphere is an important step to prevent Fe** oxidation against to formation of
oxidized phases such as Fe>Os, FesO4 or LisFe2(PO4)s. In order to explore the effect of
maximum temperature, dried samples were heated under a slightly reducing
atmosphere. In addition to formation of LiFePOs some secondary phases were
observed at 600 °C after XRD results. The calcination product includes reduced iron

compounds in coexistence with carbon content from gluconate.

Synthesized LiFePO4 at 700 °C shows clearly better crystallinity than at 600 °C as seen
in Figure 36. Regarding to Rietveld refinement of these patterns, more than a 90 wt.%
of calcined powder includes LiFePO4, with secondary phases of sulfide and phosphate
phases. LiFePO4 compound was successfully synthesized with more impurity at 700
°C then 600°C.

Below 700 °C, FeS and reduced bcc Fe content were produced in calcination with the
existance of carbon ingredient. On the contrary, even with ex-situ carbon addition after
drynig, more crystalline and pure LiFePO4 phase can be synthesized after calcination
at 700 °C. EDX mapping of certain elements with same SEM images are presented in
Figure 37. FeS crystals appear simultaneously because of glucose addition right before
the calcination step. This carbon ingredient is not easily extractable especially in
temperature driven processes. So high temperature such as 700 °C should be applied
for complete desulfurization. Final calcination temperature is optimized as 700 °C
which gives lower impurity, improved crystallinity, and suitable surface carbonization

when compared to others.
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Figure 36. XRD patterns of the cathode material calcined at 600 °C and 700 °C in

second annealing step, with iron sulfate source and ex-situ carbonization.
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4.2.5 Effect of carbonization on LiFePO4/C nano composite

formation

Carbonization or carbon coating of the electrochemically active particles play an
important role in useable capacity. In order to achieve theoretical values or high
utilization rate of active mass, conduction should not be a limiting factor. In other
words electronic diffusion between particles should take place. Therefore, all
synthesized LFP powder samples should be coated by a conductive layer, carbon in
this case. Additionally, the carbon layer can prevent further oxidation, acting as a
reducing media by keeping Fe?* ions away from oxidized Fe®* state during calcination.
However, the thickness of this conductive layer might be an obstacle for the diffusion

of Li* ions through the particle surfaces.

Since, LiFePO4 has low conductivity (107° S cm™?), deposition of a thin carbon layer
onto its surface is the way to enhance electrical conduction between cathode particles.
In the literature there are some proven studies that reports high conduction rates, where
the low intrinsic conductivity is improved through the use of carbonaceous

materials.106:107

Therefore, the organic solvents are added before the calcination step as well adsorbed
by particle surfaces. This carbonaceous ingredients might be supplied by the surface
active organic agents from precipitation sequence or externally saturated compound
after all precursors was freeze dried. The carbonization method via saturation of sugar

based compound after drying of precursors is referred as ex-situ carbonization.

In all in-situ carbonization methods, water soluble organic species are used as carbon
sources. There are two different methods for the addition of carbon sources used in
solution preparation step. One of these is the use of an organo-metalic salt like iron
(1) gluconate as the iron source. Other method is the in-situ addition of aqua soluble
organic compounds such as ascorbic acid, citric acid and CTAB in aqua solution. This
compounds decrease the surface energy of the precipitates because of their surface

active properties that reduce the growth rate.

Beside this conduction layer on the surfaces, the size of the particles could affect the

Li* ion diffusivity. Long and disordered structures would be an obstacle for Li* ions
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in such 1D channel structures. In solution phase addition of surface active organic
compounds could inhibit further agglomeration and growth of the crystals. Hence it
would be dried by leaving carbonaceous matrix followed by a further calcination step
in a slightly reducing atmosphere. Additionally, as the results given in section 4.2.4,
in-situ carbonization experiments yield other impurities such as LisPOs, Fe, FeS, and
other Fe2P207 in a more acidic environment with the existence of carbonaceous

material.

SEM images are provided for the samples synthesized as cathode material using
different carbon sources as in-situ and ex-situ carbonization (Figure 38). It is found
that morphology of the final product depend on the precursor type. The solution
(cation) concentration has been chosen as 0.05M. SEM analysis are performed on
samples after calcination and carbonization at 700 °C using iron gluconate and iron
sulfate. Ascorbic acid, citric acid and CTAB are used as in-situ (before drying)
carbonaceous materials added into the solution phase while glucose saturation is
implemented after obtaining freeze dried samples with iron sulfate source for ex-situ

carbonization.

Especially in pH driven processes, ascorbic acid is fairly effective on the morphology
of the final crystalline LiFePO4 product. It is found that the particles were formed by
100 — 200 nm thick plates co-originated in “star” like structures. Under the same
conditions, porous branch-like connected morphology is observed through citric acid

use.

By manipulating the growth rate with sudden temperature drop, morphology changes
with respect to nucleation in pH controlled precipitation in solution phase. In the case
of ascorbic acid addition, porous structure occurs connected with branches instead of
well-shaped originated star-like platelets in pH controlled process. Similar diversity in
morphology is seen with citric acid as more accumulated structures including bigger
agglomerates. Much more bulky structures connected strongly with carbon matrix is
achieved by the use of CTAB. Regarding this morphological changes, it is proposed
that the molecular structure and chemical properties of carbon sources have an effect

on the morphology as well as the nucleation procedure.
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Figure 38. SEM images of as synthesized cathode materials via in-situ (before drying)
carbonization of ascorbic acid (0.01M) (a, d); citric acid (0.01M) (b, e),
CTAB (0.01M) (f); and ex-situ carbonization (after drying) with sucrose
(5wt.%) saturation (c) prepared by pH driven (a, b) and temperature driven
(c, d, e, ) nucleation methods.

At this point, carbon coating is essential for improving the conductivity of the cathode
materials and lithium ion insertion during conversion to LiFePOa4. However, attention
has to be paid into its thickness. A thick carbon coating on the surface of LiFePO4
material would give very high electrical conductivity; however, there would be slow
Li* diffusion process inside the bulk cathode material even there is very high electrical
conductivity due to the presence of thick coating. Considering the carbon coating
amount, iron gluconate precursor would result in worse electrochemical test due to the
thick coating and bulk structured LiFePO4 compared to the products synthesized by

FeSO4 precursor and carbon containing acids.

Furthermore, the particles can be controlled in size and shape with respect to
crystallographic orientation by controlling the further accumulation on nucleated
particles with the help of organic compounds. This orienting effect can be clearly seen
in other methods taking place at relatively elevated temperatures such as hydro /

solvothermal.
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Diverse morphological changes lead to detectable orientation differences according to
crystalline anisotropy. If there is a preferred orientation along the crystal particles, it
is enhanced by the alignment of the anisotropic crystallites during sample preparation
procedure for XRD. This distributed or localized orientation creates sensable peak
ratio difference than spherical or bulky crystals in XRD patterns provided in Figure
39. Table 4 summarizes peak ratio difference between representative peaks. A
noticeable change in (020) peak intensity is observed and concluded as a higly
localized orientation distribution towards b direction. This localization effect is mostly
observed in ascorbic acid use which is coherent with high anisoropic (plate-like)
structure formation (Figure 38-a). These effects should be relatively low despite of the
shifted orientation by attached morphology of star-like structures of LFP plates.
However, this orientation effect on the resulted particles could be seen even in this

condition.
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Figure 39. XRD patterns for samples prepared by Temperature driven (spray
freezing) freeze drying method through (a) no addition, (b) CTAB, (c)
Citric acid, (d) Ascorbic acid addition.



Table 4. (020) peak intensity ratio over other planes.

1 020)/ 1 200) l020)/1 101
d 3.88 1.78
c 2.77 1.23
b 2.28 1.11
a 1.92 0.99

XRD patterns of LFP products that use different carbonaceous agents show
systematical change in peak intensity ratio. This is a sign for preferred orientation by
crystallographic anisotropy in the microstructures. There is a prominent increase in the
height of (020) peak according to the other peak intensities (Figure 39). This
crystallographic orientation distribution has been localized around (020) showing
highest relative intensity ratio in the ascorbic acid addition.

SEM images (Figure 40) provided from before and after the calcination step show that
the morphology of the crystallites are preserved even after 700 °C treatment. Because
differently oriented surfaces of newly nucleated particles have different surface
energy, adsorbed carbonaceous compound can affect the crystallize morphology by
acting like orientation directing features. This adsorbed layer could be carbonized

where carbon coating preserves the morphology.

To evaluate the morphology of the products, samples prepared using FeSO4 precursor
are explored after calcination and precipitation steps through SEM analysis. SEM
images show that ‘plate-like’ patterned structures composed of aligned plaques are
present after the precipitation step. Even the samples after precipitation were subjected
to a calcination step, ‘star-like’ morphologies are not decomposed. Hence, according
to the SEM images, it is suggested that the morphological evolution occurs during the
precipitation, not in the calcination step. Previously stated SEM images (Figure 38)
show the effect of carbonaceous compounds on well-defined crystalline structures
which are obtained after calcination with different morphologies, star-like, plate-like
etc. Beside LiFePOgs structures, some different morphologies are also observed into

them.

71



Wl §

Figure 40. SEM images of synthesized samples by freeze drying with iron sulfate
precursor and ascorbic acid addition (a) before and (b) after the calcination.

According to the phase analysis in XRD patterns given in Figure 41, main impurities
are Fe and LisPO4 phases. Rietveld refinements show that LiFePO4 phase portion is in
between 80 — 100 wt.%. Some impurity phases of lithium salts was expected because
of addition of excess Li ions. High conversion rates above 80 wt.% can be achievable
even in off-stoichiometric Li rich conditions. However excess Li* can captures POs*
source as forming stable crystallites of LisPO4 in spite of high volatility of Li at
elevated temperature. Therefore, this may cause some reduced and unreacted iron
impurity because of the phosphate deficiency. So excess lithium source reduces
conversion of reactant to LiFePOs and make the Fe and LisPOs phases produced
beyond their expected amounts. Fortunately, LisPOa is harmless for battery operations

and also used as solid electrolyte in thin film batteries.

For iron gluconate use as in-situ carbonaceous material, high carbon content reduces
the crystallinity but refine the crystallite size with respect to CTAB and citric acid. Ths
is evidenced by the broader peaks in the XRD pattern. It also enhances the reducing
effect, so additionally produces iron phosphides; FezP, FesP beside FeS. In pH driven
nucleation it has more time to capture more Fe?* ions to yield higher impurity than

temperature driven process.

Among the all synthesized cathode materials, temperature and pH driven processes
have little difference according to the impurity phases. As a main difference,
temperature driven process may lead to more refined particle size than the pH driven

case. However, the particles have a poor quality of carbon coating in this case. This
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may be caused by the limited time for adsorption of large organic molecules properly

on the surfaces of early nucleated particles.
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Figure 41. XRD patterns of LiFePO4/C cathode materials synthesized via temperature
() and pH (I1) driven freeze drying method in-situ carbon addition with
iron gluconate (a) ascorbic acid (c) and ex-situ carbon addition on pristine
(b) and ascorbic acid added (d) samples.
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On the other side pH driven process can give more time to particles to nucleate and
grow by the adsorption of soluble organic substances on their surface in order to be
saturated during freeze drying. This yields well distributed and better quality coating.
Adversely, suddenly solidified organic structures cannot be adsorbed before the
nucleation of solid particles in temperature nucleated solution. As a consequence,
temperature driven nucleation is better for inorganic particles refinement, while pH
driven nucleation has better opportunity to do in-situ carbon coating of particles if it is
in case with solution based saturation methods.

XRD results show that LiFePO4 compounds can be synthesized by CTAB, ascorbic
acid and citric acid addition via spray freezing and then freeze drying procedure.
Moreover, the crystallinity of the LiFePO4 product synthesized with these additives is

higher than the one synthesized through iron gluconate precursor.

The effect of carbonaceous methods can be examined via Raman analysis through
investigating the D/G ratio after coating. All PO,3- bands at 976, 1022, and 1096 cm™
can be seen together with the carbon bands in the Raman spectra in Figure 43. There
is also a shoulder that can be hardly detected at 1200 cm™ through curve fitting
according to Gaussian function. This matches with the oxidation product of reduced
iron residue during analysis performed at ambient condition. The other features
including D (disorder) and G (graphitic) bands at 1376 and 1630 cm, respectively,
has been deconvoluted according to Lorentzian area function in order to obtain peak

area ratio (Table 5).

For graphitization by sugar saturation with ascorbic acid addition, poor graphitization
is appeared (Table 5), which has no significant effect on the electrochemical
performance. Furthermore, excessive sugar addition for carbonization beside ascorbic
acid has detrimental effect on the structure orienting properties of ascorbic acid and

yields very poor capacities.
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Table 5. Raman D/G band area ratio of cathode material as synthesized and coated

with different carbonaceous agents and methods

Sample Area(D/G)
sugar precipitation 3.19
Ascorbic acid precipitation 2.66
sugar saturation 2.16

Ascorbic acid precipitation +

: 1.31
sugar saturation

4.2.6 Electrochemical performance of nano structured LiFePO4/C

materials synthesized with freeze drying

In button cell testing experiments, capacity and electrical resistance measurements
were conducted besides rate capability for both charge and discharge performance
within room temperature. By addition of ascorbic acid in solution, nucleation and
growth reaction can be taken under control by giving structure orienting effect on the
synthesized rose-like morphological cathode materials. For understanding its effect on
the precipitation in various conditions, both temperature and pH driven nucleation has

been conducted in ascorbic acid coexistence.

In freeze drying synthesis, the driving force for nucleation strongly affects the
electrochemical performance of the synthesized LiFePO./C powders. Pristine
materials which was prepared with ex-situ sugar carbonization and soluble salts of Li,
Fe?*, and PO.* as source within solution phase, show better discharge capacity as

prepared with temperature driven cryogenic nucleation (Figure 44-a-b) than pH driven.

The discharge capacities for pH driven precipitation with ascorbic acid are 119.3, and
84.5 mAh-g?, at 0.1C and 1C rate, respectively after slow charging (0.1C); while
116.8, and 79.4 mAh-g? after fast charging (1C). On the other hand, temperature
driven precipitation has 77.1, and 29. 7 mAh-g™ at 0.1 and 1C rate, respectively; after
slow charging (0.1C), while 59.5, and 29.5 mAh-g* discharge capacity at 0.1 and 1C
rate, respectively, after fast charging (1C). Both method has resulted with good
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capacity retention of 92.8 and 90.8 % after 25 cycles for pH and temperature driven

precipitation, respectively.

According to the galvanostatic charge/discharge results in Figure 44 (c) and (d),
structure orienting effect of ascorbic acid enhances fast rechargeability. The star-like
oriented structure of LiFePO4 material shows so closed discharge capacities at both
0.1and 1C cycling rates. In order to observe this orientation effect ascorbic acid should
be adsorbed in solution phase during crystal growth after pH driven nucleation rather
than sudden nucleation together with crystals with temperature driven process. This
crystal growth mechanism indicates the rather slow adsorption that is needed to be in
solution phase during precipitation. This is obviously impossible during rapid
solidification by sudden freezing nucleation. Moreover, the carbon coating coverage
on the surface should be better in pH driven process because of enough time to
adsorption in solution state. So its surface coverage and carbon coating role is
diminished with temperature driven process as far as compensated with ex-situ sugar

carbonization after drying.

On behalf of previous electrochemical trials, extra coating with ex-situ sugar based
carbonization has similar performance data in Figure 44-c which is considered
unnecessary. So 0.01M ascorbic acid concentration is enough to get sufficient amount
carbon coating (2 wt.%) on the cathode surface by only in-situ carbonization. Because
of its highly soluble and reducing feature, ascorbic acid is a powerful carbonaceous
material to give enough conductivity as well as manipulating the crystallite shape and

size.

Adsorption is also a prior requirement for the quality of ex-situ carbonization. In
temperature nucleated samples with ascorbic acid addition have bad discharge capacity
under 20 mAh g*. Eventually the conductivity can barely be improved up to around
70 mAh gt at 0.1C cycling condition which is still half of the one synthesized by pH

nucleation with ascorbic acid existence.

For temperature driven in-situ carbonization with ascorbic acid, it is possible to
enhance electrochemical capacities at all rates by doing this additional ex-situ
carbonization. Moreover it shows rapid decay in further cycles that leads us to a

comment on worse coating quality which is obtained by ex-situ carbonization. It is
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also seen from the EIS measurements (Figure 45-1) after galvanostatic test cycles.
Temperature driven synthesized cathode using ascorbic acid has almost 3 times greater
charge transfer resistance (Rct) than ex-situ carbonized one (Figure 45-1 b and c). Ex-
situ treatment might lower ohmic resistance; however, increase the Rct which is more
important in high power batteries. If Rct is high it is not important how much carbon
layer is graphitized (Figure 43 and Table 5). Because graphitized carbon layers may
not be good contact with particle surfces or detached. The thin coating is also first
priority for conductive cathode composites. Because of this high resistance results in
well graphitized carbon coated cathodes, it is concluded that excessive non-

homogeneous carbon layers make the cathode particles to resist the Li ion insertion.
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Figure 44. Discharge capacity results on cathode materials as synthesized via freeze
drying method as pristine without solution addition and external sugar
carbonization (a), with only iron gluconate source (b), with ascorbic acid
addition and external sugar carbonization (c), with only ascorbic acid
addition in solution (d). pH and temperature driven nucleation represented
as m and e, respectively.
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However pH driven synthesized cathode, with ascorbic acid addition, has the best
performance at all cycling rates showing better coulombic capacity than with further
ex-situ treated sample. Instead of any improvement by additional ex-situ
carbonization, the second coating has lowered the fast charging performance in Figure
44. This effect is also seen from the EIS measurements in Figure 45-11, the increasing
Rer is %50 greater than without ex-situ treated one. So it may be commented that the
real determining factor is the preserved originated plate-like crystallites’ structure
itself. By considering this, particle size and anisotropy in structure are rather effective
than carbon coating.

There are many good (90 — 100 ohm) and bad (350 — 500 ohm) resistance synthesized
cathodes by comparing Rct values from the literature. Comparing the best EIS results
of cathodes synthesized in this technique, the approximate Rct values are achieved as
in between 120 and 175 ohm. However, there is still enough room to improve the
conductivity by optimizing the carbonization methods which are discussing in section

4.2.5 in sub-sequential precipitation technique.

As EDX mapping analysis and Rietveld refinements indicate that both nucleation
procedures yield above 85 wt.% LiFePO4 by leaving Fe, LizPO4 and FeS as separately
crystallized side products with respect to Liexcess (Li:Fe ~ 1.2) reaction stoichiometry
in reductive calcination atmosphere. Although it is hard to predict a clear mechanism
by step-wise XRD analysis after drying step. It can be claimed that LiH.PO4 appears
as the common intermediate phase in solid state reactions in early (80 — 170 °C)
calcination. High carbon content in solution phase with iron gluconate yields much
reduced side products such as Fe2P or FesP as leaving much more (25 — 30 wt.%)

pyrolytic carbon mass than ascorbic acid (~2 wt.%).

By comparing the results from Raman and electrochemical impedance spectroscopy
of carbon coated cathodes, increasing carbon content tends to form more ordered
(graphitic) carbon layer on the particles; but, its thickening rises surface impedance to
get three times higher resistance. Surface adsorbed carbons are easily graphitized
leading to a more ordered carbon layers. Unfortunately, temperature driven nucleation
forms faster than surface adsorption of carbon which results in non-adsorbed
carbonaceous materials giving heterogeneous or less carbon coating after pyrolysis.

Hence, ascorbic acid needs solution mediated adsorption in order to show its surface
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activity during crystallite formation, which is only possible in pH driven nucleation. If
enough time is provided, homogeneous carbon content is achieved with superior

conductivity. There is no need for external coating.

4.3 Ultrasound assisted sub-sequential precipitation

In this section ultrasonic wave assisted sub-sequential precipitation method has been
proposed as a novel synthesis technique by investigating each steps from precipitation
to electrochemical testing. Sub-sequential precipitation is performed using two
different routes as presented in Chapter 3 (Figure 16). In each route, sequential
precipitation step is conducted with and without the presence of ultrasonic wave

irradiation.

High-power ultrasound technique (20 kHz - 1MHz) is a new powerful technology that
is not only safe and environmentally friendly but also efficient and cost reductant to
supply the energy in microscopic levels. It can be applied to existing processes to
reduce or eliminate the need for chemicals or heat treatment in a variety of industrial
processes. It is widely used in industrial crystallization process because of its
stimulating effect on induction period. Sonochemical treatment was implemented on
LiFePO4 for the first time in 2007 by Jugovic et al. 1®® However as a result of this

study, brunch like micro porous morphology was obtained.

In this study, there are two different sequences between Li, Fe and POa4 sources
resulting different chemical and morphological phases which are intermediate
products on the way to reach the final LFP cathode materials. According to the route
of sub-sequential precipitation, Fe3(PO4)2:8H20 (VVT) and NHsFePO4'H20 (AFP)
phases were produced at the last precipitation reactions which act as precursors for

LFP production after same calcination procedure.

In the first additional path, NHsFePO4'H.O is synthesized to be a product of
ammonium di hydrogen phosphate and iron sulfate mixing reaction; which is followed
by Li diffusion introduced by ion exchange in aqua solution containing lithium source
(Figure 46), subsequently. In other path (VVT precursor), sub-sequential precipitate
which are LisPOs and Fe3(PO4)2-8H20 (VVT) crystals (Figure 47), are precipitated

sequentially and the solubility difference provides slow reactive crystallization rate
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during VVT precursor formation. The ultrasonic wave assisted procedure was

involved into preparation of these precursor materials.

AFP precursor

pH
arrangement

Fe?* + PO> =)

(NH,)FePO,¢H,0

Figure 46. Schematic illustration of AFP crystal formation by sub-sequential
precipitation

‘ VVT precursor

Li* + PO*

Fe 5(PO,) ,*8H,0

Figure 47. Schematic illustration of VVT crystal formation by sub-sequential
precipitation

At the early phase of characterization, the sonochemical effect on reactions, and
crystallization process of precipitate have been basically investigated through SEM,
and XRD analysis. The real purpose of this sub-sequential procedure is to control the
morphology and crystallographic structure of precursors synthesized via ultrasonic
irradiation. From the bottom-up approach, having promising 2D nano structured
synthesis of LFP is possible by controlling the morphology, orientation and size

refinement of its precursor phases at early steps of production.

In order to investigate the sonochemical effect on crystallization process during
precipitation, intermediate phases are examined under different pH, time and

temperature conditions. Then the optimized conditions as well as sono-crystallization
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process are determined to get thin LFP nano-plate synthesis with oriented crystallites
(Figure 48). After precursor synthesis, morphology of nano-plate crystallites is
preserved by carbonization during LFP transformation.

Figure 48 SEM images of AFP (a, ¢) and VVT (b, d) precursor particles with (a, b)
and without (c, d) US treatment.

4.3.1 Ultrasound assisted vivianite nano-plate precursor synthesis

Vivianite and LisPO4 are well known reactants for LFP formation since the first
patented high surface conductive cathodes synthesized by Armand et al. 2 (Hydro
Quebec and University of Montreal). Vivianite synthesis has not been commercialized
because of bad reproducibility and high oxidation sensitivity of vivianite with
hydrothermal and ball milling process in an inert and pressurized atmosphere

conditions.
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4.3.1.1 Ultrasound effect on LisPO4 micro seeds synthesis

Solution acidity need to be hold in high pH (9-12) region to synthesize and stabilize
the LP micro seed crystals. Thus, for this study, ammonium di hydrogen phosphate is
used as phosphate source because of neutral pH region of its solubility products.
Phosphate source has been added to LiOH solution (pH: 11.5) while stirring under
intense sonication using either flow cell reactor or immersion rod. After mixing
sequence is completed, samples are dried and analysed by LD for particle size
distribution. The particle size measurements is conducted after 15 minutes sonication

of dried powders in ethanol.
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Figure 49. Particle size distribution analysis with LD measurement of LisPO4 seed
materials as synthesized with US L equipment or without US irradiation.

According to the particle size analysis results (Figure 49), the particle distribution for
normal precipitation without US treatment is around 30 um in diameter of LisPOa
particles. However in the ultrasonic wave assisted precipitation technique, only few
micron sized particles can be synthesized. In the particle size measurement, the left
shifts of mean particle size curve represents the size refinement effect of ultrasound.
The mean particle size distribution, in both flow cell and immersion rod US treatments,

spreads to give higher diameter curves with the presence of left side curvature.
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According to these results, SEM and LD analysis are in good agreement at relatively
low powder diameters (Figure 49 and Figure 50). However, for the larger particle sizes,
LD reveals the size of the agglomerated particles as confirmed by SEM analysis. As
they are clearly identified from the SEM images in Figure 50, the lowest diameters are
3 and 4 um for US assisted flow cell and rod immersion, respectively. These values
are considered as actual size of micro seeds while curvatures at bigger diameters

belongs to mostly individual particles.

The narrower particle size distribution within for both US treated samples can be
observed in Figure 51 compared to the untreated bulky LisPOs precipitates. After
ultrasonic assisted precipitation of LP crystals, hollow LP micro spherical seeds are

observed as having the smallest size under 1 pum in diameter, instead of the bulky bigger

agglomerates in normal precipitation (Figure 51-c).
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Figure 50. Ultrasonic wave irradiated precipitates of micro spherical seed lithium
phosphate crystals achieved by ultrasonic rod immersion (a, b, ¢), and flow
cell reactor (d, e, f).
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Figure 51. SEM images (a) of lithium phosphate precipitates produced without
ultrasonic irradiation; SEM and TEM images (b, ¢) of ultrasonic wave
irradiated precipitates of micro spherical seeds of lithium phosphate
crystals.

In the literature, there are many examples of agglomeration effect of ultrasonic wave
usage while igniting intense collision between micron size particles.'® So intense care
and optimization should be spent to implement the working parameters of ultra-
sonication against further agglomeration, especially in progressing time of
precipitation. In our case, the further strong physical agglomeration was observed after
prolonged US treatment times up to 75 minutes during LP seed precipitation step
(Figure 52).

Figure 52. Further agglomeration on the LP micro seeds material upon further
ultrasonic treatment after 75 min US irradiation.
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After optimization of parameters according to finest size distribution, concentration of
lithium and phosphate sources and stoichiometric ratio of P:Li are chosen as 0.1 M
and 1:3, respectively. The sonocrystallization has been conducted with frequency of
20 kHz for 45 minutes. The sonication process should be compatible with
agglomeration rate in order to obtain individual nano sheet crystal precursors

Although the higher yield of LFP could be achieved by normal precipitation without
sonication, controlling the particle morphology and the corresponding size requires
US application. Excessive amount of LisPOs is crucial as a lithium source and pH
stabilizer agent for LFP formation. If LisPOs is desired to be removed, it can be done

by washing it with acetic acid.°

4.3.1.2 Sonocrystallization effect on sequential vivianite precipitation

synthesis

In early years of its discovery, LiFePO4 synthesis has been suggested via vivianite
formation by Armand et al.!*'! However its role in synthesis has been always
underestimated due to its poor reproducible micron size and sensitivity towards
oxidation.*'? Researchers could not achieve sufficient control on morphology and size
neither with hydrothermal nor mechano-chemical production. Then the main
production procedures has shifted towards high temperature solvo- or hydro-thermal
synthesis after the patent on this synthesis technique was issued by Hydro-Quebec and
University of Montreal. Several years after these studies, Nazar group has studied on
hydrothermal synthesis to optimize concentration and temperature with surface active
agents.®® They achieved 0.5 — 1 pum thick, low aspect, diamond like particles after

complete LiFePOg4 crystallization.

High power ultrasound wave begins to be used as a new powerful tool which can
support the crystallization process by several aspects.®?13114 |t is possible control
crystal nucleation and growth, so that small sized crystals with clean surfaces are
produced. Without ultrasonic wave control, nucleation and subsequent crystallization
randomly occur. This yields with inhomogeneous and inefficient crystallization

resulting mostly bigger than micron sized particles.

In this thesis, FeSOa4 solution is added to the aqueous suspension of LisPO4 in order to

obtain vivianite crystals as a precursor for LiFePO4 synthesis. This addition stimulate

the second reactive crystallization with the phosphate source of LisPO4. Synthesized
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LP seeds were either treated with US and without US to better understand its effect on
vivianite formation. Figure 53 represents SEM images for vivianite particles
synthesized from US treated and non- treated LP seeds. Micron sized vivianite crystals
can be seen after second (sequential) precipitation without existence of US treatment.
It also shows a wide distribution of particle size including bulky shaped crystallites
due to the enhanced growth rate during crystallization without US control process.
Even in non-US treated second precipitation with the initially US treated LP seeds, by

the vivianite precursors still have micrometer (50 — 100 um) sized large crystallites.

Based on SEM images in Figure 53 and Figure 56, the US wave irradiation seems to
have a significant role on vivianite crystallization by accelerating the serial reaction of
LP dissolution and vivianite formation. Both micro and bulk LP seed materials have
been easily react to form vivianite production with respect to XRD patterns (Figure
54-c & d) within accelerated reaction rate in acidic pH. However, the effect of LP
micro seeds which are produced with the presence of US irradiation cannot be
underestimated since it gives more oriented and fined vivianite crystal structure as
compared LP bulk material. It can be also found out from higher intensity ratio and
broadening at (020) peak of US-US sample (Figure 54-a and b).

Figure 53. SEM images of micron sized vivianite crystals synthesized (a) non-treated
VVT from bulky LisPO4 and (b) US treated VVT from micro spherical
LisPO4 seeds

Ultrasound is sufficient enough to gain enhanced control over the nucleation sites with
both homogeneous and heterogeneous mechanisms. For homogenous crystallization,
in a nearly saturated solution or suspension, induces new nucleation sites. Together

with unclarified mechanism on that, it is speculated as related with tremendous
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pressure release during cavitation bubbles collapse®2. On the other side, heterogeneous
crystallization is associated with the mechanical effect of shock waves, which breaks
up crystals to generate new nuclei for further crystallization which become more

simultaneous within whole reaction vessel.
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Figure 54. XRD patterns of sequentially precipitated precursor materials synthesized
in acidic (pH: 4.5 —5.0) suspension with (US) or without (None) ultrasonic
irradiation during first-and second precipitation step (1% — 2", (a) US —
US, (b) None — US, (c) US — None, (d) None — None.

US can adjustable to tune the reaction rate. This gives an opportunity to control
secondly produced crystal size. The solubility difference, as a driving force for
secondary precipitation of vivianite crystals, can be changed in a very small space and

time by keeping the rest of the reaction media away from the elevated temperatures.

The rate of the chemical reaction can be managed by US controlled stimulation effect
on LisPO4 dissolution and recrystallization of vivianite crystals. The Li* and PO4* ions
can be released by dissolution and the phosphate ions react with iron (I1) ions in
solution. Therefore, produced iron phosphate compounds can crystallize within the

surface region of LP. Ultrasonically assisted crystallization of hydrated iron (l1)
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phosphate (vivianite) crystallites (Figure 56) can be homogenized in existence with
the LisPOs micro spherical seeds. So these 2D vivianite crystals expose (010)

crystallographic plane along the largest surface area (Figure 55).

@Fe”
-

(d)

Figure 55. Vivianite crystal structure, viewed along a (@), b (b), and ¢ (c)
crystallographic axes and plate orientation (d) (JCPDS # 83-2453 with
Diamond 3.2)

Morphological refinement effect of US wave irradiation is also clearly seen from the
SEM micrographs of samples before calcination (Figure 57). After US irradiated sub
sequential precipitation, thinnest diamond like nano plate structures of vivianite were
homogeneously dispersed. Moreover, distinguishable amount of LisPO4 micro spheres

can still be detected nearby vivianite nano plate crystals (Figure 57).
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precursors synthesized by US wave assisted sub-sequential precipitation.

By having micro spherical LP seeds synthesized via US precipitation, Fe source
addition without US irradiation has resulted mainly LizPO4 phase formation which still
remains same even after calcination (Figure 57-a and b; Figure 58-c and d). This lack
of transformation is reasonable due to the deficient formation and crystallization
without propagation of insonated reactions. This transformation is stimulated by US
waves during second precipitation and synthesis of vivianite crystals as explained in
detailed in 4.3.1.5. Attributed primarily to its efficiency of LP reacting with, the
formation of vivianite crystal is crucial during the calcination process. After passing
to solid state media, it is not possible to complete the whole transformation to LFP

even iron source exists.

Homogenization of particle size will be helpful to increase the charge-discharge
Kinetic. Especially if the one dimensional structure of lithium ion diffusion tunnel
could most probably be oriented along to the nano sized thin dimension of the particles.
Hence, well and fine distribution of particles can be helpful for increasing the rate of
Li ion diffusion into the cathode crystals which allows to a wide exposure (010)

oriented channel openings
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Figure 57. SEM micrographs of precipitated (before calcination) samples synthesized
with (a) or without (b) US wave irradiation with bulk LP and with (c) or
without (d) US wave irradiation with US treated LP micro seeds.

US distortion effect depends on the surface area which at least several times larger
than bubble itself. Therefore, for 20 kHz frequencies, surface distortions coming from
micro-jet formation cannot be obtained for solid particles smaller than 200 um.
However, cavitation still takes place in suspensions and bubble collapse creating shock
waves through the liquid media. So fine powders are in charge with high velocity

collisions stimulated by shock waves passing onto the particles.

In Figure 58, the effect of US wave irradiation on each precipitation reactions can be
seen from the XRD patterns of resulted precipitates before calcination step. As the
unique contribution of US treatments during precipitation sub-sequential reactions can
be accelerated to complete conversion within several minutes instead of several hours
in hydro or solvothermal production. After second precipitation with US treatment in
both precipitations, broad peaks referring to fine sized structures are observed (Figure

58-a and b). Moreover, increased relative intensity of (010) peak of the obviously
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indicates preferred orientation in b direction which belongs to thin vivianite nano
plates (Figure 56). Enhanced line broadening is also observed, clearly on (010) peak
at 13°, for all insonated samples which is an indication of better refinement on size
together with preferred orientation on b crystallographic axis as well as 2D particles
along ac directions.
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Figure 58. XRD pattern of sequentially precipitated (without calcination) precursor
materials synthesized in basic (pH > 6.0) suspension with (US) or without
(None) ultrasonic irradiation at each step (1% —2"%); (a) US — US, (b) None
—US, (c) US — None, (d) None — None

The XRD result show the increased preferred orientation on crystallographic plane
incorporated with b direction. High order in k miller indices with respect to other h and
I represents close angle of direction between (020) planes. Together with high (020)
peak intensity ratio represents the strong anisotropy as bigger ac surface of crystals,
this ratio increases with the crystallite size because of their better preferred orientation
during sample preparation. So enhanced particle size refinement provides relatively
poor preferred orientation in b direction which can barely oriented than bigger plate-

like particles. Additionally much narrower (020) peak (Figure 54-a and b) represents
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highly ordered structure can be obtained under low pH environment in suspension

(secondary precipitation).

In lower pH suspension under insonation, the crystallization mechanisms have faster
kinetic parameters which favour vivianite formation as clearly seen from XRD patterns
of resulted precursors has been previously shown in Figure 54. The improved
crystallization rate with US assists vivianite crystallites to generate large 2D structures
along the exposing ac planes. The highest and sharpest (010) plane intensity can be
seen in all insonated vivianite precursors (for LP and VVT) and indicates bigger
crystallites as well as proved with Figure 64 in section 4.3.1.3. By eliminating the
insonation in precipitation the crystallite orientations are lowered (Figure 54) because,
vivianite production is enhanced with improved dissolution kinetics in lower pH of
suspension. Therefore reactions are not under control of US intermittent restriction in
lower solubility region. So, in acidic environment, insonation enhances the
crystallization and growth rate by controlling the production rate of vivianite

monomers instead of controlling them.

This results in Figure 58 and Figure 54 show that suspension pH possess a key effect
to arrange solution stability while maintaining the suitable solubilisation balance for
US improvement on crystallization rate. Thus, the suspension needs to be optimized
at pH~ 6.0 while US is subjected within crystallization process to get best particle

refinement by supplying high nucleation and low growth rates (Figure 59).
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Figure 59. SEM images of US treated (b) or not treated (a) LizPOs and vivianite
precursors synthesized with (US) or without (None) ultra-sonication
during first-and second precipitation (pH ~ 6.0) step (1st — 2nd); US —
US(d), None — US (c), US — None (f), None — None (e).

4.3.1.3 Effect of suspension pH on morphology and thickness of nano

plates

In the synthesis of nano-plate structures, it is important to maintain stable nucleation
and growth rate in corporation with US irradiation. In general liquid phase
crystallization process, the nano structures appear if clusters are big enough to survive
after nucleation occurs in milliseconds. This means that nucleation rate is desired as
high as possible to get homogeneous and sufficient amount of nano clusters begin to

accumulate simultaneously.

The Lamer diagram in Figure 60-(a) indicates that high initial concentration or super-
saturation gives large number of nucleation sites. For a certain concentration of solute,
a larger number of nuclei logically indicates smaller sized nuclei. Besides that, lower
viscosity and lower critical energy barrier are also favoring the formation of a large
number of nuclei. So different surface active and highly ionic additional compounds
have effective impact on nucleation and growth processes. Some examples of them are

discussed in further chapter 4.3.1.6 related with chelating agents.

The higher growth rate is undesired to get smaller size particles. After enhancing the

super-saturation concentration, nucleation rate increases rapidly. Three dominating

95



region are seen in Figure 60-(b) as stable solution (1), nucleation (I1) and crystal growth
(1) after nucleation. In order to get evenly distributed nano-sized structures, the
concentration and nucleation rate should be enhanced up to a maximum amount of
nuclei. Theoretically, the growth rate can be decelerated or limited by decreasing
concentration as passing region-I11 very rapidly to reach the stable region-1. However
if vivianite formation reaction is high enough to keep feeding monomers for
crystallization, the growth progresses as long as all monomers are consumed which

can be seen at higher solubility in lower pH region in this case.

a b
A nu ( ) 1 Nucleation rate ( )
L Cmax o oo %
2
nu Nucleation and Growth S
s [C_. =
-0 B || SRR ANL 0 TR =
= @
O\ :
‘é | | Gicwth E Growth rate
: rowt] 2
e |C g !
S -5 f-- R P~ b= ‘
| E ' : solute concentration|
' ' S
I I m = 1o C 1 nu nu
? ! v :Cm|n Cmax
! | Time > embryos nuclei

Figure 60. Nucleation and growth process in crystallization depending on time and
monomer concentration, Lamer diagram (a), and Formation rate of
nucleation and growth (b).1*®

At this point, the pH value at around 6.0 seems to be optimum to result in smaller
particle as slow down the reaction kinetic, for this study. The lower solubility and
reaction rate suppressed the vivianite formation. Around pH 6.0 the solubility
difference between reactions (equations (6), (7)) allow the ultrasound to keep
nucleation rate under control. This intermittent effect with shock waves and cavitation
stimulate the reaction in very short time to enhance the concentration and rate in order

to get high nucleation rate and density in a very short time and space.

Notwithstanding US waves propagate the dissolution and nucleation mechanisms,
crystallization is also effected by the environment of species in solution as crystal
growth continues. It is also necessary to pursue the reaction between LisPO4 and FeSO4
in a suitable rate by adjusting the suspension pH. Due to the fact that LisPOa crystals
are easily dissolved under pH 4.0, which is selected as a lower limit for secondary

(sequential) precipitation for pH arrangement.
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Together with little change in morphology of the vivianite particles, the aspect ratio of
thickness over length, slightly increases with crystallite size followed by a decrease in
solution pH (Figure 64). By comparing the 2D particle thickness, pH is found to be the
key factor on reaction kinetic and phase stability by changing their solubility under
atmospheric conditions. So, thickness of US treated nano plates can be minimized by
optimization of suspension pH level. As a consequence, different growth rates are
favored in different pH conditions by US assisted sub-sequential precipitation method.
The reactive crystallization conditions have to be re-optimized by considering the

metastable conditions within insonated suspension media.

Throughout the thesis, it is aimed to produce small 2D particles as thin as possible
while suppressing their growth. When solution pH increased, the nucleation rate
decreases because of lower solubility (concentration) of LP and lower stability of
VVT. However, US also increase nucleation rate by increasing solubility and
concentration of nucleated monomers. Higher solution pH around 6.0 results in
relatively small particles according to lower growth rate because of lower LP solubility
beside high nucleation rate in very localized concentration peaks of VVT coming from
rapid solubilisation change via US. These balanced mechanism enhances nucleation

probability while limiting the further growth conditions in whole aqueous media.

In the solution thermodynamic study of Li-Fe(l1)-P-O, system®, LiFePOy is reported
to be stable at all pH values in coexistence with other phases (LisPO4 and Fe(OH).) at
higher pH than 11.3. Notably, there are no coexistence of Fe3(PO4)2'8H,0 and LisPO4
at stable phase diagram. So these are intermediate metastable forms which can react

with each other to form LiFePOa.

LFP cannot be practically obtained at acidic pH region despite the conflict of
computational thermodynamic study.'%* This might be explained according to too low
reaction probability at acidic region with respect to the dominant existence of HoPO4~
and HsPO4 where solution pH changes from 5.0 to 7.0. The following reactions are

assumed to take place.
Li,PO, +2H,0" - 3Li" + H,PO, + H,O 8)

3FeSO, +2H,PO, — Fe,(PO,), +2H,0" + 3507 ©)
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Based on the metastable solubility diagram (Figure 61-a) and molar ratio of
precipitated phases in relevant study,!!® there are three dominant regions according to
the pH of solution. Vivianite appears to be a stable single phase at pH under 6.6 up to
the 3.0 as increasing solubility. At higher pH value, LP precipitates can be seen
together with vivianite solid particles up to pH < 10.5. Upon its solubility decreases as
pH increases where beyond pH > 10.5, LisPO4 and Fe(OH)2 again coexist (Figure 61-
a). At pH values higher than 6.6, the molar ratio of vivianite rapidly decreases with

increasing solid LP stability (Figure 61-b).
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Figure 61. Solubility (a) and molar ratio of species in metastable Li-Fe(ll)-P-H.O
system with Li* excess.*

All strategic approach of sub-sequential precipitation technique depends on co-
existence of US and solubility difference between LP and VVT. Thus morphology and
size can be controlled via US which manipulates the nucleation and growth kinetics of
reactive crystallization. Coherent with the particle thickness in SEM images, thickness
increases as decreasing pH in accordance with increasing growth rate and higher
solubility of sacrificial LP solid phase. So VVT particles grow rapidly rather than
spreading nucleation homogeneously. For small particles it is needed to be in fast

nucleation regime but keeping away from metastable zone.

Above pH 6.5 region LisPO4 solid phase gains stability in solution and it is possible to
exist together with Fes(PO4)2 8H20 solid phase. It is proposed to manage sizes and
morphologies of these precursor (VVT and AFP) phases by insonation without
elevating temperature in aqueous based suspension, whereas LiFePO4 formation is

satisfied with the solid state reaction between these phases.
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Although Li-hua et al.*’ concluded that equimolar ratio of Fes(PO4)2 8H,0 and LisPO4
solid precursors is not possible to obtain by co-precipitation. However, equi-molar
solid precursor mixing can be achieved by using sequential precipitation (or different
additional sequence) and insonation within the aqueous suspension itself as proposed
in this thesis. Vivianite crystal structures can be formed easily under the control of US
by manipulating the pH effect on reactions and solubilities. Even though equi-molar
ratio was reported as only reachable in Li excess and pH 7.0 — 9.2, it is possible to
reach by US assistance within lower pH values even together with size refinement of

resulted 2D nano structures.

Regarding to the XRD patterns in Figure 62 the vivianite crystal structure can be
formed easily in the variation of pH between 4.5 and 6.0. However, in more basic
solutions, the prepared structures have much finer crystallites with narrow size
distribution (Figure 64). This shows that the dissolution and recrystallization reactions
can be more controllable in less acidic pH around 6.0 initiated and developed by

insonation.

Moreover, without insonation precursors have mostly bulky and agglomerated
structures (Figure 59-¢e). Otherwise, when pH is low, the solubility balance is broken
and fastened dissolution which leads rapid increase on reaction probability to straying
from the under control of ultrasound. The resulted vivianite structures, under US
effect, are larger at micron size and more agglomerated at micron size as seen as in
Figure 64-a. Therefore, pH was optimized as around 6.0 by considering mean particle
thickness (Figure 63) having restricted effect of US stimulated crystallization on

nucleation rate and solubility.®0-113.114
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Figure 62. XRD patterns of materials as precipitated (before calcination) by US wave
assisted sub-sequential precipitation with different pH at (a) 4.5, (b) 5.0,
(c) 5.5, (d) 6.0.
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Figure 64. SEM image of all US assisted synthesized particles within given pH (a)
4.5, (b) 5.0, (c) 5.5, (d) 6.0 before calcination.

4.3.1.4 Ultrasound effect on the crystal morphology and structure of
LiFePO4

US waves lead the reduction of both the induction period and metastable zone width
(MSZW) in crystallization, so that crystallization process can be more efficiently
controlled than without insonation. Agglomeration is also greatly reduced by strong
cavitation and shock waves. Furthermore, optimization of the ultrasonic parameters
can modulate the crystal size distribution. Although, the mechanism of the sono-
process has not been fully understood yet, some explanations were proposed in
following section incorporated with the nucleation and growth theories. The whole
crystallization and transformation reactions can be controlled with help of US wave
propagation of the unique environment in a short time. Because of radicals formation

by sonochemical reduction,®® it is suitable against further oxidation of Fe?* to Fe®*.
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This phenomena helps to maintain reducing environment in suspension with the

presence of easily ionizable organic compounds and it is discussed at Section 4.3.1.6.

As mentioned previously, precipitation has been achieved in two ways; with or without
US irradiation. When intermediate phases form US assisted or non US precipitation,
it is found that the intermediate phase crystallites are distinguishable in size and shape.
These intermediate phases are used as precursor to obtain meta-morphologic
transformation to final LiFePO4 cathode material after calcination process. In order to
see the effect of ultrasonic wave treatment in each of two steps, calcination products
were investigated by SEM and XRD analysis.

The effect of US can be seen through XRD patterns which was taken from every
samples synthesized with or without US wave irradiation (Figure 65). After the
calcination steps the qualitative analysis shows that the main difference between non
US and US irradiated precipitation is the amount of LiFePO4 synthesized. In Figure
65 it is clearly seen that very limited formation of iron (I1) phosphate (vivianite) yields
excessive amount of LisPOs material remaining as unreacted with FeSO4 without
propagation of US waves. This proves that iron (I1) phosphate (vivianite) is the key
intermediate product to direct the formation reactions of LiFePO4. During second
(sequential) precipitation, significant difference is poor reactivity resulted in
premature phase transformation to vivianite without US irradiation. Oppositely, even
in hydrothermal (160 — 200 °C) conditions, not only reaction rate is too long but also
crystallization of vivianite compound is unstable because of growth acceleration of
elevated temperature. On the other hand in the sub-sequential sequence of precipitation
US waves can generate phase transformation within minutes to kinetically active

intermediate vivianite species which can be easily lithiated to form LiFePOa.

Once the reactants LisPO4 and Fe3(PO4)2.8H20 are supplied, LFP transformation is
capable in the solid state reaction within calcination step according to the equation
(10). It seems that US has much more intensive effect on the LFP production by
manipulating the crystal structures of vivianite especially. Calcination is destructive
on the synthesized LiFePO, crystallite morphology at high temperatures (Figure 67-b)

but it is also indispensable to satisfy the conductivity.
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Figure 65. XRD pattern of calcined samples synthesized with (US) or without (None)
ultrasonic wave irradiation at each precipitation step (1% — 2"%): US — US
(a), None — US (b), US — None( ¢), None — None (d) (pH ~ 6.0).

Fe,(PO,), -8H,04, + Li;PO, ;, — 3LiFePO

4(8)

+8H,0 (10)

4(8)

The cathode materials need to be also properly carbonized during calcination with
extra addition of carbonaceous materials. Carbon coating of cathode materials is
crucial for targeting low electrical resistance. On the other side improper coating might
be harmful as well as insufficient electrical resistance due to the passivation by thicker
layer. Especially, its optimized amount depends on crystallite sizes which determines
total surface area. Bigger crystallized materials may lead insufficient lithiation to form
LFP because of over carbonization as seen in Figure 67-a. The conduction effect is
discussed with optimization of carbonization as an encapsulation strategy of

synthesized nano structured cathodes in Section 4.3.3.
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Figure 66. SEM images from (a) LisPO4 and (b, c) vivianite to (d) LFP structure
produced via sub-sequential precipitation without US wave irradiation
(arrows are indicating on going procedure).
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Figure 67. XRD patterns with SEM images of cathode materials calcined with (a) and
without (b) carbonization of precursors which synthesized via sub-
sequentail precipitation without US treatment.
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4.3.1.5 Explained mechanism for US assisted sub-sequential

precipitation synthesis of LFP/C nano plates

The US wave has a significant role on stimulating the crystallization, refining the size
and dispersing particles, homogeneously. US irradiation can accelerate the rate of
reactions and provide more on the crystallite size by its energetic nature. The highly
energetic nature of US waves may also be conducted with co-existence of other
techniques to advancing or manipulating their approximations. In this thesis, US wave
irradiation not only accelerates the nucleation in constructive way but also refines the
size in a destructive manner via shock waves. It has also reduced the time needed for
crystallization reactions from hours to minutes as a very dense emission of energy in

space and time.

Nano-crystal formation in solution can be supported by increasing nucleation rate and
decreasing growth rate condition. For nucleation to start, key driving force is the
concentration passing over the super saturation point as higher than saturation. The
size of nuclei depends on the reaction rate as correlated with concentration and
temperature. With the help of ultrasound is able to manipulate these parameters in

certain time and volume.

Beside the lack of theoretical understanding and prediction of US effect on nucleation
and crystallization processes, there are reliable evidences to explain in literature8%6263,
Ultrasonic waves induce primary nucleation at much lower super saturation levels.
Moreover, ultrasound reduces induction time between super saturation and nucleation.

This phenomena provides advantage to obtain homogeneous crystallization.

Sufficient pH reduction by forming H- radicals involves to observe dissolution and
recrystallization reactions between intermittent compounds by keeping ionic Fe?*
reduced. Sudden and enormous change in temperature and pressure formed by bubble
collapse and subsequent release of shock waves had a significant effect to increase
super-saturation. An increase in localized pressure decreases the recrystallization

temperature.

Ultrasound wave reduces the Meta-Stable Zone Width (MSZW) within saturated
media. Metastable zone is described in literature!'® as prohibited region for nucleation
beyond super saturation which would be reduced by intense US waves. Accelerated

super saturation yields more amount of homogenous nucleation within the suspension.
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On the contrary, the aim of industrial crystallization procedures is to control the
reactions by keeping the conditions in metastable zone width (MSZW) to favors the
high growth rate.

According to the Lamer diagram (Figure 60), nucleation mechanism starts localized
rapid super saturation by producing iron (I1) phosphate compounds after the reaction
between dissolved Fe* and PO+~ ions. Then the rapid consumption of newly produced
monomers suddenly decreases the concentration below the solubility limit again,
without allowing further growth until another super saturation is obtained again with
the help of ultrasound stimulation. Sudden concentration decrease stops the nucleation
by passing under the growth rate rapidly due to the lack of intermittent cavitation and
temperature drop after cavitation effect. In Figure 68, insonation manages the reaction
product which is in right enough amount to be nucleated as small crystallites and not

to grow.

Phosphate concentration increases dramatically with a rapid increase in solubility of
solid LisPO4 in a very limited reaction volume. This stimulation effect triggers the
reactions in equations (8) and (9) to form vivianite monomers in solution. Highly
concentrated monomers are accumulated for nucleation. Rapid cooling spots in
solution results in a huge drop on reaction rate to produce vivianite monomers. Then,
concentration and temperature conditions move towards the stable zone without
experiencing further growth thanks to the shortened metastable zone width and sudden

concentration decrease after simultaneous consumption of monomers by nucleation.

106



Concentration

elastable zone

Temperature

Figure 68. Schematic representation of US assisted dissolution-reaction (1),
nucleation-crystallization (2) and consumption-growth step (3)
mechanisms on solubility curve with metastable zone width reduction
effect of ultrasound.!*®

The illustration in Figure 69 explains the nano-plate production mechanism for
ultrasound assisted sub-sequential precipitation which is used for synthesis of
precursors throughout the thesis. Firstly, LP seed material is precipitated with the help
of ultrasonic irradiation and this treatment effects the size distribution and shape of the
LP seeds. After obtaining the hardened and dried LP seed microspheres, the second
precipitation occurs in LP emulsion within reduced pH from 10.0 to 6.0, by
simultaneous implementation of ultrasonic wave irradiation. Thanks to the higher
solubility coefficient of LP than Fes(POa4)..8H20 the total reaction can be driven to
form vivianite crystal on to the near surface of LP micro seeds due to the decreased
surface energy for secondary nucleation on their surfaces. The presence of a secondary
solid surface can be used to control the nucleation. This is because, the interfacial
energy between a crystal nucleus and a solid substrate is lower than that of the crystal

in contact with the solution.'?°
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Figure 69. Schematic representation of proposed mechanism of ultrasound assisted
sub-sequential precipitation synthesis of LiFePO4

As crystalline becomes larger in size, agglomeration is being hindered due to low
surface to volume ratio compared to newly formed nuclei. US waves also provide
excessive amount of turbulence and disturbance resulting in shorten contact between
crystals towards the inhibition of agglomeration. In the further crystallization growth,
US waves tremendously enhance Ostwald ripening which can grow nano-plate

structures building up through homogenously distributed nano crystallites.

Differently from the reported study,*?! which claims that equi-molar ratio of VVT and
LP can be obtained in one batch with slightly basic pH (7-9.2), thanks to the sub-
sequential precipitation technique with existence of insonation, it is able to result in
equi-molar reactant ratio of Fe?*:PO4*:Li* at 1:1:1 at this range. Because the
ultrasound induce reactions in micro scale, actually the all conversion rates are
possible with the help of sequential pH conditions. Even in slightly acidic pH 5-7
conditions the equi-molar conversion are able to be easily controlled under insonation

in spite of unstable thermodynamic condition for whole system.
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4.3.1.6 Effect of chelating agent on particle shape and morphology

In case of using the surface active compound that will restrict the growth and further
crystallization, the US can control the reaction rate by cleaning the surface and open
the new surface area intensely. By the use of various type of carbonaceous materials,
morphology of product was altered as well as the yield of product. Furthermore, carbon
coating with the use of soluble organic material (citric acid, and ethylene glycol)
having chelating and encapsulating behaviours was studied in an aqueous solution
before and after the precipitation step.

Nano plate structures can be limited during growth in the precipitation reactions by
using organic compounds. Organic additives not only limit the mass transport for
growth but also limit the dissolution from the surfaces. So these addition of compounds
should be investigated because they can widely affect the reaction and crystallization
kinetic as well. After calcination process, these organic compounds are also able to
leave sufficient carbon residue to form carbon coating on the surface of LFP particles.

When all sources are mixed up, the solution pH differs from neutral condition because
of the acidity of additives. Because pH 6.0 — 8.0 is Fe?* dominant region the pH is
adjusted with LiOH or NH4sOH concentrated solutions. During all dissolution and

recrystallization reactions with ultra-sonication, pH needs to be adjusted all the time.

When the citric acid addition is used, EDX mapping analysis presents the presence of
two separate Fe and P accumulated regions as correlated with two different
morphological structure formation (Figure 70). This mapping results indicate the
formation of thicker LFP diamond shaped plates and spherical LP seeds after
calcination process with the existence of citric acid. Furthermore, XRD patterns show
no peak for Fe;P or FesP formation, these Fe and P rich areas to be associated with
LiFePO4 and LisPO4 phases Figure 70-a.

On the other hand, with existence of ionized citric acid, aqua media became more
reductive and yields some reduced side products such as FeS because of its chelating
properties on Fe?* cation, especially. FeS does not melt up to 1194 °C and only reacts
with high acidic compounds like HCI to outcome with H2S compound. Due to the
unique smell of H>S during calcination together with negligible S content in the
synthesized powder, it can be claimed that sulfur ingredient reacts with Hz gas then it

is released by gasification with exhaust stream.
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When citric acid addition uses, much thicker nano plate structure can be observed by
SEM images. With the presence of citric acid ultrasonic wave assisted precipitation
has an important acceleration on structure growth after second precipitation. These
nano plate crystals has shown diamond like shape instead of rhombohedra (Figure 71).

:  .

Figure 70. LFP and LisPOs crystal morphologies detected by Fe and P rich region,
respectively, from EDX mapping analysis after calcination step

CA has chelating effects also for Li* ions, so after a certain concentration it reduces
the mobilization and activation of Li* ions. It is remarkably shown that high
concentration, 0.1M of CA is responsible for increasing LisPOs peak in the XRD
patterns (Figure 72). CA have a slightly increasing effect on LFP formation at low
concentrations as 0.025M. It prevents the oxidation of Fe?* to Fe** acting as a reducing
agent for iron sources. This reducing feature of iron can be observed as in increase in
the reduced bcc iron peaks at around 44.5 degree in Figure 73. With increasing amount
of CA, the more reduced side product are observed such as FeS in both high and low

pH regions.
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Figure 71. SEM images of synthesized powders after calcination of US assisted
precursors with 0.005 M (a), 0.025 M (b), 0.1 M (c, d, e, ) CA addition
at pH 3.0 (d), 4.0 (e), 5.0 (f), 6.0 (a, b, c).
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Figure 72. XRD patterns of precipitated (without calcination) samples synthesized
via US assisted sub-sequential precipitation with citric acid addition
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Figure 73. XRD patterns of calcined samples synthesized via US assisted sub-
sequential precipitation with citric acid addition
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Figure 74. XRD patterns of precipitated (without calcination) samples synthesized via
US assisted sub-sequential precipitation at various pH values with 0.1M
citric acid
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Figure 75. XRD patterns of calcined samples synthesized via US assisted sub-
sequential precipitation at various pH values with 0.1M citric acid

Although citric acid can slightly increase the LFP production percentage,
unfortunately it can diminish the solubility coefficient balance for LP and vivianite
which is critically important to the sub-sequential precipitation strategy. It has strong
affinity upon dissolved cations and increase the solubility and reaction rate which will

become uncontrollable with US irradiation even in buffered pH around 5.0 - 6.0.

Within the pH region toward 4.0 to 5.0 the reactions occur easily but there is no control
on size and morphology at all with citric acid addition. SEM image showing thicker
crystals has proven this uncontrolled growth of bigger LFP crystals (Figure 71). The
amorphization of dried samples before calcination, was caused by lower pH region
and enhancing the solubility of LisPO4 and vivianite species during precipitation. Fast
reaction Kinetics changes the solubility difference which alters the ordering and kinetic
of the reactions between LP and FeSOa. Increased solubility has also detrimental effect
on restricted mass transportation and increased the Li concentration above the limit
that can directly react to form Li>SOs precipitates. Beside its high solubility in water,

it has unmatched monoclinic crystal structure and lattice parameters with
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orthorhombic LFP instead of orthorhombic LisPOs4. So Li2SOs, with the highest

melting point is not a good candidate for Li source especially in solid state reactions.

On the other hand, SEM image and EDX analysis indicate that thicker LFP formation
which is probably caused by high mass solubilisation in locally high pH conditions
because of chelating citric acid (Figure 70 and 71). Even in higher suspension pH
adjustment (5.0 — 6.0) in order to maintain formation of Fe3(PO4)2.8H:0, final calcined
product has very large LFP crystals or agglomerated structures. This means that citric
acid affects the solubility balance negatively which is essential in the US assisted
synthesis.

As reaction time increases in the second precipitation, Fe reduction pursue towards to
leave too much unreacted Fe crystals formation after calcination. XRD pattern in
Figure 76 shows the increased peak of bcc iron. Under the influence of US irradiation
the chelating effect of citric acid is enhanced but this inhibits the desired reaction by

keeping iron source away from reactive crystallization of vivianite.
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Figure 76. XRD patterns of synthesized LFP with 0.25M citric acid addition via US
assisted sub-sequential precipitation within given reaction times.

114



Even under controlled pH between 5.0 and 6.0, citric acid addition causes
tremendously reduced iron content to yield bcc ferrite crystallites after calcination step
is over. This reaction is probably driven by FeS compound which readily reacts with
reductive hydrogen by giving gasification of H>S. So iron source remains as reduced

to elemental crystallites.

Sonochemical synthesis has been used in synthesis of noble metal nanostructures by
many researchers.'?2!2 For existence of US waves in aqua media, it is mentioned
previously that US waves has a reductive effect on the ionic compound in solutions by
sonochemically generated H radicals. In some cases organic additives such as iso
propanol or surfactants, are used to form secondary radical species, which enhance the
reduction rate. These reductive organic compounds, especially alcohols, transforms
into attractive growth limiting surface active agents having high reactive OH- radical

groups simulated by US waves.

Ethylene glycol is also used as a solvent to control the morphology of LFP in the
literature.®” In this synthesis route, ethylene glycol has been reported as chelating agent
which has soft template properties. Using ethylene glycol results in bigger aggregate
crystals having very low aspect ratio. The crystals which can be obtained as plate-like
structures have also micron sized particles being very similar structure to LFP crystal
shape reported by Richardson et al®®. This kind of coarse structures can be resulted by

using excessive amount of ethylene glycol (40 wt.%).

In this study, ethylene glycol is used to be another surface active and growth limiting
compound by enhancing its effects with US irradiation. Fe** phosphate content
detected XRD analysis (after sub-sequential precipitation) shows that ethylene glycol
act as a reducing and growth limiting agents stimulated by US wave irradiation. It is
also possible to reach well distributed 50 — 100 nm thick nano plate crystals similar to
insonated samples without ethylene glycol (Figure 78). The stoichiometric Li:Fe ratio
was chosen as 3:1 and 1:1 for US an non US precipitations. However, it has been
continued only with 3:1 for easy separation of precipitates by simple paper filtration
to leave excess solid lithium source to be used about chemical lithiation in calcination

step.
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The addition of ethylene glycol is possible with two different additional and mixing
sequences which are together with iron sulphate as solution or LP seeds as suspension.
It is found that the mixing sequence has remarkable effect on the phase transformation
during precipitation and calcination steps. Based on the chelating property of ethylene
glycol, it can dissolve the Fe?* ions when it is mixed with FeSO4 as solution. In this
case, iron ions are intensely surrounded by ethylene glycol molecules. It also acts as a
strong chelating compound even after mixed with LP micro seed in the aqua
suspension. This addition sequence has yielded excessive amount of Fe which can be
described as 6-8 % wt. form its rising peak in XRD patterns around 26 of 44.5 (Figure
77).

On the other hand the addition of ethylene glycol into the suspension of LP seeds
results more homogeneous and thinner nano plate structures of iron (I1) phosphates
(vivianite) (Figure 78). Also in this route, the iron source is dissolved in water as
uncaptured by EG which yields less amount Fe phase become unreacted instead of as
dissolved in EG (Figure 77).

Regarding to the XRD patterns, it is found that EG addition with LP suspension yields
low impurity (Figure 77-a) and plate like morphology where there is still
polycrystalline structures within each platelet after calcination (Figure 81). Even
though, vivianite precursor indicates high orientation in [010] together with narrow
size distribution, synthesized LFP has weak preferred orientation around [010]

direction (Figure 77-a and c).

Figure 79 represents the synthesized powders with EG addition and without US
irradiation. Although higher temperature (90 °C) of suspension has been conducted
with EG, it is not possible to initiate the phase transformation in precipitation which
results in too low LFP formation even in high concentration of EG. In the non US
assisted sub-sequential precipitation method, it is impossible to form LFP materials
under normal atmospheric conditions. Even after 12 hours of hydrothermal treatment
at elevated temperature (120 °C) very low amount of LFP formation is observed. In
organic compound addition to control the crystallization, High temperature treatment
is required (180 — 200 °C) which necessitates high pressure equipments. So in elevated

temperatures, the growth and reaction Kinetic become again unstable.

116



1 | I ~l 1 T T T T
@ g _ o LiFrePO4
“F‘- S © y Fe,(PO,),8H,0
24 _ A Fe
o * -
b 8 |_|3PO4
¥ ~—
o o
N
o™
3 (a)
A

Normalized arbitrary intensity

020

Normalized arbitrary intensity
t 110
-2
200
001
Q)

Figure 77. XRD patterns of cathode materials (a, b) as synthesized from precursors
(c, d) with addition of EG to LP suspension (a, ¢) or FeSO4 solution (b, d)
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Figure 78. SEM images of US wave assisted precipitated vivianite nano-plates (a, c)
and LFP cathode nano-plate (b, d) materials synthesized with addition of
ethylene glycol into LP suspension (a, b) and FS solution (c, d).
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Figure 79. XRD patterns of calcined materials after sub-sequential precipitation with
non-US synthesis with 20 wt.% (a), 40 wt.% (c) EG addition on FS and 20
wt.% (b) EG addition on LP sources
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point analysis related with the crystal morphology into the respective
SEM images of cathode material with EG addition on LP suspension (LP
and LFP crystals indicated with red and blue circles respectively)

Figur. ]

Table 6. Elemental analysis results based on EDX for each crystals as referred in

Figure 80.

(a) (b) (c)
Element Wit% At% Element Wit% At% Element Wt% At%
S 0.34 0.43 S 0.11 0.14 C 36.01 6241
P 43.67 58.19 P 42.22 56.82 P 4590 30.85

Fe 55.99 41.37 Fe 57.67 43.05 Fe 18.09 6.74
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Figure 81. TEM images of polycrystalline LFP nano platelet as synthesized via US
assisted sub-sequential precipitation with EG addition on LP suspension

4.3.2 Ultrasound assisted AFP nano-plates synthesis

Being similar with the first trial route of sub-sequential precipitation, there is another
route to obtain intermittent crystal structure of NHsFePOsH.O (AFP) by the
precipitation reaction. In this new route, FeSO4 and NH4H2PO4 are used as starters for
mixing instead of LIOH and NH4H2POj4 to synthesize LisPOs.

AFP has a layered crystal structure including zig-zag layered NH4 and H.O molecules
which allows lithium intercalation and ion exchange easily. AFP precursor phase has
a proximity between Fe-P spatial configuration and lattice parameter in a direction to
b direction, which are 5.684 and 6.006 A, respectively, by transformation from AFP
to LFP structure (Figure 82). In both unit cells FeOs octahedrons are similarly
positioned according to POs tetrahedrons. This transformation, in AFP route, is
obviously understandable that one lattice axis may likely be transformed to the closest
one in length. Phase transformation occurs especially via an ion exchange
stoichiometry (Li" insertion with extraction with NH4*) between (NH4)FePO4-H.0 to
LiFePOa.

Besides, this orientation shows structural proximity between AFP and LFP especially
ina (5.684 A) and b (6.006 A) lattice of them,*?* respectively which can be reduced
after deformation effect of high temperature calcination on crystal morphology above
500 °C. Lithium acetate yields much [100] orientated LFP crystals as it seems to
preserve the morphology with carbonaceous acetate ions adsorbed on surface just

before lithium insertion.

120



NH,MPO_H,0 LiMPO,

MP Layer
Distance

C ©

C

Aro, s\, Bcho

Figure 82. Crystal structure of AFP and LFP as given transformation on
crystallographic axes.'?*

C

Neutral to basic pH region (7 — 9) was tried to optimize the stable pH region which is
necessary to form nano plate like structures. Precipitation steps are performed either
with US irradiation or not. Although it is also possibly to synthesis layered AFP
structure with non US route, US has again a accelerating effect on formation and ion
exchange reaction of precursor structure. So Li source addition and ion exchange
reactions can be enhanced with existence of US. In the first step NH4FePO4-H20
precipitate shows very strong anisotropy having thinnest dimension through [010] (b
axis) direction detected by strong preferred orientation through increased (010) peak

intensity in the XRD analysis of precipitated sample (Figure 84).

Although there is little crystallization effect of AFP as layered and oriented structure,
US wave can refine the dimension in b direction as 2 to 3 times lower in thickness.
SEM images in Figure 83, and Figure 84 show the plate like structures having

thicknesses lower than 50 nm synthesized with US irradiation during precipitation.
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Figure 83. SEM images of NH4FePO4.H.O nano-plate structures synthesized with (a)
and without (b) US wave irradiation

There is distinguishable preferred orientation on [100] direction which is decreasing
with pulverization. Lithiation compounds strongly cause this anisotropic change
during high temperature lithium insertion (Figure 85). Primarily Li* diffusion is
incorporated with lithium compound adsorption into the particle. The rest anionic parts
of this compounds have crucial role on Li* exchange or insertion following the

adsorption and dissociation reaction onto the surface of nano plate.

Figure 84. SEM images of LFP nano-plate structures synthesized with various

lithiation compound as lithium acetate (a) and lithium hydroxide (b) via
US assisted sub-sequential AFP route.

In spite of preferred orientation in [100] crystallographic direction of final cathode
structure, the higher capacities (Figure 104 in section 4.4) are achievable for AFP route
nano-plate structures in slow currents. Lithium acetate has played an important role

for preserving anisotropy of crystallographic orientation of LFP crystals as exposing
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bc plane on the surface. By transforming to LiFePO4, nano sheets have remained in
similar size and shapes. So it can be said that nano-sheets transform by ion exchange
rather than intercalation of lithium ions. AFP have same stoichiometric formulation
comparing with LiFePO4 compound and this makes the ion exchange mechanism
essential. Although the exact mechanism of orientation ordering effect of lithium
acetate to lithium hydroxide is still not clear, lower acidity of lithium acetate might
provide less destruction effect on NH4FePO4H20 nano-sheets during lithium
insertion. Further investigations need to be done to clarify the exact transformation
Kinetic of LiFePO4 synthesized with the help of NH4FePO4 H0.

Lithiation was done by using various water soluble compounds via impregnation and
the saturation method. In the calcination after surface adsorption on AFP, lithium ions
form and insert through the inner parts of the crystal structure to transform into LFP
platelets. So lithiation compounds determine the final crystalline morphology. In-situ
XRD studies was conducted to better understand the orientation changes. The in-situ
XRD patterns reveal that [100] orientation remains same up to 500 °C in lithium
hydroxide (LH) and lithium nitrate (LN) usage (Figure 86). Lithium acetate yields
more crystalline product based on XRD patterns showing the indication of early [100]
orientation even in 300 °C. After temperature passed 500 °C during calcination, a
significant drop on [100] preferred orientation is observed for all lithiation compound
use (Figure 85). This effect is related with increased morphology destruction appears

especially after 500 °C.

More preserved LFP plate morphology is observed in lithium acetate (LAc) used
sample (Figure 86). Due to its low melting point (286 °C) adsorbed acetate anion forms
into a well distributed surface film on the particle to be preserved at elevated
temperature by forming carbonaceous remnant of acetate part. As crystal deformation
degree increases, the anisotropy disappears in an order of LiAc, LH, and LN
compounds usage. Regardless of the lower melting point of LN (255 °C), it is very
oxidative within thermal decomposition products such as Li.O and O; after 500 °C.
Even though calcination takes place in reductive atmosphere, this decomposition can
have some detrimental effect not only on ammonium iron (1) phosphate crystals but
also on lithium insertion itself. Thus, it appropriately explains how the [100]

orientation drops distinctively after 500 °C.
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Figure 85. In-situ XRD patterns from samples calcined at various temperatures using
different lithiation sources via US treatment of NH4FePO4-H20
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4.3.3 Optimization of encapsulation strategy and carbon coating

during calcination

Carbon coating has a critical role on the performance of LiFePO4 cathode materials
because of its poor electric conductivity. In order to overcome the lack of electronic
motion, conductive coating is widely used such as carbonization of organic salts. Sugar
based organic compounds are widely used for conductive cathode composite synthesis
as subjected in solid state pyrolytic carbonization.?>2” Sucrose is melting around 150
°C and higher temperatures in accordance with lack of addition of mineral salts to
recrystallization process during its production.'?® It can be carbonized in an inert
atmosphere in elevated temperature (250 — 300 °C) by leaving pyrolytic carbon layer
behind. The key point in carbon coating is the thickness. It must be as thin as possible
and permeable to allow lithium ion from the solution penetrating to reach the LiFePO4

particle surface without any resistance.

In order to achieve thin nano-plate structures even after the transformation of vivianite
crystals to LFP crystallites, the temperature effect has been investigated on phase
transformation, crystallization and structural deformation of particles. It is observed
that crystals can stand firm even after calcination at 500 °C without any encapsulation
with carbon. However at low temperatures, undesired site occupancy increases
between Fe and Liatoms in the crystal structure of LFP. Higher defect and disordering
density is going to be an obstacle for Li ions kept away from free to move into channels

during insertion and extraction.

Samples were subjected to the calcination at temperatures of 500 °C and 700 °C under
slightly reductive atmosphere to explore the effect of annealing temperature on both
crystallinity and morphology. XRD patterns indicate that there is sufficient LiFePO4
formation with low crystallinity at the temperature of 500 °C and the shape of the
crystals can be mostly preserved without sucrose addition, indeed (Figure 87).
However severe sub-grain formations can be observed after calcination at both 500 °C
and 700 °C. (Figure 88) and orientation is distributed.

Despite preserving the crystal shape after calcination at 500 °C, the complete
crystallization could not be obtained and there is still high disordering in the

synthesized material. For that purpose, sucrose saturation seems to be a sufficient way
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for the encapsulation process that could survive at temperature as high as 700 °C.
Moreover, XRD patterns of calcined samples at 700 °C clearly indicate the presence
of LiFePO4 compound. Regarding to these patterns, more than 90% of the product was
composed of LiFePOs. The rest of the product impurities are mostly iron sulfide and
phosphate phases.
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Figure 87. XRD patterns of nano-plate LFP cathodes calcined at different
temperatures with sucrose carbonization.

Carbonization of simple sugars such as glucose and sucrose is widely used to create
carbon layers on inorganic structures®*2° which is possibly processed at 400 °C under
an inert gas flow. Besides being crucial for electrical conductivity, in this thesis, carbon
coating is also used for the preservation of the crystals in the shape which can be
formed in the second precipitation step. As calcined LiFePO4 nano plate structures are
presented in Figure 88 shows the effect of sucrose adsorption. It is also playing an
important role on supplying reductive atmosphere during calcination by depositing

sufficient carbon layer.
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Figure 88. SEM images of synthesized LFP materials at 500 °C (a, b) and 700 °C (c,

d) with (a, c) and without (b, d) sucrose carbonization

XRD analysis was performed and compared with samples calcined without sucrose
presence to better understand the crystal structure of calcined samples with sucrose
saturation. It is found that XRD peaks of calcined samples with sucrose are more
broadened after calcination at 700 °C than without sucrose. This broadening points out
that the phase transformation is accomplished while keeping the nano-plates as refined

in thickness by sucrose saturation method (Figure 89).

Sucrose encapsulation strategy was successfully performed on the samples not only
for carbon coating but also for prevention from oxidation with carbon coverage. Shape
and morphology control during metamorphological transformation can be realized by
the impregnation and drying into sucrose solutions. However, having carbon coating

on surface is not enough to get high performance from cathode material. Thickness of
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carbon coating should be optimized resulting high electrical and ionic (Li")

conductivity after synthesis of LiFePO./C cathode material.

o LiFePO,

A Fe

(b)

Normalized offset intensity

Figure 89. XRD patterns of samples calcined at 500 °C (a, b) and 700 °C (c, d); with
(b, d) and without (a, c) sucrose (S) saturation

Excessive carbon presence on the surface of particle can be an obstacle for the ionic
conductivity and it should be finely tuned for appropriate percentage to have thin as
permeable layer. The thickness of carbon coating strongly depends on the surface area
of precursor structure. So, in this thesis, this coating procedure has been optimized by
observing electrochemical capacity measurement of encapsulated nano plate cathode

structures in button cell with different amount of carbon content.

At first optimization of carbon coating procedure has been refined in case of the
reliable electrochemical performance. Then the required amount of carbon has been
studied by measuring the electrochemical performance of first prototype batteries
having 12, 5 and 2 wt.% of cathode materials. When samples with these carbon content
percentage are compared, it is found that 2% wt carbon content of active mass would

be conductive enough without further passivation loss of capacity (Figure 90).
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Figure 90. Electrochemical charge/discharge curves of 12 wt.% (a), 5 wt.% (b), 2
wt.%, and 0 wt.%.carbon coated LiFePO4 cathodes at 0.1C rate

The carbon coating is detected in the first trial of encapsulation strategy with the
excessive amount of sucrose saturation giving up to 30 nm thick carbon layer with
12wt.% carbon content in cathode material. After proven examples of morphology
controlled synthesis of LiFePO4 nano plate with reduced (1-2 wt. %) carbon content,
carbon coating thickness is found at optimum range around 5 — 10 nm thickness.
Furthermore, enough electrical conductivity without further resistance for Li* ions was
also achieved with 1-2 wt. % carbon (Figure 91-b and c). Besides, this amount is still
able to give preservation of crystal shape and structure by suppressing the further

growth and shape destruction.

Two more different carbonization methods have been tried to enhance electronic flow
between particles which are Carbon vapor deposition (CVD) and EG addition. CVD
is known as pyrolytic deposition onto substrate surface. In this method, it is also
possible to add the organic material before the calcination step. The water soluble
material can easily be implemented by dissolving within an aqua suspension of

material and vacuum drying right before the calcination step.
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Figure 91. TEM images of encapsulated LiFePOs cathode particles with grain
structures (a) and a cross section view from thinnest edge (b) encapsulated
with sucrose saturated carbon coating (b, c) after calcination process

In the third method, EG was used as a solution based addition as explained previously
in section 4.3.1.6. EG addition yields an organic residue after drying and these residue
was carbonized in calcination step. These three different carbon coating method has
been investigated by Raman spectroscopy to better understand the carbon coating type.
Moreover, these samples are also subjected to electrochemical cycle test to obtain
more information about their conductivities and discharged capacities of coated

cathodes.

In Raman spectroscopy, there are two characteristic peaks of carbon which are called
as D and G band modes around 1350 and 1630 cm™ wavelength, respectively. The

intensity ratio of these two bands provides information about the graphitic structure of
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carbon. According to the Raman spectrum in Figure 92, graphitic carbon bands, which
have less charge transfer resistance against electronic motion (Figure 93), are the
highest for the cathode material carbonized with CVD method. This is followed by
sucrose saturation method. PO4>~ bands appear in all samples which shows that carbon
coating thickness of all samples are less than 30 nm as their detectable limit of depth
in Raman spectroscopy. To have better information about the graphitization degree of
carbon coating, D and G bands are deconvoluted according to the Lorentzian curve.
Although the calculated D/G intensity ratios are similar for all methods, the highest
D/G ratio is given in CVD method (Table 7). By comparing the D and G bands of all
samples coated with different methods, it is concluded that the higher graphitic
structure and higher electronic conductivity is achieved via CVD method (Table 7).
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Figure 92. Raman spectrum from multiple cathode materials non-coated and coated
by using CVD, sucrose saturation and EG solution method.
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Table 7. D/G band area ratio of cathodes coated with different methods.

Sample A(D/G) I(PO4/(DIG))
Uncoated N/A 27.67
EG 2.82 0.73
Sucrose saturation 2.57 0.08
CvD 2.17 0.07

The effect of carbon coating method on conductivity of samples coated with different
methods is analyzed via EIS (Figure 93). Even in CVD of toluene vapor could have
lower charge transfer resistance than sucrose saturation, sucrose saturation method

could stand and give sustainable performance after 40 cycles (Figure 94).
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Figure 93. EIS analysis of cathodes synthesized with US assisted VVT route as coated
fine and coarse particles with CVD and sucrose saturation (suc. sat.)
methods

Resulted carbon coating has to be endurable enough against detaching from the surface
of the particles by high currents in the case of high power applications. Charge and
discharge tests providing some prediction about coating durability were performed in

the button cell against lithium anode material (Figure 94).
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The discharging rate has been slightly increased within each 5 cycles. Although the
highest initial capacity was achieved in CVD coating that could be explained by high
portion of graphitic layers, the sucrose saturation is the last long after several charge
and discharge cycles. In addition to poor reliability in cycling, insufficient
encapsulation was detected from SEM images of coated cathode materials synthesized
with CVD method (Figure 95).
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Figure 94. Electrochemical performance test of carbon coated cathode materials via
CVD or sucrose saturation (Suc) method

In spite of good initial performance (140.3 mAh g* at 0.1C cycling rate) in CVD
procedure, as coherent with its best graphitization rate. There is almost 50% capacity
loss in few cycles. This poor performance can be explained by carbon layer

detachment.

Consequently, with the help of sucrose saturation, very reliable capacity is obtained

like around 97.5 and 86.9 %, for fine and coarse particles, respectively. Moreover,

since its endurable coating layer, particle size effect on capacity retention seems to

become more perceptible in last cycles. This points out that the particle size becomes

more limiting factor if coating quality is enhanced. On the contrary, because of its poor
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capacity retention around 54.4 and 55.8 % for fine and coarse particles, respectively,
CVD process has not been chosen to go further investigation in this thesis (Figure 94).
Despite this thin carbon coating seems to have more graphitic content, it seems easily
detachable from the cathode surface along the harsh electrochemical cycling. Whereas,
the reliable coating is more important than peak capacities to maintain resistivity as
same as it is along the test cycles, the sucrose saturation has adapted as standard
method for all US treated or not treated cathode materials. But the highest initial
capacities makes it clear to lead to reach more utilization capacities likewise.

particles by CVD

LiFePO.4/C composite materials could achieve high final crystallinity, however
solution based additives do not give sufficient carbon coating alone (Figure 92) in
order to gain enough conductivity. Therefore, the saturation of sugar based carbon
coating method was applied, additionally. Further investigation on electrochemical

characterization of cathode materials are going to be needed to see performance in
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battery application. Growth limiting effect of ethylene glycol is examined regarding to

both addition onto LisPO4 suspension and Fe source solution in section 4.4.

In our case of metamorphological production of nano structured LFP cathodes, to
stabilize the structure of nano-plates as synthesized in precipitation right before the
calcination step, LFP nano plates must be covered with sufficient carbon layer onto
these intermittent crystals. The meta-stable effect of carbonaceous materials can be
seen having strong preservative for shape morphology and the well conductor layer
itself after carbonization process in calcination step.

EDX analysis was performed to define the impurities on nano plate structures
synthesized via US-US sub-sequential precipitation. EDX analysis shows the presence
of high contrast tiny crystallites located around the LFP plates. EDX mapping analysis
confirms that smaller crystallites are made up with iron. The morphological properties
of these crystals are seen in point EDX data on that particle (Figure 96-1 and II).
Furthermore, Fe residue was detected as 5-10% by Rietveld analysis from XRD
patterns.

Unique diamond shape nano-plate LFP crystals can be detected from mutual signals
of Fe, P elements coming from platelets. Reduced bcc Fe crystals can be seen in Figure
96-1. These Fe residue crystals have well-shaped mineral morphology which are
frequently seen on the surface nano-plate LFP particles. The excessive regional Fe?*
might be extracted from vivianite crystals transforming to LFP crystals. The a-iron

residue can also be detected as its bcc form by XRD analysis.

Some reduction impurities like iron phosphides has been also reported by other
researchers especially for calcination in reductive environments.*® Iron phosphide
formation is explained as forming in the case of lithium deficiency. But in our case
reduced bcc iron crystals are widely detected as seen on SEM images which may be
explained with another formation mechanism since there is sufficient amount lithium

delivery.

In the calcination step, plate like structures have lithium ion incorporated phase
transformation from vivianite to lithium iron phosphate crystals by solid state
reactions. Together with the exact mechanism lying beneath the ferrite (a-iron)

formation is still not clear, but it may be explained by the extraction from transforming
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vivianite crystals to LiFePOs form. Because of the limited mass transport for
encapsulated plate like particles, only lithium ion can move freely and intercalate into
the vivianite crystals in order to form LiFePO4 compounds. Also melted sucrose may
help to dissolve and transport Li* ions passing through itself to particle surface.
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Figure 96. EDX mapping analysis of nano plate structure synthesized by US-US sub
sequential precipitation

Since there is different stoichiometric ratio of Fe:P for Fe3(PO4)2:8H,0 (3:2) and
LiFePO4 (1:1), an excessive iron in vivianite needs to react with outsourced PO4> ions
which might be insufficient while in a carbon encapsulation. The excessive iron atom
might be extracted from newly transformed LiFePOa structure due to this excessive

stoichiometry. It is well known that very little carbon solubility can be possible only
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with interstitial space in ferrite mineral. Therefore undissolved and unreacted iron
might be accumulated as form as ferrite crystallites on very near surface of LFP crystal
plates. Also, nonvolatile LisPOs formation because of Li rich evironment captures
some phosphate portion and may lead some reduced iron impurity which becomes
unreacted because of phosphate deficiency.

Because of carbon encapsulated solid structure, in both AFP and VVT routes, Fe and
LisPO4 phases appear as main impurities which yield more than 85 wt.% of cathode
powder as LFP. EDX mapping analysis with SEM indicates iron (bcc) crystallites
presence at nearby LFP nano plate surface with point contact (Figure 96). In the VVT
route with an impurity less than 5wt.%, iron content increase with respect to the
reducing strength of increasing carbon addition. Iron (bcc) crystal location makes its
formation mechanism is considerable to be resulted from structural encapsulation by
carbonaceous material. During the chemical insertion, Fe excess stoichiometry of
vivianite remains unbalanced with slower diffusion rate of PO4% ions than Li* ions in
the carbon layer. Unreacted LisPOs hollow sphere morphology remains same as
observed in TEM images (Figure 51). Both electrical conductive iron and lithium ion

conductive LisPO4 impurities are harmless for battery operations.

4.3.4 Localized orientation distribution in the nano plate LFP/C

structure

In carbon encapsulation strategy, the LiFePO4/C synthesis is performed in the solid
state reactions by delivering Li and Fe sources. Solid state Li* diffusion and phase
transformation occurs via chemical lithiation into physically restricted single
crystalline particles by a carbonaceous barrier. Even so, precursor structures have
single crystalline structure, SAED analysis shows the orientations of nano plate LFP
phase at the final step after complete transformation. As shown in Figure 97 there is
sub-grain formation in each individual nano plate particle. During the lithium ion
incorporated phase transformation, sub-grains are formed within each individual plate
like crystals. Grain formation shows different orientation between grains in nano-plate

crystal as seen in Figure 97.
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Figure 97. TEM image of nano-plate LFP cathode materials with electron diffraction
analysis on selected sub-grains (1, 2, 3) represented with circular SAED
aperture (yellow) and calculated zone axis directions in [uvw] form which
makes different angles as 35°, 44°, 90° with [010] direction, respectively.

Although, it is difficult to collect SAED analysis from each sub-grains, a representative
analysis was done on one selected nano plate particle to better describe the orientation
of the structure. The calculated zone axis and plane directions with angles between b

axis directions are given in Figure 97.

Even there are some examples having [010] zone axis orientation along the thinnest
dimension (Figure 98), the main plate structure is formed by sub-grains after LiFePO4
phase transformation is completed. Presence of grains can be easily detected by
patchwork vision into the main plate morphology in dark field TEM images in Figure
99.

139



(a) [010} - (b)

» @ o

200 202

Figure 98. TEM image of US assisted synthesized LiFePO4/C cathode particles with
(c) and without (a, b) ethylene glycol addition represented with SAED
(yellow) and orientation analysis results (simulated with Carine 3.1)

The sub-grain formation with different orientations shows that larger ones have been
accumulated on central region of the plate cross-section. Larger, approximately double
sized, sub-grains seems to be located at inner sites behind the smaller edge sub-grains.
Although solid-state Li diffusion in phase transformation, and interface reactions
remain poorly understood even in chemical lithiation process, these dark field images
(Figure 99) pointed out that sub-grain formation may support Li incorporated multi
nucleation mechanism followed by boundary migration in nano plates. Because
nucleation rate is faster than the solid state diffusion in the particle.?” Van der Ven et
al.*% have tried to explain Li diffusion mechanism as depending on much fluctuated
concentration even in electrochemical cycle conditions which is obviously valid for

the solid state chemical lithiation or transformation.

Moreover, by considering non-stoichiometric nature of the reaction between LisPO4
and Fes(P04)2.8H20 an inequivalent diffusion conditions for Li* and POs*may
possibly affect the phase transformation rates and crystallographic orientation of
newly formed LFP phase differently. Different Li diffusion rates occur in different
nucleation sites and different concentration conditions. This reaction mechanism may
be homogenized with respect to precursor orientation by controlled reaction conditions

such different than solid state which might be subjected by another research studies.
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Figure 99. Dark (down) and bright field (up) TEM images of nano-plate structures as
synthesized with US irradiation in both sub-sequential precipitation from
vivianite metastable structure

If there is a localized or dominant direction in orientation distribution among the grainy
structures in synthesized LFP nano-plates, there must be difference between the peak
intensity with respect to the standard powder pattern of LFP. The difference between
standard and parallel beam geometry can be seen in the relative intensity of the peaks
(Figure 100). The intensity of the (020) peak in parallel beam XRD is slightly
increased in standard beam XRD, indicating (020) oriented grains. This comparative

XRD study represents weak orientation is localized around (020) peak.
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Figure 100. Comparison of parallel beam (PB) and standard beam (StdB) XRD
analysis for localized orientation distribution around (020) plane in LFP
(a) 80 — 100 nm, (b) 120 — 150 nm, (c) 220 — 250 nm thick nano-plates as
synthesized via US assisted sub-sequential precursor precipitation without
addition.
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Figure 101. Standard (a) and parallel (b) beam XRD patterns of cathode materials
synthesized via US assisted sub-sequential precipitation with AFP route

The sub-grain formation might be explained by nucleation induced mechanism which
is based on nucleation through different side of solid vivianite particle in solid state
calcination. The physically sucrose should be firstly melt down'? and incorporate Li
diffusion into the crystals. This coated layer of liquid sugar is believed that facilitate
Li* diffusion in solid state reactions at lower temperatures. Li incorporated nucleation
of new LiFePO4 phase have slightly different orientation because of simultaneous
nucleation on multi-sites on the vivianite surfaces as different crystallographic planes
exposed to surface. It will result different lithium insertion stoichiometry and path
ways at the surfaces for boundary diffusion. This poly-crystallization of nano plate
structures within physical encapsulation conditions, makes some proposed
mechanisms such as oriented attachment!®! to be very questionable. After all
consequences, this grain refinement may also enhance lithium diffusion by existence
of grains where lithium diffusion is fast enough between very thin (40 — 80 nm) grain

boundaries.
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4.4  Electrochemical performance of nano structured LiFePO4/C

cathode materials

Nano plate cathodes have been synthesized having different thickness with respect to
precipitation conditions as explained in section 4.3.1.3. Electrochemical performance
test is applied by increasing discharge currents for both slow and fast charging rates
defined as 0.1 and 1C, respectively.

In the case of nano-plate structures synthesized by vivianite route, LFP can provide
high discharge capacity during both slow (0.1C) and fast (1C) charging regions.
Comparing the fast rechargeability, it is able to achieve 125 mAh g* with good
capacity retention up to 92% after 25 cycles (Figure 102) with US assistance.

As a comparison of the electrochemical performance results, it is found that US
irradiation on sub-sequential precipitation has significant improvement on discharge
capacity, especially at fast charge. Despite its surface active properties for inhibiting
growth of crystals, EG has no essential effect on the performance within co-existence
of US irradiation even in use with suspension of LP micro seeds. It has strong
adsorbing effects on iron cations to retain them from the suspension reactions within
both solution with Li and Fe source. Thus, because of high cation solubility in EG, it
is hard to activate cations for further crystallization reactions especially in addition
with Fe source and at low temperatures under 100 °C. However it has only a minor
improving effect on the discharge capacity when compared with the poorest capacity
of normal sequential precipitated cathodes without insonation. This means that EG use
have only positive effect on hydrothermal production conditions at elevated

temperatures above 200°C to get rid of its passivation effect.

Within the all insonated cathodes, third best discharge capacity is achieved by only
using insonated micro spherical LP seeds followed by normal precipitation without
insonation. However according to the Rietveld analysis only 28 % (v/v).of LFP is
synthesized. This poor production rate is originated from a very limited formation of
VVT crystals (Figure 57-b) without US treatment in 2" precipitation. It is not possible
to pursue solubilisation and recrystallization reactions without insonation effect during
VVT precipitation even in fast mixing (900 rpm) conditions at 90 °C temperature. The

effect of US treatment on homogeneous particle morphology and improved
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crystallization can obviously be seen also from the galvanic performance test results

in Figure 102.
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Figure 102. Capacity test results of carbon coated cathode materials as synthesized
with (US) and without (None) US assistance for related precipitation
sequences (1% — 2"%) with (EG) or without ethylene glycol addition.

In consideration of sub-sequential route of ultrasound assisted precipitation, nano plate
structures synthesized via both AFP and VVT routes were tested in galvanic cycles
within fast and slow charging. In AFP route, two different lithiation compounds were
used to better understand effect of lithiation compound on nano plate performance. in
order to test the thickness effect of cathodes synthesized via VVT route especially on
fast charging performance, nano plate cathode materials having different average
thicknesses (Figure 107) have been prepared by pH arrangement as explained in
section 4.3.1.3. Regardless of the crystallographic orientation, the cathode materials

have diverse electrochemical performance with derivations in thickness.
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Figure 103.EIS analysis results of cathodes materials as synthesized with (US) and
without (None) US assistance for related precipitation sequences (1% — 2"9)
and with (EG) or without ethylene glycol addition.

In the case of LFP nano-plate synthesized with AFP route, very reliable high discharge
capacity can be achieved up to 117 and 79 mAh g* as lithiated (US assisted) with
lithium acetate and lithium hydroxide, respectively, in slow rate (0.1C) charging
region. However after passing fast charging current (1C), the capacity fades out,
drastically. This rapid decay is resulted from unreachable capacity at fast (1C)
charging because of its low Li ion conductivity due to the crystallographic orientation
according to 2D plate morphology which has mostly higher energetic migration barrier
along the thinnest axis against lithium ion diffusion. The more channel openings are
located on the surface. So the fast lithium extraction can be possible during charging.
The bc plane orientated 2D structures expose much less channel openings to lithium
ions to be extracted easily from the most probable lithium migration paths, along [010]
direction. This means that the lithium ions, to be extracted from bc surface, has to
overcome much thicker solid portion of crystal or try more energetic way along other
directions, which have high activation barriers at low temperature. The dramatic rate

decreasing effect can be seen clearly as charging current increased in Figure 104. At
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1C charging the cathode materials synthesized by AFP route lost their dischargable

capacity after each fast charging cycle, even in slow (0.1C) discharging rate.

As an intrinsic property, defect concentration effect on rate capability, blocking 1D
channels in [010] direction, can be examined by the high capacity retention after two
cycle they charged slowly at 0.1C. As comparable with the initial capacity, it can give
119.5 mAh/g capacity after 25 cycle. Despite the superior capacity retention (102.5%),
these nano-plate LFP structures have suffered from bad power capability especially in
fast (1C) charging region by showing rapid decay to ~20 mAh g* even in 0.1C
discharging rate. It could not be possible to restore its capacity because of stuck lithium
ions into the channels along [010] direction.

Although the same calcination and carbonization procedure has been applied on AFP
route, there is a significant difference between lithiation compounds in electrochemical
performance. Various preferred orientation distribution of LFP platelets seems to be
related with different structural deformation that resulted in diverse cathode
morphologies. Lithium acetate critically enhances (200) peak intensity at final LFP
XRD analysis which means that the bc axis orientation is well parallel aligned to the
largest surface of 2D crystallites. This preferred orientation is reduced by adding
lithium hydroxide as a lithiation compound instead of lithium acetate. The cathode
material as lithiated with lithium hydroxide (LH) has endured almost 3 times better
than as lithiated with lithium acetate (LAc) as giving 69.7 and 28.7 mAh g,
respectively. Lithium acetate shows very poor capacity at fast charging rate (1C) due
to its more preserving behavior on bc oriented crystal structure of AFP after lithiation.
Because the thickness along the [010] crystallographic direction was found a very

effective parameter on electrochemical kinetics.

Other significant difference which supports the capacity results is also observed at
surface resistance measurement which are 450 Q and 150 Q in accordance with lithium
acetate and lithium hydroxide use, respectively (Figure 105). Therefore, the calculated
impedance values by fitting to equivalent circuit model can be taken as intrinsic
properties of cathode material representing crystallographic orientation in 2D
morphology. This orientation degree seems to have a significant role not only on

capacity but also on surface resistance.
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Figure 104. Galvanic discharge capacities at high (1C) and low (0.1C) charging rates
for 2D LFP nano-plate cathode materials synthesized via US assisted sub-
sequential precipitation with respect to their thickness

Olivine structure also has some defects and anti-site disordering that can block the
inner part of channel structure. In lithium acetate use, this strong orientation gives less
surface openings that can leave the higher blocked portion of material within same
defect concentration. However, lithiated cathode with lithium acetate, shows better
discharge capacities than lithium hydroxide lithiated as 116.5 and 77 mAh g* at slow
charging, respectively. Consequently, crystallographic orientation notably appears as
a limitation factor only in fast charging operations, In other words, it should essentially
be considered for fast charging applications beyond 1C rate. As another outcome from
electrochemical results, anionic species of lithium salts has a lateral effect on
morphology and crystallographic orientation distribution, consequently, which has a

key role for fast rechargeability at nano-scale.
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Figure 105.EIS analysis of nano plate cathode materials synthesized by precursor
routes; Fe3(PO4)2:8H.0 (VVT) having different thicknesses and
NHsFePO4-H20 (AFP) calcined with different lithiation compounds (LH,
LAC) as all synthesized via US assisted sub-sequential precipitation

Without any significant capacity loss in slow charge region (116.5 and 76 mAhg at
1C and 0.1C discharge rate, respectively) by comparing with VVT routed cathodes,
strongly [100] oriented LiFePO4 cathode via AFP route represents very low capacity
(28 mAh g1) at fast (1C) discharge current. Considering rapid 1C discharge capacity
decrease of AFP-LAc from 76 mAh g after 0.1C to 4.6 mAh g after 1C rate
charging, it can be concluded that the lithium diffusion mechanism as rate determining
step is the most limiting factor for fast charging conditions. This harsh drop depends
on its stronger orientation in [100] direction than deformed AFP-LH morphology. This
difference may be resulted from the recharging mechanism having outer region of the
solid particle as resistance against lithium de-intercalation process as coherent with
shrinking core model proposed by Newmann et al.’*2133 Thus the Li ions have to
diffuse through different conditions which are Li rich and Li deficient region during

discharge and charge, respectively.
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Furthermore, the preferred orientation at [010] direction (Figure 101) contributes the
poorest rechargeability at high rate (1C) by penalizing the nano scale behavior. But the
important finding is that expanded hysteresis is correlated with crystallographic
orientation. So lithium diffusion in solid state is not only affected by anisotropy in
LiFePO4 crystal structure but also asymmetric behavior in charge and discharge

operations.

The inhomogeneous distribution of Li* ions between the reacting cathode nano
particles at high current charging, are confirmed by many observational techniques to
react particle by particle.!*4-14" According to the recent studies,*® high current rate
induces more particles to contribute phase transformations at similar times during
charge. By observing high rate capability in Figure 104 with VVT routed cathodes
with polycrystalline morphology, sub-grain formation in an individual nano plate gives
4 times more rated capacity with respect to high ionic conductivity in plenty of grain
boundaries as well as ten order of magnitude higher than in crystal*. Polycrystalline
material with sufficient size refinement in one dimension enhances power and fast

charging capability.

On the other hand, for all nano-plate cathode materials based on VVT route, the
thinnest (60 nm as average) nano-plate particles gives 125 and 80 mAh g* discharge
capacities as best electrochemical performances in both slow and fast charging
regimes. It can be remarkably charged up to 65% of its initial capacity within an hour.
In slow charging region, discharge capacity performance is ordered as 125, 98.5 and
109 mAh g at 0.1C; 89, 54.7 and 78.6 mAh gt at 1C discharging rate, with respect
to thickness of nano-plate structures having 60, 140, and 250 nm in average thickness
(Figure 104). Similarly, charge transfer resistance are 138, 103 and 170 Q as thickness

of nano plate structure increases (Figure 105).

Their slightly oriented polycrystalline morphology makes the spherical particle size
approximations and theories applicable. According to the decrease in size from
micrometer scale, electronic wiring is important and it is not possible to close the gap
between tiny particles by external carbon powder addition because of bended
curvature. As explained in literature review, the blocked capacity is reduced
dramatically with respect to size reduction at nano scale. A reported computational
study®®* by Ceder et al. has claimed that under the same defect concentration
unblocked capacity is expended sharply under 140 nm particle size limit.
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Furthermore, electronic conductivity is not a limiting factor anymore because
electronic conductivity (6.4x10! Scm?) becomes much higher than ionic
conductivity (3x10° Scm™)? as particle size goes lower than 140 nm limit. After a
certain size in refinement, electronic conductivity is satisfied with the active double
layer on the particle surface as observed in many studies.!3>1%¢ At the nano scales,
particle smaller than a certain size (~ 140 nm), and ionic conductivity is less than
electronic conductivity and becomes a limiting factor so that even only point contact
can give sufficient electronic conductivity themselves. In nano scale, the total surface
area of particle is tremendously increased with decreasing in size. For much bigger
particles, the thickest plates in this study, have good carbon coverage needed less
amount of surface carbonaceous material than thinner platelets with the same amount
of carbon content while thinner plates may lack of full coverage of conductive layer.
So medium sized platelets may suffer from the limited carbon coating with poor
electronic conductivity because of dramatically increased total surface area per unit
weight. At the same time, these medium sized particles are not smaller enough to
overcome electronic resistance with lack of coating. So by further decrease in size as
60 - 80 nm in thickness, particle becomes more electrochemically active because of
high electronic conductivity even in point contact instead of full coverage. This
phenomena is similarly observed as proving with high performance at slow (0.1C)

charging of 2D nano plates which are thinner than 200nm.

At high rate charging Kinetic, particle size effect becomes more important on power
capacity. At nano scales, especially in charging kinetic, charge transfer resistance
becomes a rate determining step rather than Li diffusion within solid state material
because of shorter diffusion paths in small particles. Even so thicker nano plates have
good carbon coating quality, charge transfer resistance for the thickest plates is
measured 50% higher than the smaller particles within EIS experiments (Figure 105).
In the case of thinner nano plates under 150 nm, charge transfer resistance drops from
169.4 to 137.7 Q, by the thickness refinement from 140 to 60 nm, respectively.
Moreover, at high charging currents, the rising over-potential makes easier to reach
larger area for active double layer improving charge transfer kinetics to exceedingly
compensate lower electronic conductivity.'*” Therefore superior power density has
been observed at 1C fast charging regime in as correlated with decreasing nano plate

thickness. These findings, in this study, correlates with the theoretical conclusion of
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modelling studies by Gaberscek et al.?>*8 which emphasizes the importance of particle
size minimization to achieve a high rate capability of LiFePOa electrodes. Due to the
fact that polycrystalline nature of synthesized nano plates, as compatible with uniaxial
particles, it can be mentioned that the grain boundary migration gives also relatively
high enough diffusion rate to Li ions in order to enhance ionic diffusion within the

nano plates.
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Figure 106.EIS analysis of cathodes as synthesized via US assisted sub-sequential
precipitation methods

In the next decade, fast charging of electrochemical devices will draw the most
attention for energy storage research field. Grey’s group has proposed that solid
solution mechanism can be formed during fast charging rates (5 — 20 C) as very
recently confirmed by both computational and experimental studies®*!4° In the
pioneer study of Ceder group,'*! the alterable orientation of diffusion phase boundary
has been attainable by size and morphology difference. By taking all these recent
studies and our electrochemical performance results into account, it encourages
surface improvement studies, together with the size refinement in [010] orientation. In

this study, US assisted sub-sequential aqua precipitation synthesis is proposed to
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modulate cathode structure by manipulating facile reaction and crystallization
procedures which can localize the orientation detectably around [010] within meta-
morphologic phase transformation. And this method is also applicable for another
olivine structures or together with dopant materials because of its easy application to
aqua soluble reactants like Mn. Apparently, Li-Mn-P-O; system can be also subjected
to this technique because of the common thermodynamic stability in metastable

system.142
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Figure 107.SEM images of carbon coated nano-plate LFP cathode materials as
synthesized by US assisted sub-sequential precipitation having different
average thickness as 60nm (a, b), 140nm (c, d), and 250nm (e, f).
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5T CHAPTER

5. Conclusion and future remarks

The objective of this study was to investigate power capability of LiFePO4 cathode
materials in lithium ion batteries. Lithium transport is improved by reducing particle
size and conductive layer thickness without blocking lithium extraction and insertion
as well as electron movement. Low cost, low temperature, aqua based, reliable and
facile precipitation techniques were used to synthesize fast rechargeable nano
structured LiFePO4 cathode materials. Freeze (cryogenic) drying synthesis with co-
precipitation and US assisted sub-sequential precipitation with normal drying were

implemented.

In freeze drying technique with co-precipitation, two possible precipitation
mechanisms (temperature and pH nucleated) resulted in different morphological
structures which are micro porous and co-axial star-like platelet structures,
respectively. Temperature driven precipitation with ascorbic acid addition led the solid
particles form tiny nuclei which crystallized (~80 °C detected by DSC) and turned into
micro porous (500 - 700 nm) structures with 85 wt.% LiFePO4 conversion. Due to its
surface active properties during precipitation, ascorbic acid reduced the surface energy
during nucleation and growth within pH driven conditions to get star-like structures
formed with 300 nm co-originated thin platelets. Structural lattice parameters matched
with bulk LiFePOq structure (a: 10.324 A, b: 6.004 A, c: 4.692 A), because of very

close to micrometer sizes in both articulated micro porous and star-like structures.

Graphitization becomes less important if carbon layer resistance is high and
heterogeneous. Therefore, carbon layer thickness is aimed to be as thin as possible.
Small charge transfer reaction resistance becomes more important as refining the size.
Therefore in freeze drying synthesis, ascorbic acid with pH driven nucleation resulted
in co-originated thin platelet crystallites. Improved discharge capacities of 120 and 70

mAh gt at 0.1C and 1C cycling rates were obtained, respectively.

Sub-sequential precipitation provides control on precipitation reactions and precursor

morphologies making possible to dry in normal atmospheric conditions by keeping
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nano structures away from further growth and agglomerations. There are two possible
precipitation sequences to produce different 2D nano structured precursors such as
AFP and VVT modified by thickness via ultrasound treatment during precipitation
before the actual LFP phase formation in solid state calcination. For meta-
morphological LiFePO4 nano plate structures based on precursor synthesis, ultrasound
appears to be a powerful manipulating tool on reactive crystallization Kinetic.
Ultrasound technique induces controlled reactions and crystallization in order to get
homogeneous and nano size distribution within a very small space and time period.
Moreover, it creates reducing media within the aqua based solutions in atmospheric

conditions.

AFP precursor only forms above pH>8.0 giving much thicker, 150 — 200 nm, nano
plates without ultrasound than 30 — 50 nm thick US assisted nano plates. Size
refinement effect gets stronger in VVT nano plates formation to refine the thickness
form micro meter scale to 40 — 100 nm by ultrasound stimulation and control on
dissolution and crystallization Kkinetics. Ultrasound increases the homogeneous
nucleation rate and possibility by keeping away crystals from growth region because
of reduced MSZW and rapid temperature rise and drop within irradiation cycles.
Reactive crystallization mechanisms without any surface active organic compounds

during the sub-sequential precipitation are controlled by insonation.

Preferred orientation [010] is detected in AFP routed LFP nano plates in an increasing
order of lithiation compounds such as lithium nitrate, lithium hydroxide and lithium
acetate, respectively. TEM observation and SAED analysis show that single crystalline
structures are preserved after LFP transformation is completed. Therefore, structural
deformation in calcination is responsible for reduction of preferred orientation.
Structural preservation during metamorphological synthesis is correlated with surface

adsorbing and reducing properties of lithiation compounds.

In contrary to many computational and experimental studies reporting equi-molar
existence of LisPO4 and Fe3(PO4)2'8H.0 phases, LiFePO4 is not formed in one batch
metastable conditions. Ultrasound assisted stimulation shows facile control on tunable
conversion rate within reactive crystallization in aqua media in order to obtain less
impurities from unreacted precursors. Considering the studies on thermodynamically

stable and metastable region, the only way to achieve high conversion by equi-molar
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precursor existence is to separate the reaction conditions and rule the Kkinetic

parameters at microscopic level with an external tool such as ultrasound.

In VVT synthesis route, final LFP lattice parameters are well matched with database
(JCPDS # 81-1173). These well matched lattice parameters (a: 10.323 A, b: 6.003 A,
c: 4.690 A) for both routes are apparently related with other two dimensions of nano
plate structures in micron scale. Thanks to their 2D morphology, high tap density is
obtained for adequate processability for high power dense battery production.

2D material synthesis via proper thinning up to nano scales is improved to overcome
Kinetic barriers of ionic and electrical motion. The synthesized cathode materials are
still compatible with separation and handling processes in industrial scale as well.
Moreover, thickness of precursor nano-plates as well as final LiFePO, is readily
controllable by solubilisation rate with respect to suspension pH and insonation.

Conductive coating is also crucial for electron transport as well as permeable for
lithium transportation. After synthesis of 2D vivianite nano plates as single crystalline
structure, applied encapsulation strategy are used to preserve the nano plate
morphology. Among the carbon encapsulation methods, sugar saturation in suspension
was optimized giving 1-2 wt.% carbon content and 100 — 170 Q surface resistance
with 5 — 10 nm carbon layers. Despite a high initial capacity (>140 mAh g!) at 0.1C
and good impedance (106 Q) obtained from CVD, the comparative electrochemical
tests were done by sucrose saturation because of unreliable conductive layer by CVD
along the evaluated cycles. By comparing saturation, CVD yields more homogeneous
surface coating to reach high graphitization and low surface resistance. However, CVD
coated carbon layers are easily detachable. Therefore, at least 25% of its capacity was

still remained inactive with sucrose saturation procedures.

SAED analysis show that final LiFePOs nano-plate structure resulted in
polycrystalline structure via VVT route. On the other side, AFP route yields well
oriented single crystalline nano plate structures. Comparative study of parallel and
standard beam geometry in XRD proves some evidence upon preferred orientation
distribution around [010] direction. However, the orientation of each sub-grain is
detected by SAED as different from each other
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Polycrystalline LiFePOs nano plates via VVT route give superior discharge (0.1C)
capacities as 125.1 and 103.4 mAh g even in both slow (0.1C) and fast (1C) charge
regions, respectively. Furthermore, the more [100] oriented LFP structure from AFP
route suffers from limited lithium ion diffusion as charging current increases because
of the micro meter sized dimension of 2D nano plates lying along preferable diffusion
orientation [010]. The capacity decay of LH lithiated cathode at slow charge is caused
by bad coating in high roughness together with coarsening (250 — 300 nm) on overall
particle dimensions due to the branch-like formation. There is a hysteresis in capacity
decay in terms of different orientation strength between LAc and LH lithiated cathode
structures. This indicates that the particle size in [010] orientation is much more
definitive parameter how the particle behaves in nano or bulk region. That means AFP
routed LFP nano plates exhibits more likely bulk material properties rather than nano
scale, since ionic diffusion as rate determining step is enhanced at [100] orientation
resultantly. As a unique strategy to AFP routed LFP materials, fragmentation may be
a successful way to expose other plane orientations rather than [100].

Sub-grain boundaries of VVT based LiFePO4 nano plates have many sub-grain
boundaries as serve as a fast diffusion paths having 40 — 100 nm in thickness. Increased
total surface area compensates the low electronic conductivity by forming large active
double layer spreading on particle surface. Superior performance is delivered with this
micro structure combining the improved ionic diffusion within shorter path and plenty

grain boundaries.

Crystallographic orientation becomes an obstacle for fast rechargeability if only [010]
channel length becomes higher than other directions within anisotropic particles. As
indicated by electrochemical results, the nano size effect appears at fast charging
operations as well as [010] orientation. Apart from crystallographic orientation, In
keeping [010] orientation in concern for especially 2D morphology, size refinement
favors the high rate application because of the low importance on electronic
conductivity at nano size, ionic conductivity becomes rate determining step as
correlated with the charge transfer reactions at surface. Increasing current stimulates
more particles to charge simultaneously — instead of particle by particle mechanism —
and to use very near surface portion of the particles. This means that high rate charge

increases the average size limit to have nano scale properties. Therefore, critical nano
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size limit cannot be considered apart from the kinetic processes that electrochemically

driven by the current applied on cathode.

Widely investigated solution based, hydro/solvothermally synthesized LiFePQu,
typically suffers from anti site defects, which especially exchanges between Li and Fe
sites, circumstantially cannot allow to reach expected capacity. Therefore, it is
essential to be ordered by calcination above 500 °C to maintain relaxation
accomplished®®. For LiFePO synthesis, high temperature or at least high energetic
procedures seem to be indispensable for high power cathode material unless nano sized
crystallites are produced. Improvement up to 40% of comparable discharge capacity
is obtained by US assisted sub-sequential precipitation according to other high

temperature solvothermal synthesis.
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