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ABSTRACT OF THE DISSERTATION

Synthesis, Characterization and Performance of Cathodes for Lithium Ion Batteries
by
Jianxin Zhu

Doctor of Philosophy, Graduate Program in Materials Science and Engineering
University of California, Riverside, March 2014
Dr. David Kisailus, Chairperson

Lithium ion batteries provide a high energy density, higher voltage as well as a
long shelf life compared to traditionally used lead acid, NIMH and NiCd batteries. Thus,
they are a very promising energy storage system for our daily life. As one of the most
important components in a battery, cathode materials have been investigated intensively
in recent years as they play a key role in determining the cell voltage and discharge
capacity in a battery. Both layered Li(Nij;3Co13Mn;3)O2 (NCM) and olivine-structured
LiFePO, (LFP) materials are promising cathode candidates. However, these cathodes also
have some disadvantages that have hindered further commercialization. The main issue
with NCM is its rapid performance decay upon cycling. In addition, LFP is hindered by a
low rate capacity and low lithium ion diffusivity.

We studied the crystal growth behavior and performance of both
Li(Ni;3Co13Mny/3)O0; and LiFePO4 cathodes in order to develop synthesis-structure-
function relationships. Three different crystal growth behaviors were observed for the
NCM annealing process: surface, volume and grain boundary diffusion. Further
exploration of the mechanism of NCM performance decay revealed that microstructural

changes were related to the strain accommodation ability in this system and that
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nanostructured materials were more stable during cycling. In the LFP synthesis, we
observed both oriented attachment (OA) and Ostwald ripening (OR) during growth in a
triethylene-glycol system. Both polycrystalline and single crystalline particles evolved as
a function of a time-dependent pH change. Thus, the lithium ion diffusion rate of
LiFePO4 was improved by tailoring the morphology and size though our modification of
the precursor environment, revealing that polycrystalline LFP displayed better
performance than single crystalline particles. Finally, the electronic conductivity of
LiFePO4 was successfully increased via a polymer solution coating method. By
producing more uniform, thin and coherent coatings on LiFePOj, particles, we were able
to produce batteries with significantly less carbon (i.e., 0.41 wt.%) while has comparable
performance (discharge capacity of 80mAh/g at 2C) compared to traditionally
synthesized carbon-coated LiFePO, with higher carbon loadings (ca. 2.64 wt.%). This
will enable us to produce batteries with higher active material loading and therefore,

significantly larger energy densities.
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Chapter 1.

Introduction



1.1 History of Batteries

Energy is important to all of us, for a variety of reasons, but mostly because it is
useful in our daily life. And it’s been well known that gaseous emissions from the
burning of fossil fuels and biomass are not only polluting the air but also creating the
global warming. Solar energy and wind energy are among the most abundant and
potentially readily available renewable energy sources that are variable in time and
diffuse in space." > However, as we know, while renewable energy is plentiful, it is also
fickle. The sun does not shine all the time and the wind blows sometimes too hard and
sometimes not at all. Therefore, we need to store the energy when it can be made, so that
we can use it when we need it. Thus, methods to store and transport energy from place to
place, from time to time can be of great importance. The energy carriers are the
electricity grid, electromagnetic waves, and chemical energy, among which the most
convenient form of energy storage is portable chemical energy.’ Electrochemical devices
can be used as transducers between electrical and chemical energy conversion. Such
electrochemical transduction systems are often called galvanic cells or batteries.

In 1798, Italian physicist Alessandro Volta made the first battery. His “voltaic
pile”, as it comes to be known, consists of stacks of zinc, acid-moistened cardboard and
copper (Figure 1). Here oxidation occurs on the metals (“electrodes”), which creates
electrons that are transferred down the pile via the saltwater paper (the “electrolyte”).
Therefore a charge is introduced at one pole, which builds as electrons move down the

pile.
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Figure 1. Schematic of a copper-zinc voltaic pile. The copper and zinc were separated by
cardboard.

There were various batteries invented at this time, but they were all primary cells,
so could not be recharged. In 1859, the French physicist Gaston Planté used conductor
plates in dilute sulfuric acid, which led to the first rechargeable/secondary battery. So the
initial secondary battery was lead-acid based, and it is still used to this day. Over the
following decades, the lead battery underwent a number of significant further
developments. Later, the first Ni-Cd battery, which is the first alkaline battery, was
created by Waldemar Jungner of Sweden in 1899 and has been used for a long time. For
many years, nickel-cadmium had been the only suitable battery for portable equipment
from wireless communications to mobile computing until nickel-metal-hydride (NIMH)
and lithium-ion emerged in the early 1990s. NIMH batteries tend to have longer lifespans
than NiCd batteries (and their lifespans continue to increase as manufacturers experiment
with new alloys) and since cadmium is toxic, NiIMH batteries are less damaging to the

environment.



Lithium batteries were used as early as 1912 under G.N. Lewis, but it was not
until the early 1970s when the first primary lithium batteries became commercially
available. As the lightest of all metals, lithium has the highest theoretical capacity (3,829
mAh/g) and has the greatest electrochemical potential and provides the largest
gravimetric energy density. However, attempts to develop rechargeable lithium batteries
failed because of safety issues, which were caused by the inherent instability of lithium
metal (especially during charging process). Therefore, researchers shifted to use lithium
ions instead of lithium metal. Though the lithium ion battery has a slightly lower energy
density than lithium metal, it is safe, which makes it practical to be a secondary battery.
In 1991, Sony commercialized the first lithium-ion battery.

Compared to the other batteries, lithium ion batteries provide high energy density,
(160% greater than NiMH and 220% greater than NiCd, Figure 2). The voltage is higher
(above 3V) compared to NiMH and NiCd batteries (with an operating voltage of 1.2 V).
For example, the high cell voltage of 3.6 V (using LiCoO, and carbon as electrodes)
allows battery pack designs with only one cell. Thus, using a Ni-based pack, it would
require three 1.2-volt cells connected in series. Moreover, Li-ion batteries have a long
shelf-life (only 5% discharge loss per month), versus 10% for NiMH and 20% for NiCd

batteries.
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Figure 2. Ragone plot showing energy density and power density for various electrical
energy storage devices.

1.2 Lithium ion batteries
1.2.1 Basic concepts of lithium ion batteries

As we mentioned earlier, a battery is a transducer between electrical and chemical
energy conversion. The structure of a battery includes an anode, a cathode, a separator
and the electrolyte. As a secondary battery, the lithium ion battery involves a reversible
insertion/extraction of lithium ions into/from the host matrix. The anode is the source of

lithium ions and the cathode is the sink for the lithium ions. The separator, as the name



implies, separates the positive and negative electrodes while allowing ions to pass
through during lithium ion insertion/extraction. Thus the electrode system must have both
good ionic and electronic conductivity. Figure 3 illustrates the working principle of
lithium ion batteries.

When the battery charges, ions of lithium move through the electrolyte from the
positive electrode (e.g., LiCoO,) to the negative electrode (e.g., carbon). At the same time,
electrons generated in the reaction go through the external circuit to charge the battery.
During discharge, the lithium ions move back to the LiCoO, from the carbon while the

electricity generated in the external circuit is used for device operation.

Figure 3. Illustration of the working principle of a lithium ion battery using LiCoO, as
the cathode and graphite as the anode.

The electrochemical reaction occurring in the cathode material (LiCoQO;) is shown
in reaction (1): lithium ions are transported from the positive to negative electrodes by
oxidizing the transition metal, cobalt, in Li,CoO, from Co’" to Co*" during charge. And
the Co*" is reduced to Co>* during the discharge while the lithium ions move back from

negative to positive electrodes. The complete reaction is shown in reaction (3)



Positive electrode half reaction LiCoO, <> Li;,CoO, + xLi' + xe’ (1)
Negative electrode half reaction Cy +xLi" + xe™ <> CyLi, (2)

Total reaction LiCoO, + Cy <> Li;.xCoO, + C,Liy 3)

1.2.2 Materials used in lithium ion batteries

Figure 4 is one type of commercially used prismatic lithium ion cells. Lithium ion
battery packs can come in all shapes and sizes, but they all look about the same on the
inside. For the outside material, as with most batteries, lithium ion batteries have an outer
case made of metal. The use of metal is very important here because the battery is
pressurized during assembly. In this case, it has a pressure-sensitive vent hole that will
release the extra pressure (when the battery gets hot) to avoid exploding. This metal case
holds a long spiral comprising three thin sheets (pink, green and orange in Figure 4)
pressed together. These three thin sheets are composed of one positive electrode, one
negative electrode and one separator in between. Inside the case these sheets are

submerged in an organic solvent that acts as the electrolyte.
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Figure 4. Structure of a prismatic lithium ion cell.

As discussed earlier, the four primary functional components of a lithium-ion
battery are the positive electrode, negative electrode, separator and electrolyte. Normally,
the positive electrode is a lithium metal oxide. It is generally one of the following three
types of materials: a layered oxide (e.g. LiCoQO,), a spinel (LiMn,0O4) or a polyanion
(such as LiFePQ,) structure. The negative electrode of a conventional lithium-ion cell is
made from carbon due to its abundance, low cost and good performance. The separator is
a very thin sheet of microporous plastic, which is made of polyethylene (PE) or
polypropylene (PP) or a mixture of both. The electrolyte is typically a mixture of organic
carbonates such as ethylene carbonate or diethyl carbonate containing complexes of
lithium ions. These non-aqueous electrolytes generally use non-coordinating anion salts

such as lithium hexafluorophosphate (LiPF¢), lithium hexafluoroarsenate monohydrate



(LiAsF¢-Hy0), lithium perchlorate (LiClOy4), lithium tetrafluoroborate (LiBF4) and

lithium triflate (LiCF3;SO3).

1.3 Anode materials used in lithium ion batteries
The first commercialized lithium-ion battery by Sony in 1991 used carbon as the
anode. It’s been popular since that time due to its low cost and low operating voltage
(0.2V vs. Li). The lithium interaction is well known, as shown in reaction (4).
Li+6C<>LiCq (4)
The theoretical capacity is 372mAh/g for carbon. Despite the advantages of
anodes made from carbon, it has been recognized for some years that new anode
materials are needed. One of the reasons is the structure degradation because of the
reaction between carbon and electrolyte during cycling, though this can be improved by
adding electrolyte additives’. Most importantly, graphitic carbon is very limited by the
capacity (Figure 5), especially volumetric capacity compared to the other candidates.
Figure 5 shows the theoretical capacity of various anodes. It’s clear to see that carbon has
a very low capacity compared to the other candidates. A large amount of effort has been
expended in the past two decades to improve the battery performance in terms of the
energy density and rate capacity. There are three main aspects that researchers have been

focusing on.
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Figure 5. Specific capacity comparison among different anode materials for lithium ion
battery®

First is the modification of the carbonaceous materials. Numerous carbon
materials from natural and synthetic graphites, low-temperature and non-graphitized
carbon as well as doped carbons have all been studied. Analysis of the published results
showed that both highly crystalline and high disordered materials show the best
electrochemical performance. Carbon with the intermediate crystallinity that was heat-
treated in the temperature range 1600-2100°C has lower reversible capacities. Low
temperature carbons and hard carbons, doped or undoped, may display high reversible
capacities.” However, graphites, especially those enriched in the rhombohedral phase,

tend to demonstrate the best performance. They have low irreversible capacities and

10



reasonable capacities. Further improvement is still possible since carbon is the most
versatile element from the periodic table, able to form varies chemical bonds with other
elements, and has a variety of structures, textures and particles sizes.

Second is utilization of metallic lithium with stable electrolytes. The elements
such as Si, Sn, Ge, Sb, Zn, Al, Bi can form alloys with lithium at relatively low voltages
vs. Li. From Figure 5, we can see there are a variety of materials have high theoretical
capacities compared with carbon. While we observe the dramatic capacity increase, there
are also large volume changes (more than 100%) from Table 1. The volume change
causes progressive cracking and eventually, pulverization of the metal particles, thereby
inducing contact losses between them.® Therefore, although greatly appealing in terms of
the storage capacity, lithium alloy electrodes are very hard to be used in practice. A lot of
effort has been made to overcome or even control the pulverization effect. The main
approach is to use metal oxides as the starting material instead of metal. This concept was
first proposed by Fuji Photo Film Company in Japan and announced the use of
amorphous SnOx as the anode.” The other solution is to use intermetallic compounds
such as SnsCus '’and SnAg,."" The advantages are again to control the volume changes,

thus improving the cycle life and capacities.

11



Table 1. Metallic lithium phase, capacity and volume change information.'”

Starting materials C Bi Al Sn Si
Lithiated phase LiCe Li3Bi LicAl4 Li17Sns Li2;Sis
Theoretical specific capacity
372 385 2235 959 4010
(mAb/g)
Theoretical volumetric
capacity (mAh/ml) 833 3773 6035 7000 9340
Volume change (%) 12 115 238 257 297

The last method involved seeking new materials. Lithium titanate (LisTisO;2)

13-16 This material has

with a spinel structure turns out to be a promising anode candidate.
a theoretical specific capacity of 175 mAh/g and exhibited a practical specific capacity as
high as 160 mAh/g after 100 cycles. The mid-discharge potential for Li insertion is about
1.5 V vs. Li, which is above the potential range where most electrolytes or solvents are
reduced. Thus, it can avoid the SEI formation and improve the safety of lithium ion cells.
The lithium intercation/deintercation process in this compound is the following:
LisTisO,+3Li<>Li;Tis0y, (5)
Here, the reaction is only accompanied by a small lattice volume change, also
called “zero strain” material. Unlike lithium alloy materials, lithium titanate is a very
stable material with good cycle-ability and a very small capacity fade upon cycling.'®
However, LisTisO, has a fairly low electronic conductivity (ca. 10 S ecm™) and a
moderate Li~ diffusion coefficient (10°~10"cm?s™), thus the high rate performance is
not satisfactory for some applications. Commonly used strategies to solve this problem

17-19

are to reduce the particle size and to coat conductive materials on the surface of

12



LisTis0,.2%22 Reducing the particle size decreases the lithium ion diffusion path length,
therefore the rate capability can be improved. Coating conductive materials on the
surface enhances the electronic conductivity of electrode.

In conclusion, there are a variety of carbonaceous and non-carbonaceous
compounds that have been intensively studied recently, but their performances are still to
be fully ascertained before they can be commercialized into the battery market. Therefore
the standard carbonaceous materials, i.e., graphite or coke, are likely to be the anode
choice in the near future.” It’s likely that the lower voltage request of the electronic
circuits may open chances for the middle voltage, zero-strain insertion compounds like

lithium titanate in the next few years.

1.4 Cathode materials used in lithium ion batteries

In current lithium ion battery technology, cell voltage and discharge capacity are
mainly determined by the cathode material, which is also the limiting factor for lithium
ion transportation rate. The developments of cathode materials therefore become
extremely crucial and have received much attention in recent years. As we introduced in
section 1.2.2, three types of conventional cathode materials were categorized by structure:
layered compounds LiMO, (M = Co, Ni, Mn, etc.), spinel compounds LiM,04 (M = Mn,
etc.), and olivine compounds LiMPO,4 (M = Fe, Mn, Ni, Co, etc.). Most of the research
were performed on these materials and their derivatives, and is also the areas that we are

focusing on. Recently, new research has also started on the other types of intercalation
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2328 We will discuss each of

structure materials such as silicates, borates and tavorites.
these.

Table 2 Summary of cathode and anode materials used for different types of lithium-ion
batteries.”

Types Cathodes Anodes
Oy S, 2.8
High energy LiMn2xMnOs [b] Moy [d]
MF [c] graphite
LiMn2.xAlxO4+s Hard carbon

High power LiNixCo1.2xMnxO> graphite
LiFePO4 (olivine) LisTisO12

Long cycle life LiFePO4 (olivine) LisTisO12
LiMn;xAlxOs+5 graphite

[a]M= Mn, Al, and Cr. [b] 5 V systems, M=Ni, Cu, and Cr. [c]M=Fe, Co, Ni, Cr, Mn, Cu,
and Sn. [d]M=Fe, Co, Ni, Cr, Mn, Cu, and Sn.
1.4.1 Layered structures

Several oxides with the general formula LiMO, (M = Co, Ni, Mn, etc.) crystallize
in a layered structure. The oxygen anions form a close-packed fcc lattice with cations
located in the 6-coordinated octahedral crystal site. LiCoO, is used as an example to
demonstrate the crystal structure (Figure 6a). As shown in Figure 6(b), the structure
consists of CoO; slabs with layers of lithium in-between the slabs. Columns of lithium
ions in this structure can be viewed clearly in the [110] projection, as shown in a two-

dimensional cell of 2.44 A by 14.05 A (Figure 6c¢).
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c/2

Figure 6. (a) Crystal structure of LiCoO, having the O3 layered structure;'* (b) Drawn
with lithium ions horizontally between CoO; octahedra, lattice parameters a= b= 2.8138
A and c= 14.0516 A. (c) Projection along the [110] zone axis shows lithium, cobalt and
oxygen atoms in columns.>

LiCoO, is the most widely used positive electrode. A high lithium chemical
potential associated with the highly oxide Co’"/Co*" couple could provides a high cell

voltage of around 4V.*' The direct Co-Co interaction with a partially filled tzég_ * band

3+/4+

associated with the Co couple leads to high electronic conductivity for Li;4CoOs,.

Additionally, the strong preference of the low spin Co> (t§,e2) and Co*" (¢3,€) ions
for the octahedral sites provides good structural stability of Li;«CoO, without migrating
of the Co®>”*" jons from the octahedral sites of the cobalt plane to the octahedral sites of
the lithium plane via the neighboring tetrahedral sites.'” These features make LiCoO, an
excellent cathode for the lithium ion cells. The theoretical capacity of LiCoO; is
approximately 274mAhg . However the practical capacity is limited to almost half the
theoretical value due to a hexagonal to monoclinic phase transformation upon charging
between 4.15 and 4.2V.*> > In order to prevent phase instability, the substitution of metal

elements for Co in LiCoO; or a surface coating has been suggested. Various metal oxides

15



(e.g. MgO, ZrO,, TiO,;, Al,Os3, ZnO) have been coated on the surface of LiCoO, and
reported to improve the cycle-ability of LiCoO,,>**° but full delithiation is still not
possible without cycling losses.

Another layered compound with the composition of LiNiO, has also been

3749 The low cost and non-toxicity make it a good

investigated for battery applications.
candidate for the lithium ion battery applications. However, it has drawbacks that
hindered its development. Its primary drawback is due to its structural instability during
the synthesis. There is some lithium loss and the reduction of some Ni’* to Ni*" oxidation
states while during synthesis.*' The reduced Ni*" could migrate to Li" sites because of
their similar ion sizes, so the actual composition can be written as Li;.,Ni,0,™. The
degree of disorder could be changed by the synthetic conditions, thus to improve the

7 % The difficulty of making this material was one

electrochemical properties.
impediment to its wide use and commercialization ability in industry. Partial substitution
of Ni by Cu, Al or Ti was reported to be effective towards reducing this disorder.*”
Despite of this progress, LiNiO, has not yet reached a large impact in battery
manufacturing.

In 2001, Ohzuku and Makimura introduced an alternative layered cathode
material Li[Ni;;3Co13Mny;3]02 (NCM)* by mixing three metal precursors by a solid state
method. Since then, Li[Ni;3Co1,3Mn;3]O; has drawn much attention as it exhibits much

47 thus it proves to be a

higher capacity of close to 200 mAh/g with enhanced safety,
promising cathode candidate in battery applications. Electronic structural studies have

shown that it consists of Ni*", Co’", Mn*" and the reversible capacity involves the

16



oxidation of Ni*" to Ni*" with a two-electron transfer during the initial stage and that of

48, 49

Co’" to Co* in the later stage. Thus the higher capacity of the layered

Li[Ni;3Co1/3Mn;/3]O; could be due to the improved chemical stability associated with the

3% redox couple. Despite the

Ni*** and the Ni*"** redox couples compared to the Co
positive effect of Li[Ni;;3Co;3Mn;3]O, on its electrochemical properties, the discharge

capacities have shown a fading effect when a high rate current density was applied®’. The

51,52 53, 54

addition of dopants, the optimization of Li[Ni;;3Co;3Mn;3]O, morphology and

coatings have been studied to improve its performance during cycling at high rates.”>’

1.4.2 Spinel structures

Mn-based compounds have been studied extensively, specifically the three
dimensional LiMn,O4 spinel.”®** It was first proposed as the cathode material in lithium
ion batteries by Thackeray et al. in 1983.%° Thereafter, it became one of the most popular
cathode candidates due to its abundance sources, low cost, high voltage and friendly

impact on our environment (compared to Co and Ni).
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Figure 7. Crystal structure of spinel LiMn,O4 (blue: oxygen ions; brown: lithium ions;
green: manganese ions).

The structure of LiMn,0O4 spinel is shown in Figure 7. The oxygen framework of
LiMn,0g4is the same as that of the LiMO, layered structure. Mn cations still occupy the
octahedral sites, but 1/4 of them are located in the Li layer, leaving 1/4 of the sites in
transition metal layer vacant. Li ions occupy the tetrahedral sites in the Li layer that share
faces with the empty octahedral sites in the transition metal layer. The structure is based
on a three-dimensional MnQO; host, and the vacancies in the transition metal layer ensure
the three dimensional Li diffusion pathways.” The advantage of three-dimensional
frameworks over two-dimensional layered structures are: (i) the possibility of avoiding,
for steric reasons, the co-insertion of bulky species such as solvent molecules and (ii) the

smaller degree of expansion/contraction of the framework structure upon

18



lithiation/delithiation.®® In spite of its advantages, this material was found to encounter
sever capacity fading problems. The degradation mechanisms have been proposed as (i)
structural damage due to Jahn-Teller distortion,”” (ii) dissolution of the Mn*" into the
electrolyte: 2Mn®"—Mn*" + Mn*",%® (iii) oxidation of the electrolyte on the surface of the
cathode at the highly charged state.”” Substituting Mn with other metal ions has been
used as an important approach to improve cycling performance of spinel materials.
Multiple dopants including inactive ions such as Mg and Al’""" transition metal ions
such as V, Cr, Co and Ni,72'75 and rare earth metal ions such as Nd and Sm’® 7" have been
investigated. LiNipsMn; sO4 shows the best overall electrochemical performance among

8-81
the above.’

1.4.3 Olivine structures

Polyanion materials are receiving growing attention because of the inherent
stability of the polyanion group, which can delay or minimize the oxygen loss occuring in
traditional layered or spinel oxides. Among all of the polyanion-based materials, LiFePO4
has attracted the most interest due to its excellent electrochemical properties. The crystal
structure of LiFePOy, is shown in Figure 8. It contains slightly distorted hcp anion oxygen
arrays with half of the octahedral sites occupied by Fe and one eighth by Li. The FeOg
octahedra are corner-shared while LiOg octahedra are edge-shared. Covalent P-O bonds
stabilize the oxide when fully charged and avoid O, release, making LiFePO,4 the most
stable commercial cathode material.** Due to its chemical stability, it has stability during
cycling and tolerance to overcharge (i.e., it’s safer compared to LiCoO,). Most

importantly, it is composed of abundant resources, which are environmentally friendly.
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Olivine LiFePO4 has been considered as the most promising cathode candidate for the
next-generation large-scale lithium ion batteries used for hybrid electric vehicles (HEVs)

or electric vehicles (EVs)

Figure 8. Crystal structure of spinel LiFePOj4 It contains FeOg, LiOg octahedra and POy
tetrahedra.

Although LiFePO4 shows excellent cycling performance, the main drawbacks of
this material are its low energy density due to its low voltage (OCV is 3.4 vs. 3.7 for
LiCoO, and 4.2 for LiMn,Oy), low lithium ion diffusion rate (10™* cm® s™)* and
extremely poor intrinsic electronic conductivity (10"° S cm™).** Different experimental
approaches have been proposed to solve these issues, including: (i) partial substitution of
Fe with Mn, Co or Ni due to the different redox potentials; (ii) coating the particles with a
conductive film to increase the electronic conductivity; (iii) decreasing the particle size

and shorten the lithium ion diffusion path to improve the lithium ion diffusion rate.

20



Olivine structures can also be formed from other metals such as Mn, Co and Ni.
Based on different active redox couples, the open circuit voltage is 4.1 V for LiMnPO,,*
4.8 V for LiCoPO,™ and 5.1 V for LiNiPO,.* Figure 9 illustrates the phosphate voltage
vs. gravimetric capacity for various redox couples, where the red dashed line indicates
the upper voltage considered as safe area against electrolyte decomposition. Due to the
limited voltage window of the current electrolyte, intensive research work have been
done on LiMnPO4 and doping LiFePO4 with Mn, Co or Ni on the Fe site (so-called

divalent doping) to get an optimal voltage as well as an increased performance.®™ >
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Figure 9. Voltage in various phosphates versus gravimetric capacity. The blue dashed
lines are the energy density curves at 600 and 800 Wh/kg. The red dashed line indicates
the upper voltage considered as safe area against electrolyte decomposition.”

For the low electronic conductivity of this material, coating the surface with a
conductive film is believed to be an effective method to increase the electronic

conductivity of the material, thus increasing the rate capability. Conductive carbon is one
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of the popular coating materials and has been widely investigated. It was firstly reported
by Armand et al. in 2001 that more than 90% of capacity could be reached after adding
carbon on LiFePO, with good stability.”* Later, Dahn et al. showed the LiFePO,/C
composite demonstrated a discharge capacity of 125mAh/g at even at 5C current
density.” Besides the carbon coating, other conductive materials such as metals and

metal oxides were used to improve the electronic conductivity of LiFePQ4.”% "

Li PO.
tetrahedron FeOs

/ \ oc?hedron

Figure 10. Curved trajectories for Li ion migration between sites in the [010] direction
The diffusion path lies out of the x-y plane.”®

The approach to increase the lithium ion diffusion rate is to minimize the particle
size to shorten the Li ion diffusion length in the solid state as well as decrease anti-site
defects to increase the Li-ion conductivity. Because of the [010] one dimensional Li
diffusion pathway in LiFePO,,”**° a single immobile defect would block the diffusion

path along the b axis (Figure 10). In the ideal ordered olivine structure in Figure 11, all
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lithium ions reside on the M1 site, while all iron ions are on the M2 site. The presence of
M2 site ions or dopant ions on the M1 site has been theorized to hinder ion transport
along the b-axis, and require 3D diffusion of Li". Calculations show that Li—Fe mixing
leads to ““anti-site (Li": Fe®") pairs’’, which are the most favorable defects that can occur
in olivine, and have the lowest formation energy.'® According to Yang et al., the nano-

101

sized LiFePO, shows increased capacity compared to the micro-sized materials. Later

work by Ceder et al. reported that reducing particle size can help diminish the blocked

102

capacity and nano-sized LFP is more tolerant to anti-site defects.

Figure 11. Ideal olivine structure shows M1 and M2 sites. M1 is the smaller site and M2
is the bigger site.

In summary, olivine LiFePO4 has a lower voltage and similar gravimetric energy

density compared to LiCoO,. However, its low cost, long cycle life, chemical and
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thermal stability, and environmental friendliness provide this material with high potential
to be the next generation of commercialized cathode material used for HEVs or EVs. By
partially substituting Fe with other transition metal ions such as Mn, Co or Ni in LiFePOy,
the open voltage can be significantly increased. However, the intrinsic low conductivity

of this series of materials is still the key problem, which is also a focus of our research.

1.4.4 Other types

One of the recently investigated compounds is the olivine derivative structure-
tavorite (LiIMPO4F).'”® The crystal structure of tavorite is shown in Figure 12, where the
lithium ions are surrounded by FeOg octahedra and PO, tetrahedra. Tavorite has excellent
both thermal and chemical stability due to the strength of the phosphorous and oxygen
bonds, which makes it a good cathode candidate for many applications. Besides stability,
the addition of fluorine into the structure opens up the 1D lithium diffusion path to a

multidimensional pathway for lithium ions, therefore increasing ionic conductivity.*

24



Figure 12. Crystal structure of a typical tavorite-structured material, LiFe(PO4)F. Brown
FeOg octahedra, yellow PO, tetrahedra, red spheres: O, and blue spheres: F. The green-
and-white spheres represent partially occupied lithium sites, with the occupancy given by
the fraction of the sphere shaded green.*®

At the same time, growing interest in the silicate, Li,MSiO4 (M=Mn, Fe, Co, and
Ni) has also been reported.'®* ' Because of the possibility of having two lithium ions to
be reversibly extracted from the host structure, the Li,MSiO4 cathode could offer a high
theoretical capacity of ~330 mAh/g. However, its rate capability and cycling
performance are still far from satisfying requirements for commercialization due to the
instable structure upon use, though some positive results for Li,MSiO4 (M= Mn, Fe, Co,

and Ni) have been recently reported.'*
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Figure 13. Crystal structure of the silicate Li,FeSiOy, Li ions at sites 1, 2, 3 and 4 are
labeled and colored differently.'"’

1.5 Objectives

As we discussed previously, cathodes in lithium ion batteries are a very important
aspect which affects the whole cells parameters such as cell voltage, discharge capacity,
cycle life, etc. Therefore, their study is extremely crucial and thus have received much
attention in recent years. From Table 2, we can see both the layered NCM structure and
olivine structure materials are promising cathodes, as they can provide high power and

high energy, and are thus the focus of our research.

26



1.5.1 Specific objectives for NCM

Li[Ni;5Co013Mn;3]02 (NCM) has drawn much attention as it exhibits much
higher capacity of close to 200 mAh/g with enhanced safety compared to traditionally
used LiCoO,. However, there are still some factors that limit the performance of this
material such as relatively large particle sizes, inhomogeneous particle size distributions,
and low packing densities. The electrochemical performance of these materials has been
reported to be dependent upon structure, composition and voltage range during
charge/discharge. Therefore, the microstructure of the cathode material is a key factor in
its performance, as it controls the packing density, diffusion rates and pathways. The
particle size and distributions are strongly dependent on the synthesis methods and
annealing processes. Consequently, a thorough understanding of the nucleation and
growth of these materials is of fundamental importance. At the same time, we performed
a thorough investigation of the structure-performance relationship in order to uncover the
details of factors that cause capacity fade.

Objective 1: Investigate the crystal growth behavior of the NCM cathode, synthesized by
using a two-step synthesis method, during the annealing process.

We have successfully utilized a two-step synthesis method involving co-
precipitation and annealing to investigate the crystal growth behavior of NCM displaying
the a-NaFeO, structure. Annealing at different temperatures and subsequent materials
characterization were used to determine specific crystal growth modes in these materials

in order to determine synthesis-structure relationships.
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The information revealed by this study will help develop guidelines to control the
size and morphological features more precisely, and will help create design strategies for
cathodes that will enable efficient lithium ion transport and extended lifetime batteries.
Objective 2: Study NCM capacity degradation mechanisms. Discuss the annealing
temperature, crystal structure and crystal size effects on its capacity fade.

Here, we have systematically investigated the effects of crystal structure and size
effects on the performance degradation of NCM cathodes. The data from this study will
help shed light on structure-performance parameters for NCM, and also uncover
relationships between nanoscale cathode structures and their use in batteries.

1.5.2 Specific objectives for LiFePQ,

With the increasing electric vehicle demand market in our modern life, the olivine
LiFePO4 (LFP) has been considered one of the most promising cathode candidates for the
next-generation large-scale lithium ion battery used for hybrid electric vehicles (HEVs)
or electric vehicles (EVs) due to its low cost, low toxicity, thermal and chemical stability,
and its good cycle stability. However, it is hindered by a low rate capacity due to the poor
electronic conductivity and low lithium ion diffusivity, which inhibits expanding its
commercial potential. Various solutions have been applied to overcome this inherent
deficiency of LFP including size tailoring, addition of conductive agents (carbon, silver,
etc.) and cationic or anionic doping. It is important to use non-toxic and low cost
synthesis systems. Thus, understanding the formation mechanism (i.e., synthesis-
structure) and the resulting crystallinity on the performance (i.e., structure-performance)

is helpful for improved performance. In addition, utilizing conformal coatings on LFP
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with minimum volumetric capacity decrease and increased rate performance for the big
applications in HEVs and EVs is also important.

Objective 1: Uncover the formation mechanisms of LFP nanostructures, using an
environmental-friendly synthesis method, and determine structure-performance
relationships.

Here, we investigate the crystal nucleation and morphological evolution of
LiFePO4 in a water-triethylene glycol system under moderate pressures and low
temperatures. Detailed materials characterization techniques were used to interrogate size,
morphological and orientational changes to reveal growth mechanisms which will yield
synthesis-structure relationships.

Objective 2: Study the effective conformal coating of LFP via polymer solution coating
methods based on compatibility of LFP and polymer functionality.

Here, we have successfully applied thin layer carbon coatings via a polymer
solution method. The goal here was to make conductive LFP with carbon that did not

inhibit Li-ion transport.
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Chapter 2.
Crystal Growth of Li[Ni;3C013Mn;3]0; as a Cathode Material for High-

Performance Lithium Ion Batteries

Reprinted with permission from Crystal Growth & Design. Copyright (2012)

American Scientific Publishers.

Jianxin Zhu, Thinh Vo, Dongsheng Li, Richard Lu, Nichola M. Kinsinger, Laj Xiong,
Yushan Yan, and David Kisailus. Crystal Growth of Li[Ni;;3Co;3Mn;;3]O; as a Cathode

Material for High-Performance Lithium Ion Batteries, Crystal Growth & Design, 2012,
12 (3), pp 1118-1123.
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ABSTRACT:
Li[Ni;3Co13Mn;/3]02 (L333) has been successfully synthesized through a two-

step co-precipitation and annealing method. Crystal phase and growth behavior were
monitored by X-ray diffraction (XRD) while particle morphologies were observed by
scanning electron microscope (SEM) and transmission electron microscopy (TEM). We
observed three primary growth regions in the temperature range of 600-1000°C. In the
low temperature region (i.e., 600 — 750°C), there is almost no grain growth as well as a
small rate-controlling mechanism exponent 1/n data (1/n = 0.2), which is likely due to
surface diffusion. In the medium temperature range (800 — 900°C), growth is controlled
by the volume diffusion of ions within the matrix, while in the high temperature region
from 900°C to 1000°C, crystal growth is controlled by the diffusion of ions along the

matrix-particle boundary.

2.1. Introduction

LiCoO; has been used as a cathode material for commercially available lithium-
ion batteries due to its facile preparation and excellent cycling stability.'”® However, the
toxicity, high cost of cobalt, and charging limitations prohibits its long term viability. In
2001, Ohzuku and Makimura® introduced an alternative cathode material,
Li[Ni;5Co13Mn;3]02 (L333), as it combines the advantages of high specific capacity,

109-112 :
Thus, it proves

low cost, long cyclic life, and both structural and thermal stability.
to be a promising candidate cathode in battery applications. Some of the factors that limit

the performance of this material are related to relatively large particle sizes,

inhomogeneous particle size distributions, and low packing densities. The
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electrochemical performance of these materials has been reported to be dependent upon
structure, composition and voltage range during charge/discharge. Zhang et al.'’
reported that smaller particle size and good homogeneity of materials may mainly
account for the improved electrochemical properties of the L333. Therefore, the
microstructure of the cathode material is a key factor in its performance, as it controls the
packing density, diffusion rates and pathways. As we know, the particle size and
distributions are strongly dependent on the synthesis methods and annealing processes.
Although lower temperature synthetic routes may yield smaller particles, which shorten
diffusion path lengths, there is also a reduction in the tap density at the same time. Lee et
al.” synthesized larger L333 particles (i.e., 10pm) using co-precipitation and annealing to
yield nearly uniform particles that had a tap density of 2.39g/cm’. Additional synthesis

114-117

. . 45, 118, 119
processes and structural characterization methods™ "™

of L333 materials have
been utilized. Cho et al.® reported the carbonate co-precipitation method, which could
synthesize the homogeneous material even at temperatures as low as 750°C. Guo et al.” '’
used a solid-state pyrolysis reaction method for effectively doping other elements or
coating carbon to increase the conductivity. Although these mixed metal oxides have
been synthesized by a number of routes, there is limited information about details of the
growth of the particles during synthesis. Consequently, a thorough understanding of the
nucleation and growth of these materials is of fundamental importance, not only for its
intrinsic scientific interest, but also for its technological significance.'*" '*!

Here, we have successfully utilized a two-step synthesis method involving co-

precipitation and annealing to investigate the crystal growth behavior of
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Li[Ni;3Co013Mn;3]O; displaying the a-NaFeO, structure. The information revealed by
this study will help develop guidelines to control the size and morphological features
more precisely, and will help create design strategies for cathodes that will enable

efficient lithium ion transport and extended lifetime batteries.

2.2. Experimental Section

L333 powders were prepared using a two-step method. The precursor,
(Ni13Co13Mny3)(OH),, was synthesized at room temperature through a co-precipitation
method similar to those previously reported.''! Figure 14 is the schematic illustration of
the synthesis process. Briefly, stoichiometric amounts of nickel, cobalt and manganese
nitrates (99.5% purity, Sigma-Aldrich Co.) were thoroughly dissolved in deionized water
to achieve a homogeneously mixed 100mM solution. 2M NaOH was added (under
stirring) to this solution to modify the pH to be 10, thus, inducing precipitation. The
resultant suspension was subsequently stirred at 600 rpm under a nitrogen atmosphere at
room temperature for 2 hours. The (Ni;;3Co;,3Mn;3)(OH), precipitates were washed three
time with DI water and dried under vacuum at 70°C overnight. The
(Ni13Co1/3Mny3)(OH);, precursor was then mixed with a 5% excess (to compensate the
lithium evaporation) of LiOH-H,O and subsequently ground with a mortar and pestle.
The mixture was placed in an alumina boat and annealed in a preheated tube furnace at
different temperatures (i.e., 600°C — 1000°C) for specific durations (3 — 24 hours) in air,

which also helped in the oxidation of Co and Mn.
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Figure 14. Schematic of LiNi;;3Co;;3Mn;;30; two steps (co-precipitation and annealing
method) synthesis.

Phase identification was determined by X-ray diffraction analysis (XRD, Philips
X’Pert) using Cu Ka radiation. Using the resulting XRD diffraction patterns, crystallite

diameters were calculated based on the Scherer formula.'*?

D KA
" Bcosh

Where D is the mean size of the ordered (crystalline) domains, which may be
smaller or equal to the grain size; K is a dimensionless shape factor, with a value close to
unity. The shape factor has a typical value of about 0.9, but varies with the actual shape
of the crystallite; A is the X-ray wavelength; B is the line broadening (full width) at half
the maximum intensity (FWHM), after subtracting the instrumental line broadening, in
radians and 0 is the Bragg angle.

Particle sizes and morphologies were observed using a scanning electron
microscope (SEM, FEI XL30) at 10 kV accelerating voltage. The SEM was equipped
with an energy dispersive X-ray spectrometer (EDS) that was used to confirm sample

stoichiometry (based on examination of five different regions per sample). A
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transmission electron microscope (TEM, FEI T20), operated at 200 kV, was used to
identify crystallite size, morphology and phase. Thermal and mass analyses were
performed using a thermal gravimetric analyzer/differential scanning calorimetry
(TGA/DSC Mettler Toledo) from room temperature to 1000°C in air at a heating rate of

10°C/min to investigate material reactions during annealing.

2.3. Results and Discussion
2.3.1 XRD

Figure 15 depicts an XRD pattern of the (Ni;3Co13Mny3)(OH), precursor after
co-precipitation under N, at room temperature. Indexing of this diffraction pattern
confirms the formation of the metal hydroxide structure.'* All peaks were indexed on the

basis of the hexagonal Mn(OH), structure (JCPDS 12-0696).

(001)

(101)
(002)

(111)

Relative Intensity (a.u.)
102)

110)

T T T T T T T T T
20 30 40 50 60 70
20(degree)

Figure 15. XRD pattern of [Ni;3Coy3Mn;/3](OH), precursor.
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The metal hydroxide precursor was mixed with LiOH-H,O and annealed at
different temperatures. Figure 16 shows diffraction patterns of Li[Ni;;3Co13Mny/;3]02
annealed in air at increasing temperatures for 12 hours duration time. Indexing of these
diffraction patterns confirmed the formation of the layered L333 structure. All peaks

from 1333 were indexed on the basis of the hexagonal a-NaFeO2 structure with the R3m

space group (JCPDS 82-1495).
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Figure 16. XRD patterns of Li[Ni;3Coy;3Mn;;3]O, heated for 12 hours at (a) 200°C, (b)
300°C, (c) 400°C, (d) 500°C, (e) 600°C, (f) 700°C, (g) 800°C, and (h) 900°C.

XRD analysis of samples annealed as low as 200°C for 12 hours has already

indicated the presence of crystalline Li[Ni;3Co13Mn;/;3]0,. However, small quantities of
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both Li,MnOj3; and LiMnO, were also detected. After annealing at 600°C, the impurity
phases were no longer detected. Above 700°C, significant crystal growth occurs, as
indicated by the reduced full width at half maximum (FWHM) of the XRD peaks. The

108, 123, 124

reported known indication of an ordered hexagonal layered structure, which is

confirmed by the presence of doublet peaks for the (006)/(102) at 37°(20) and the
(108)/(110) reflections at 65°(20), is present for the samples heated at or above 700°C.
This is an indicator of the ordering of the L333 layered structure, that enables the
reduction of cationic mixing during intercalation and deintercalation of lithium ions
inside the host matrix, leading to an increase in the electrochemical performance of this
cathode material.'**

Lattice parameters were calculated from the refinement of the XRD data, which are
shown in Table 3. The ratios of c/a for all the samples are larger than 4.899, which

confirm the layered structure based on work by Ngala et al..'*> '*

They reported that the
c/a ratio of the lattice parameter is a direct measurement of the deviation of the lattice
from a perfect cubic close packed lattice. Since the ideal cubic close packed lattice has a
c/a value of 4.899, a larger c/a ratio means a more ordered layered structure. For all of
our samples (table 3) except the 600°C annealed one, the ratios are larger than 4.960 and
thus, they have the well ordered layered structure. In addition, according to the Wang et
al.'”’, the R factor (R=I;0,+Ip0s/I10;) is related to the hexagonal ordering (i.e., the lower R

value, the better hexagonal ordering). All of our samples have an R value less than 0.45,

which is indicative of a good hexagonal ordering of the lattice.
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Table 3. Calculated structure parameters for synthesized Li[Ni;3Co;3Mn;3]0;,

Parameters 600°C 700°C 800°C 900°C 1000°C
a(R) 14.001 14.133 14.158 14.176 14.261
c®) 2.858 2.852 2.851 2.853 2.870
c/a 4.899 4.966 4.969 4.969 4.970
2.3.2 TGA-DSC

The thermochemical properties (Figure 17) of synthesized L333 materials were
investigated by thermogravimetric analysis and differential scanning calorimetry
(TGA/DSC). As the specimen is heated, there is an endothermic peak at 90°C
accompanied by a ~13% weight loss, which can be attributed to water desorption
(consistent with the observed mass loss). The exothermic peak observed at 259°C is due
to the decomposition of hydroxyl '** and correspondingly the crystallization process is
initiated with concurrent dehydration reactions. This has already been shown on the XRD
of sample heated at 200°C for 12 hours. At the same time, there is another endothermic
peak at 445°C, which is related with LiOH melting'”. Furthermore, the third
endothermic peak at 750°C is probably due to the completion of the ordering of the
hexagonal lattice. There are some similar data reported by Delmas et al., who suggested
that synthesis of LiNiO; systems at temperatures higher than 700°C produced 2D-type
cationic ordering structure'’ and also by Jouybari et al., who reported the temperature at
700°C during their LiNig3C00,0, synthesis.'*' This is concurrent with observations from

XRD analyses, which depicts an ordered layered structure at, and above 700°C. No
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additional reactions are observed at higher temperatures, however, there is a small weight

loss (~2.5%) from 800°C-1000°C likely attributed to evaporation of Li,O."**
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Figure 17. TGA-DSC of the mixture of [Ni;3Co;3Mn;3](OH), and LiOH-H,O.

2.3.3 Microstructural Analysis

Figure 18 depicts SEM micrographs of Li[Ni;;3Co;3Mn;;3]O; specimens annealed

in air at different temperatures for 3 hours. As mentioned previously, we observe

significant crystal growth between 800°C and 1000°C. Specimens heated to 600°C

demonstrate a nanocrystalline nature (i.e., crystal diameters less than 20 nm, as

determined by transmission electron microscopy and x-ray diffraction). These crystals

grow in size with increased temperature up to 250 nm by 900°C and eventually to 850

nm by 1000°C. The EDS spectra of the annealed powder (800°C / 3 hours, placed on a
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Silicon wafer) in Figure 18 shows the presence of Ni, Co, Mn in a 1:1:1 ratio, with O, C
and Si (wafer) present. No additional impurities were detected. The combination of XRD

and EDS results confirmed that the final product was Li[Ni;;3Co13Mn;3]Ox.
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Figure 18. SEM micrographs of Li(Ni;3Co;;3Mn;3)O, annealed at (A) 600°C, (B) 700°C,
(C) 800°C, (D) 900°C, (E) 950°C, (F) 1000°C for 3 hours with an EDS spectrum (bottom)
from Sample (C).
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Figure 19 shows the increase in particle diameter (as measured by both SEM and
TEM) as a function of temperature for samples annealed for 3 hours. It is clear that there
are three growth regions between 600°C — 1000°C. Region I, from 600°C — 750°C,
exhibits minimal crystal growth, while the growth rate in region II (750°C — 900°C) is
larger. Finally, above 900°C (region III) significant grain growth is observed. These three
regions were divided based on the different slopes of the curve, increasing from
0.05+0.01 in region I to 1.54+0.02 in region II, and finally up to 6.09+1.11 in region III.
This increased grain growth behavior in region II and III is partially attributed to the
chemical potential gradient of the lithium ion between the surface and the interior of the
particles because of lithium oxide evaporation as we observed in our thermal analyses.
This may also act as a driving force for mass transport, which results in the increased
particle size. Similar effects were observed by Antolini et al. on the grain growth of

LiNiO; at high temperatures.'**
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Figure 19. Crystal diameters of L333 annealed for 3 hours at temperatures from 600°C —
1000°C. 3 separate growth regions are observed.

Figure 20 depicts bright-field TEM micrographs of Li[Ni;;3Co;3Mn;3]0;
annealed at 800°C for different durations. The crystal diameters increase from 57 nm =+ 3
nm (0.5 hours) to 169 nm £+ 11 nm (24 hours) and demonstrate good uniformity. The

micrographs also confirm the single crystalline nature of the particles observed by SEM.
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Figure 20. Bright-field TEM micrographs of Li[Ni;3Co1,3Mn;;3]O, annealed at 800°C for
(A) 0.5 hour, (B) 1 hour, (C) 3 hours, and (D) 6 hours. Fast fourier transforms are
inserted in (A) and (C).

2.4. Growth Mechanisms

Based on SEM and TEM observations, it appears that there are 3 separate growth
regimes (highlighted in Figure 19) during the L333 annealing process. In order to
investigate the crystal growth mechanisms within these regions, we calculated the crystal
diameters of the specimens either through X-ray diffraction measurements (i.e., via the
Scherer equation'* utilizing the full width at half maximum, FWHM) or through direct

crystal measurement of SEM images (at crystal diameters greater than 100nm).
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We plot the In (crystal diameter) vs. In (time) for the samples annealed at different
temperatures, which are shown in Figure 21. By fitting these curves, we obtain a linear
relationship between In (time) and In (crystal diameter) which, through theory developed
by Lifshitz, Slyozov, Wagner (LSW)"* ** describes the growth of the average
crystallite size, G, with time, ¢, by Eq. (6)

D"-Dy"=kt (6)
Here, Dy is the initial crystallite size, k is a temperature-dependent parameter of the
crystal growth rate, and n is an exponent, which describes the rate-controlling mechanism.

As a generalization, Eq. (6) can be rearranged and written as Eq. (7)">>"’

D-Dy= kt"" (7)
Taking the natural log of Eq. (2), we obtain Eq. (8):
In(D-Dg)=Ink+1/mnint (8)
Since Dy is the initial grain diameter, it is found that when In D is plotted versus In time,

a straight line is obtained (Figure 21) as stated above.
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Figure 21. Relationship between crystal diameter and annealing time for samples
annealed in air from 700°C to 1000°C.

We obtain both 1/n and In & values from the slope and intercepts of the observed
straight line, respectively. Frequently, the slope of the curve plotted in this way is less
than 0.5, usually falling between 0.1 and 0.5. This may be due to a small initial crystallite
size, Dy (in our case was calculated to be 9 nm from L333 formed at 400°C) or due to the
presence of inclusions or solute segregation, which inhibits grain growth, especially at
low temperatures.'*® Table 4 depicts the values of the rate-controlling mechanism
exponent, 1/n and the crystal growth rate, In k. As expected, we can see with the increase

of temperature, the values of both 1/n and In k increase.
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Table 4. Grain growth parameters at different temperatures.

Temperature (°C) I/n Ink
700 0.21 +0.05 1.81 £0.13
750 0.20 = 0.02 2.23 +0.06
800 0.35+0.03 3.96 +0.07
850 0.35+0.02 4.65 +0.05
900 0.39 +0.02 4.78 £ 0.06
950 0.44 +0.02 5.68 = 0.05
1000 0.48 + 0.05 597+0.11

As mentioned previously, we observe three primary growth regions in our
annealing schedule. In region 1 (i.e., 600°C — 750°C), there is almost no grain growth as
well as a small rate-controlling mechanism exponent 1/n data (I/n = 0.2). Here, we
suspect that the crystal growth mechanism at this temperature range would likely be due
to surface diffusion. In Regions II and III, we observe different grain growth behavior. In
the temperature range from 800°C to 900°C, we determined that n = 3, indicating the
growth is controlled by the volume diffusion of ions within the matrix. At temperatures
from 900°C to 1000°C, n = 2, indicating that crystal growth is controlled by the diffusion

138-145

of ions along the matrix-particle boundary. We also observe triple grain junctions at

950°C (Figure 17¢) that are indicative of a metastable equilibrium for the L333 system.'>
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Based on our observations, we find that the atomic diffusion across the grain boundary is
a simple activated process. Thus, £ can be written as:

k=koexp(-E./RT) 9

Ink=Inko-E./RT (10)
where, E, is the activation energy for the process, 7 is the absolute temperature and R is
the gas constant. Thus, the activation energy for crystal growth can be derived from the In
k vs. 1/T plot (Eq. 10). We calculated the activation energy in the temperature range of
800°C — 900°C to be 109 + 17 kJ/mol and 162 + 25 kJ/mol in the temperature range of
900°C — 1000°C. The calculated activation energies at these temperatures match the

observed diffusion mechanisms within these temperature ranges.

2.5. Conclusions

We have successfully synthesized Li[Ni;;3Co;3Mn;3]O, through a two step co-
precipitation and annealing method, investigating the crystal growth processes at
different temperatures. At temperatures below 750°C, surface diffusion is expected to be
the dominant growth mechanism based on minimal crystal growth and a small rate-
controlling exponent 1/n. As the annealing temperature is increased (i.e., 800°C — 900°C),
crystal growth is controlled by the volume diffusion, while grain boundary diffusion is
the predominant mechanism for the temperature range of 900°C — 1000°C. Based on
these results, we can establish synthesis and annealing parameters to optimize crystal size

and perhaps, control over morphological features, both of which are crucial towards
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enhancing rate capabilities, energy densities and cycling stability of future Li-ion

batteries.
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Chapter 3.
Crystal Structure and Size Effect on the Performance Degradation of

Li[Ni;;3Co1/3Mny3]O, as a Cathode Material for Lithium Ion Batteries

To be submitted to Journal of Power Sources. Unpublished work copyright (2014)

ScienceDirect.
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ABSTRACT:

We have investigated the effects of crystal structure and size of
Li[Ni;3Co13Mny/3]02 (L333) cathodes on the performance of lithium ion batteries. The
cation ordering, crystal structure, size and morphology were monitored as a function of
annealing temperature and analyzed by X-ray diffraction (XRD) and scanning electron
microscopy (SEM). Electrochemical performance were studied by cyclic voltammograms
(CVs), charge-discharge tests and electrochemical impedance spectroscopy (EIS). We
investigated the effect of cation ordering and crystal size, which increased with
increasing annealing temperatures, on their electrochemical performance. With increasing
annealing temperatures, L1333 exhibits higher cation ordering which subsequently
benefits the cell performance. Concurrently, the higher annealing temperatures yielded
larger crystal sizes, which resulted in the decrease of high rate discharge capacity. The
L333 cathode underwent an increase in lattice parameter and volume expansion after
cycling for all samples with various crystal sizes. Samples with the largest crystal sizes
showed the most significant structural changes due to the lower strain accommodation.
The lattice parameter in the “c” direction demonstrated a larger change compared to “a”,
indicating an anisotropic expansion. The resistance increase during cycling furthermore

confirmed the performance degradation in the L333 materials.

3.1. Introduction
Li[Ni;3Co1/3Mn;/3]0; (L333) is one of the promising cathodes used in lithium ion

batteries, as it combines the advantages of high specific capacity, low cost, long cyclic
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life, and good structural and thermal stability.'” "> The performance of
Li[Ni;3Co1/3Mn;/3]O; greatly depend on the synthesis method. This is because the phase,
crystal size, particle morphology, surface area and cation mixing all play a role on the

112, 146

performance and are related to the synthesis route. There are a variety of synthesis

148 150
7 1, 1,

methods including coprecipitation,'”’  sol-ge solid-state,'*  hydrotherma
g precip g y

. . 151 . 152
microemulsion, ° and pyrolysis methods.

While there has been a focus on improving
performance by introducing novel synthesis methods, coatings and doping, it’s also
important and necessary to study the performance degradation mechanisms. Manthiram
et al.'"” discussed the irreversible capacity loss after the first cycle in layered
LiNi;;3Co13Mn; 30, cathodes at various annealing temperatures. Recently, Ghosh et al.'>*
reported the relationship of crystal structure with calcination conditions using oxalate
precursors to synthesize LiNi;;3Co;3Mn;30; cathodes. However, there is very limited
information about details of the performance degradation on Li[Ni;;3Co1/3Mny;3]0;
cathodes. Coprecipitation synthesis method is the most popular method due to its low
cost, experimental flexibility and scalability. Based on our previous crystal growth
mechanism studies of L333 synthesized by the coprecipitation system,'””> we have
continued a thorough investigation of the structure-performance relationship, which is of
fundamental importance, not only for its intrinsic scientific interest, but also for its
technological significance.'*" '*!

Here, we have synthesized Li[Ni;;3Co13Mn;3]O, by a two-step coprecipitation

method and investigated the cathodes performance degradation with various crystal sizes

ranging from 20nm - 1pm. The crystallinity is one of the most important factors that can
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effect the electrochemical performance. Larger crystal sizes could result in larger strains,
leading to degradation of the microstructure. The information revealed by this study will
help develop guidelines to control the size and structure more precisely, create design
strategies for cathodes that will enable high efficiency lithium ion transport and extended

lifetime batteries.

3.2. Experimental Section

3.2.1 Material synthesis

L333 powders were prepared using a two-step method (see the details in Figure
14). Stoichiometric amounts of nickel, cobalt and manganese nitrates (99.5% purity,
Aldrich Chemical Co.) were thoroughly dissolved in deionized water to achieve a
homogeneously mixed 100mM solution, followed by adding 2M NaOH to adjust the
solution pH to 10, thus, inducing precipitation. The resultant suspension was
subsequently stirred at 600 rpm under a nitrogen atmosphere at room temperature for 1
hour. The (Ni;3Co13Mn;3)(OH); precipitates (i.e., precursor) were washed with DI water
and pure ethanol, then dried under vacuum at 70°C for 12 hours. The precursor was then
mixed with a 5% excess of LIOH-H,O and subsequently ground with a mortar and pestle.
The mixture was placed in an alumina boat and annealed in a tube furnace at different

temperatures (i.e., 750°C — 1000°C) for 3 hours in air.

3.2.2 Material characterization
Phase identification was determined by X-ray diffraction analysis (XRD,

PANalytical Empyrean) using Ni-filtered Cu Ko radiation at 45KV and 40mA within the
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10-70° 26 range. Using the resulting XRD diffraction patterns, crystallite diameters were
calculated based on the Scherer formula. Particle sizes and morphologies were observed
using a scanning electron microscope (SEM, FEI XL30) at 10 kV accelerating voltage.
The surface areas of each sample were determined via BET nitrogen adsorption at 77K

using a Micromeritics Tristar 3000.

3.2.3 Electrochemical performance

For the electrochemical characterization, as-synthesized Li[Ni;;3Co;3Mn;3]0;
powder, conductive carbon black (Super P), and polyvinylidene fluoride (PVDF)
(70:20:10 in wt.%) were mixed in N-methylpyrrolidone (NMP) to produce a slurry. This
viscous slurry was subsequently coated on an aluminum foil current collector. The coated
film was dried in the vacuum oven at 100°C for 12 hours. A R2032 type of coin cell was
assembled in an argon-filled glove box, consisting of the prepared positive electrode,
lithium metal foil as the counter electrode, Celgard polymer as a separator and 1.0 M
LiPFs in ethylene carbonate (EC)—diethyl carbonate (DEC) (50:50 in vol.%) as the
electrolyte solution. The loading of the active material was 2 mg/cm®. The cyclic
performance and rate capability of batteries were tested using an Arbin battery test
system (Arbin Instruments, Model BT2043) in the voltage range of 2.8-4.5 V at 25°C.
Cyclic voltammograms (CVs) of Li[Ni;3Co;3Mn;3]0, were recorded on a VMP3
multichannel electrochemical station in the voltage range of 2.8-4.5V at a scan rate of 0.1
mV/s. The electrochemical impedance spectroscopy (EIS) was conducted on the Gamry
electrochemical workstation. The amplitude of the input ac signal was 10 mV, and the

frequency range was set between 10 mHz and 1 MHz. The positive electrodes that were
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fully discharged at the 1% and 10" cycle, were stored to self-equilibrium for 6 hours

before EIS testing.

3.3. Results and Discussion
3.3.1 Characterization of synthesized Li[Ni;;3Co013Mn;/3]0;

X-ray diffraction patterns of Li[Ni;;3Co;13Mn;;3]O, annealed in air for 3 hours with
increasing temperature are shown in Figure 22. All peaks from L333 were indexed on the
basis of the hexagonal a-NaFeO, structure with the R3m space group. Indexing of these
diffraction patterns confirmed the formation of the layered L333 structure without any
detectable impurities. Here we can see that all of the samples showed the doublet peaks
for the (006)/(102) at 37°(20) and the (108)/(110) reflections at 65°(260), an indication of
ordering of the hexagonal layered structures.* This reduction of cationic mixing enabled
the intercalation and deintercalation of lithium ions inside the host matrix, leading to an

increase in the electrochemical performance of this cathode material.'**
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Figure 22. XRD pattern of Li[Ni;3Co;3Mn;3]0; annealed in air at (A) 750°C, (B) 850°C,
(C) 950°C, (D) 1000°C for 3 hours.

It was also noticed from Figure 22 that with increasing annealing temperature, the

peak-splitting became clearer indicating an increased cationic ordering. In addition to
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peak splitting, the ratio of the intensities of the (003) to (104) indices (i.e., L003)/L(104)) 1S
an indicator of cation mixing in materials with a layered structure. For example, a ratio of

148
From

Loo3y/I04) >1.2 indicates lower cation mixing with highly ordered structures.
Table 5, we can clearly see that the ratios of o3)//104) at 750°C, 850°C, 950°C and
1000°C are 1.19, 1.28, 1.49 and 1.47 respectively, showing an increase in cationic

ordering with temperature and confirming results from the peak splitting analyses.

Table 5. Calculated lattice parameters of Li(NiCoMn);30;.

Annealing unit cell Average Surface
temperature | a(A) c(A) cla volume | IoosyInos) | crystal size | area
) (A% (nm) (m*/g)
750 2.848(1) | 14.014(0) | 4.920(3) | 98.444(0) | 1.19 28316 6.13
850 2.852(0) | 14.0571) | 4.929(0) | 99.0090) | 1.28 16618 | 1.8
950 2.856(2) | 14.073(3) | 4.927(2) | 99.425(0) | 149 | 45834 | 0.41
1000 | 2.856(1) | 14.026(2) | 4.911(0) | 99.082(3) | 147 | 85050 | 0.09

SEM micrographs of Li[Ni;;3Co1/3Mn;/3]O; specimens annealed in air at different
temperatures are illustrated in Figure 23. As expected, the micrographs show that the
particle sizes increase with increasing annealing temperature. Confirmation of the particle
crystallinity was demonstrated by TEM from our previous report,””> which revealed
significant crystal growth of L333 between 750°C and 1000°C. Specifically, specimens
heated to 750°C demonstrated a nanocrystalline nature (i.e., crystal diameters less than 50
nm) as determined by analyses of FWHM from x-ray diffraction patterns. These crystals
grow in size with increased temperature up to 166 nm by 850°C, 458 nm by 950°C, and

eventually to 850 nm by 1000°C (Table 5). It is evident that lower temperature annealing
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(i.e., Figures 23A-23C) demonstrate a more uniformed size distribution than at 1000°C
(Figure 23D). Thus, the annealing temperature not only affects the crystal size but also
changes the particle size dispersity. Based on the above analysis, samples annealed at
850°C and 950°C, which have clear peak splitting, higher cation ordering and uniform

crystal sizes, should demonstrate better electrochemical performance.
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Figuore 23. SEI\C[ micrograph§ of Li[Ni;;3Co13Mn;;3]O; annealed in air at (A) 750 OC, (B)
850 C, (C) 950 C, (D) 1000 C for 3 hours.

3.3.2 Electrochemical performance
Figure 24 shows representative CV curves of samples annealed under different

temperatures. Each of these curves display only one oxidation peak and reduction peak,
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corresponding to the charge/discharge reactions of the Ni**/Ni** redox couple.””® '*” The
lack of a peak at 3V indicates the absence of Mn®" in the as-synthesized materials."”® ">
The potential separations between the anode and cathode peaks are 0.12, 0.21, 0.24 and
0.28 V for samples annealed at 750°C, 850°C, 950°C and 1000°C, respectively. In
addition, samples treated at 850°C and 950°C display the highest peak currents (0.19 A/g,
and 0.16 A/g) compared to samples annealed at 750°C and 1000°C. It is known that
smaller voltage differences between the charge and discharge as well as higher peak

currents indicate better electrode reaction kinetics and rate performance.'®* !
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Figure 24. CV profiles of Li[Ni;;3Co13Mn;;3]O; (annealed in air at various temperatures)
in the voltage range of 2.8-4.5V at a scan rate of 0.1mV/s.
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The initial charge/discharge profiles of the cells with different L333 cathode
crystal sizes are illustrated in Figure 25. The first discharge capacities are 155.1, 204.7,
191.6 and 139.3 mAh/g at 750°C, 850°C, 950°C and 1000 C, respectively. Here the
discharge capacities are comparable or even better than that reported in the literature.'®*
The discharge plateaus for 850°C and 950°C samples are longer compared to the other

two samples, indicating the increased kinetics of these cathodes with increased annealing

temperatures.
4.5 — 750°C
850°C
\ ——950°C
- o
+< o \ 1000 C
" _ o
>
=
— 3.5 4
S 850°C
C
5
a 7%0 C
, 95p°C
3.0 1 1000°C
I T I T I ’ I T I T 1 ’ I T 1 T 1 T 1 T I

0 20 40 60 80 100 120 140 160 180 200 220

Capacity (mAh/g)

Figure 25. Initial charge/discharge profiles of Li[Ni;;3Co13Mny3]O2 samples at 16mAg™
(synthesized at different annealing temperatures) in the voltage range 2.8-4.5V.

Further cycling charge-discharge capacities were measured at 0.1C for 10 cycles
followed by 10 cycles at 0.2C, 0.5C, 1C and 2C. Figure 26A clearly demonstrates that the

sample annealed at 850°C delivers the highest discharge capacity. Although the discharge
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capacity inevitably decreases with increasing current density, cathodes annealed at 850°C
in air for 3 hours delivered a discharge capacity of 119.9 mAh/g at 2C (Table 6),
comparable with the report from the literature for a carbon coated L333 system.'® By
comparing the samples annealed at 950°C and 1000°C, which have similar cation
ordering (Z003y/(104y=1.49 and 1.47, respectively), the smaller crystal sizes (458 nm at
950°C) delivers a higher capacity than larger ones (850 nm at 1000°C).

Table 6. Specific capacities for Li[Ni;;3Co013Mn;;3]O, cathodes annealed at various
temperatures.

Annealing Specific capacity (mAh/g)
temperature (°C) 0.1C 0.2C 0.5C 1C 2C
750 155.05 127.03 107.54 89.02 72.46
850 204.77 188.26 162.99 144.84 119.92
950 191.61 172.17 145.62 116.60 79.30
1000 139.28 108.47 82.30 63.44 36.68

Further calculations (Table 6) show the capacity difference (around 15mAh/g) is
smaller at low current densities (from 0.1 to 0.5 C) for 850°C and 950°C, while it
increases to 30mAh/g at 1C and 40mAh/g at 2C. Therefore, the smaller crystal size is
beneficial under high rates. Figure 26B displays the cycling stability at 0.1C for these
samples. Clearly, the 850°C and 950°C samples carry larger discharge capacities with
higher capacity retention (84% for 850°C and 88% for 950°C) compared with the other

two samples (81% for 750°C and 79% for 1000°C).
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Figure 26. Cycling performance of Li[Ni;;3Co;3Mn;;3]O; cathodes between 2.8 and 4.5V
(vs. Li'/Li) (A) at different current rates (0.1C, 0.2C, 0.5C, 1C and 2C), (B) at 0.1C for
50 cycles.

3.3.3 Discussion of performance degradation

In order to investigate the performance degradation mechanisms for
Li[Ni;3Co1/3Mn;/3]O; cathodes annealed at different temperatures, we disassembled the
cells after 50 cycles and collected the cathode materials from the Al foil. The mixture was
rinsed with NMP several times to remove the PVDF binder and the remaining organic
solvents from the electrolyte. Then the material was dried in the vacuum oven for the
XRD and SEM characterization. Figure 27 demonstrates the SEM micrographs for
samples after disassembling the cell. Based on analyses by EDS, smaller particles in each
micrograph are mostly carbon that was mixed during the cell preparation. The particles
that were annealed at 750°C and 850°C did not show obvious changes (Figure 27A and
27B, respectively). Small cracks appeared in particles at 950°C (Figure 27C) and the

significantly larger cracks were observed at 1000°C (Figure 27D). In order to study the
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crystal microstructure change, we conducted the further XRD analyses to calculate the

lattice diameters, volume changes, etc.
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Figure 27. SEM micrographs of Li[Ni;3Co;3Mn;3]0, cathode particles, annealed in air
at (A) 750°C, (B) 850°C, (C) 950°C, (D) 1000°C, and removed from cells after 50 cycles.

Figure 28 show the X-ray diffraction patterns for non-cycled
Li[Ni;3Co1/3Mn;/3]O, samples (blue line) and after 50 cycles (black line). It can be seen
that all of the peaks shifted to lower 2-theta values after cycling, indicating the increased
lattice parameter and expanded volume. As we discussed earlier, the peak splitting for
(006)/(102) at 37°(20) and (108)/(110) at 65°(20) reflected a well-ordered layered
structure. After 50 cycles, these extent of splitting of peaks did not appear to change for

specimens annealed at 750°C and 850°C. However, the intensity of the splitting
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decreased for the sample annealed at 950°C (Figure 28C), and was especially significant

in the first peak splitting (around 37°). The sample annealed at 1000°C (Figure 28D)

showed a further decrease in peak intensity, with almost no splitting observed. These

analyses are consistent with our SEM observations.
A . ——750°C after 50 cycles 850°C after 50 cycles
§ ———750°C fresh sample 850°C fresh sample
3
- =]
3 T =
s | 3
=z o
g 2 g
T 9]
5 L | - g sEq f H
2 | es || 8 g 227 ¢ > \
= ‘ 2 R = | I
: | e T . Mol s | N LM
o« WWW/H("W”‘W \”W‘\WWW St W © J e AT~ ‘W’W‘ "M\wu“,
[ |
|
l | 1 | L [ y
Ao e M A M AV
T T T T T T T T T
10 20 40 50 60 70 1 20 30 40 50 60 70
20(degree) 20(degree)
———950°C after 50 cycles 71000°C after 50 cycles
C ———950°C fresh sample 1000 C fresh sample
3 E ’
] s
z z
2 2
< c
o , ® J
2 -~ : . A
o MM |%wammmw\«w\rw o | i o, !
< e ‘
” \‘ | ‘ I | ‘ |
W‘ e e — K}/‘W “N‘M'M _J‘ ‘V\I‘WVM W J\ A r\,._‘-—- Jﬂ\w‘l..
T T T T T T T T T
10 20 30 50 60 70 10 20 30 50 60 70

40
20(degree)

Figure 28. XRD pattern comparison of Li[Ni;;3Co;3Mn;;3]O, samples annealed in air at:
A 750°C, B 850°C, C 950°C, D 1000°C before (blue) and after (black) cycling.

Detailed lattice parameters are listed in Table 7, from which we can see the

1000°C cathode shows the largest lattice parameter increase and volume expansion

(2.15%), while samples annealed at 850°C and 950°C display minimal changes. Here, we

also observed that the percent change in the “a” lattice parameter (i.e., <0.5%) is
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significantly less compared to those occurring in the “c” r(~1 or >1%), indicating
anisotropic degradation in the L333 system. It is known that lithium ions move along the
ab plane in L333 during lithiation and delithiation. Thus, we suspect parameter ¢ change
in this crystal structure degradation is comparably a mild effect to the performance
compared to changes along a and b. By combining the above SEM and XRD analyses,
smaller particle sizes will yield smaller structural changes and thus, better strain
accommodation, which is also observed in Si-based anodes.'*'% According to Liu et al.

1% there exists a critical particle size of ~150 nm below which cracking did not

reporting,
occur, and above which surface cracking and particle fracture took place upon lithiation.
They discussed that the unexpected surface cracking is attributed to the development of
hoop tension in the surface layer, resulting from a unique lithiation mechanism in
crystalline Si nanoparticles by means of motion of a two-phase interface. This might also
be true for our NCM system based on the similar results, which is currently under
investigation. One exception was the sample annealed at 750°C. It is believed that

reduced ordering in the non-cycled layered structure (Zo3)/Z(104y= 1.19) yielded poorer

performance compared to samples annealed at 850 and 950°C.
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Table 7. Lattice parameters for Li[Ni;3Co1,3Mn;/3]O; cathodes after 50 cycles.

Sample a(A) |Aa/a(%) o(A) |Ac/e(%)  alc V(A% |AVIV(%)
750°C 2.858(0)| 0.35 |14.144(0)| 0.93 | 4.949(0) {100.039(1)] 1.62
850°C 2.852(1)| 0.004 |14.189(4)| 0.93 | 4.976(1) |99.915(0)| 0.92
950°C 2.859(0)| 0.11 |14.205(2)| 0.94 | 4.969(0) [100.538(3)] 1.12
1000°C 2.868(0)| 0.42 |14.213(4)| 1.33 | 4.956(7) |101.211(4)| 2.15

In order to further investigate the various crystal size effects on the performance,

electrochemical impedance spectroscopy were recorded for the 0% state of charge (SOC)

samples. Figure 29A shows the impedance after the 1* cycle while Figure 29B represents

samples after the 10" cycle. Each curve consists of a semicircle and a straight line, which

are interpreted as the resistance of electrolyte “R.” at high frequency, the resistance of

charge-transfer “R” for the semicircle at middle frequency and the lithium ion diffusion

into the bulk of the electrode material at low frequency for the straight line (also called

Warburg dif’fusion).167 The numerical value of the diagram on the real axis, Z, is

approximately the R, and the R for the semicircle, which are listed in Table 8.

Table 8. Parameters from the EIS curves.

Annealing temperature Resistance (£2)
(9 Reafter 1+ Reafter 10 | Rgafter Ist | R after 10t
750 1.39 2.88 118.16 175.28
850 1.39 1.33 308.54 616.69
950 1.72 1.55 371.18 761.38
1000 1.40 1.48 843.04 955.57
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As we can see from Table 8, R, did not vary much among different samples. This
is because the R, is only related to the electrolyte and the contact resistance. After 10
cycles, the R, value only changed for the sample annealed at 750°C (with smallest crystal
size). The high radius of curvature in these small crystals is the likely reason for the high
reactivity between electrolyte and active material. This high reactivity likely induced the
formation of a solid electrolyte interfaces (SEI), but did not occur with samples with
larger crystal sizes. The R increased with annealing temperature because of the
increased crystal size (28 nm at 750°C, 166 nm at 850°C, 458 nm at 950°C, and 850 nm
at 1000°C). We also observe that R increases after cycling, which helps shed light on
the decreased performance. Among these Rct changes, samples annealed at 750°C and
1000°C did not change as much as samples annealed at 850°C and 950°C. According to
Wohlfahrt-Mehrens,'*® impedance increases are caused by the loss of contact between the
electrolyte and electrode. Here the sample annealed at 750°C has a smaller crystal size
(and higher surface/volume ratio), and likely to have good contact with the electrolyte.
The sample annealed at 1000°C displayed obvious cracks in the particle, breaking into

smaller pieces. We think this might help the contact between electrode and electrolyte.
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Figure 29. EIS micrographs of Li[Ni;3Co;3Mn;;3]O, cathodes after 50 cycles for
samples annealed in air at: A 750°C, B 850°C, C 950°C, D 1000°C.

3.4. Conclusions

We have systematically investigated the effects of crystal structure and size on the
performance of Li[Ni;;3Co;13Mn;;3]O; cathodes. With increasing annealing temperature,
Li[Ni;3Co013Mn;3]O; has the increased ordering of the hexagonal a-NaFeO, layered
structure and increased crystallite sizes. The higher cationic ordering provides better
performance for the crystal sizes below 500 nm. Beyond that, crystal size has a key effect
on the performance, especially for the high current density discharge capacity. Due to the

lower strain accommodation within the larger particles, cracks form in the
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microstructures during lithiation/delithiation, which results in a fast capacity fade. EIS
studies show that a charge-transfer resistance R increases with cycles for all sizes of

Li[Ni;5Co13Mn;3]O; cathodes and explains the capacity retention decrease.
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Chapter 4.
Solvothermal Synthesis, Development and Performance of

LiFePO4 Nanostructures

Reprinted with permission from Crystal Growth & Design. Copyright (2012)

American Scientific Publishers.

Jianxin Zhu, Joseph Fiore, Dongsheng Li, Nichola M. Kinsinger, Qianqian Wang, Elaine
DiMasi, Juchen Guo and David Kisailus. Solvothermal Synthesis, Development and
Performance of LiFePO, Nanostructures, Crystal Growth & Design, 2013, 13 (11), pp

4659-4666.
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ABSTRACT:

We report the synthesis and nanostructural development of single and
polycrystalline LiFePO4 (LFP) nanostructures using solvothermal media (i.e., water-
triethylene glycol mixture). Crystal phase and growth behavior were monitored by
powder and synchrotron X-ray diffraction as well as transmission electron microscopy
(TEM), while particles morphologies were examined using scanning electron microscopy
(SEM). Initially, thin (100 nm) platelets of Fe3(PO4),-8H,O (vivianite, VTE) formed at
short reaction times followed by the nucleation of LFP (20 nm particles) on the
metastable VTE surfaces. With decreasing pH, primary LFP nanocrystals subsequently
aggregated into polycrystalline diamond-like particles via an oriented attachment (OA)
process. With increasing reaction time, the solution pH further decreased, leading to a
dissolution-recrystallization process (i.e., Ostwald ripening, OR) of the oriented
polycrystalline LFP particles to yield uniformly sized, single crystalline LiFePO,.
Samples prepared at short reaction durations demonstrated a larger discharge capacity at
higher rates compared to the single crystalline particles. This is due to the small size of
the primary crystallites within larger secondary LiFePO, particles, which reduced the
lithium ion diffusion path while subsequently maintained a high tap density.
Understanding the relationship between solution conditions and nanostructural
development as well as performance revealed by this study will help to develop synthetic

guidelines to enable efficient lithium ion battery performance.
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4.1 Introduction

As fossil fuel supplies are depleted, efforts to create new and renewable energy
sources are being implemented. In addition to the need for renewable energy conversion
technologies, there is an urgency for enhanced energy storage for municipal energy
storage, electric vehicles and portable devices. Rechargeable lithium ion batteries offer an
effective media to store energy. There has been a marked improvement in Li-ion
technologies compared to other alternatives such as the NiCd (Nickel-Cadmium) or
NiMH (Nickel-Metal Hydride) cells. Li-ion cells offer double the specific energy and
over three times the energy density versus Ni-H, (which use pressurized hydrogen)
systems, while providing higher energy efficiency.'®

Improvement in the material components of Li-ion batteries, specifically the
cathode and anode, offers potential to enhance their performance. One such cathode, the
olivine-structured lithium iron phosphate (LiFePO,4, LFP) was invented and reported by
Goodenough et al. more than 15 years ago.'” Due to its low cost, low toxicity, thermal
and chemical stability, and its good cycle stability, it is an excellent candidate as a
cathode in rechargeable lithium batteries used in electric vehicles.'”” However, it is
hindered by a low rate capacity due to the poor electronic conductivity and low lithium
ion diffusivity, which inhibits expanding its commercial potential.'”"> '”* In order to
overcome this inherent deficiency of LFP, research strategies have focused on utilizing

95,96, 173

conductive agents (carbon, silver, etc.) to increase the electronic conductivity, and

to improve the mobility of lithium ions via cationic doping.'’* '
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A number of different synthesis methods have been developed to produce

176, 177

controlled LFP including solid phase synthesis, sol-gel process,'” solution co-

9

precipitation,'”” and solvothermal treatments.'® Solvothermal syntheses, which often

operate under higher pressures, offer the potential to precisely control the size, shape
distribution, and crystallinity of particles at low to moderate temperatures.'®" '**'%
Solvents used in the syntheses of LFP have included benzyl alcohol'™, tetraethylene
glycol (TEG),'' polyethylene glycol (PEG),'”" "% and triethylene glycol'®.
Triethylene glycol is a transparent, colorless, low-volatility, moderate-viscosity liquid.
Under normal conditions, there is no detectable odor. It is completely miscible with water
and many organic liquids. Triethylene glycol has properties similar to other glycols and
may be used preferentially in applications requiring a higher boiling point, higher
molecular weight, or lower volatility than diethylene glycol. Furthermore, triethylene
glycol can be used as the reducing agent as it will prevent the oxidation of Fe*" from Fe*".

Lim et al.'®

used pure triethylene glycol to synthesize LiFePO4 and noticed impurities
accompanied with the formation of LiFePO4, which they ascribed to as the high boiling
point of triethylene glycol.

Here, we modify the solution environment by utilizing a mixture of water and
triethylene glycol as the solvent for the first time to synthesize lithium iron phosphate.

Recently, Lu et al.'*

reported the mechanism of LFP formation under hydrothermal
conditions. However, limited information has been presented to understand the formation

mechanism and the resulting crystallinity on the performance in the water-triethylene

glycol system. Previous research has revealed the primary lithium-ion insertion pathways
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in LFP.”® Thus, by uncovering the formation mechanism of LFP nanostructures and
determining the relationship between the resulting structures and function, there is a great

potential to yield highly efficient, long cycle life Li-ion batteries.

4.2 Experimental Section
4.2.1 Synthesis of lithium iron phosphate

LFP nanopowders were prepared using a hydro-solvothermal method.
Stoichiometric amounts of FeSO4-7H,0, H3PO4 (85 wt.% solution), and LiOH-H,O with
a molar ratio of 1:1:3 were used. Briefly, separate aqueous-based ferrous sulfate and
lithium hydroxide solutions were made by dissolving FeSO4-7H,O and LiOH-H,O in
degassed Milli-Q water, respectively. After adding the lithium hydroxide solution into
triethylene glycol, aqueous solutions of H3PO4 and ferrous sulfate were subsequently
added to achieve a homogeneous 0.1M Fe solution. After vigorous magnetic stirring at
room temperature for 10 minutes, a green suspension formed and was transferred into
either glass vials (for short duration reactions) or Teflon-lined, stainless steel autoclaves
(for extended reaction durations). Reactors were sealed (glass were sealed by melting the
tops of reactors with a butane torch) and heated in a convection oven at 160°C for 5 to
900 minutes. After ambient cooling to room temperature, products were centrifuged,
washed several times with deionized water and absolute alcohol, and finally dried in

vacuum for 5 hours.
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4.2.2 Material characterization
Phase identification was determined by X-ray diffraction analysis (XRD, Philips
X’Pert) using Cu Ka radiation. Using the resulting XRD diffraction patterns, crystallite

122 Particle sizes and

diameters were calculated based on the Scherer formula.
morphologies were observed using a scanning electron microscope (SEM, FEI XL30) at
10-20 kV accelerating voltage. A transmission electron microscope (TEM, FEI CM300),
operated at 300 kV, was used to identify crystallite size, morphology and phase. Powder
synchrotron X-ray diffraction was performed at beam line X6B of the National
Synchrotron Light Source (NSLS) in Brookhaven National Laboratory using 19 KeV X-
rays and a beam spot focused to 100 um x 100 um. In-situ synchrotron X-ray diffraction
was performed at beam line X7B using 40KeV with a beam spot of 0.5 x 1.0mm and

Perkin Elmer amorphous silicon detector is used to acquire the 2-D x-ray diffraction

pattern.

4.2.3 Electrochemical performance

As-synthesized LiFePOs powder, conductive carbon black (Super P), and
polyvinylidene fluoride (PVDF, 70:20:10 wt.%) were mixed in N-methylpyrrolidone
(NMP) to produce a slurry. This viscous slurry was subsequently coated on an aluminum
foil current collector. The coated film was dried in the vacuum oven at 100°C for 12
hours. Coin cells (R2032 type) were assembled in an argon-filled glove box, consisting of
the prepared positive electrode, lithium metal foil as the negative electrode, Celgard
polymer as a separator and 1.0 M LiPFs in ethylene carbonate (EC)—diethyl carbonate

(DEC) (50:50 vol.%) as the electrolyte solution. The loading of the active material was
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1.5 mg/cm®. The cyclic performance and rate capability of LiFePO, batteries were tested
using an Arbin battery test system (Arbin Instruments, Model BT2043). Cyclic

voltammograms were run on a VMP3 multichannel electrochemical station.

4.3 Results and Discussion
4.3.1 Formation and nanostructural evolution of LiFePO,
4.3.1.1 Precursor

Precursor particles, which formed after 10 minutes of stirring, were collected via
centrifugation, washed (as described in 4.2.1) and dried in a vacuum oven at 70°C for 5
hours. SEM (Figure 30A) demonstrates the aggregated nature of the nanoparticles and
XRD (Figure 30B) revealed that these nanoparticulate precursor powders consist of ~ 10

nm (as calculated by the Scherer equation) crystallites of LisPO4 (JCPDS #15-0760).
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Figure 30. (A) SEM micrograph and (B) XRD pattern of precursor sample indicating the
formation of Li;PO4 nanocrystals.
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4.3.1.2 Formation of Fe3(PO4),°8H,0 (vivianite, VTE) and nucleation of LiFePO4

The precursor-based slurries were subsequently placed in sealed reactors at 160°C.
After a 5 minute reaction duration, large plate-like (5 pm x 5 pm x 100 nm thick)
nanostructures (Figure 31A) formed with small particles on their surfaces (inset in Figure
31A). Examination of these products by powder XRD (Figure 31B) and synchrotron X-
ray analysis (Figure 31C) revealed the formation of crystalline sheets of VTE
(Fes(PO4)2-8H,0, JCPDS # 30-0662) as well as small quantities of LiFePOs. The
precursor particles, which consisted of LizPOs, dissolve (Ky,=3.2% 10®), and in the
presence of iron ions yield a less soluble Fe3(PO4),'8H,0 (Kgp=1% 107). In addition, it is
noteworthy that the triethylene glycol solvent serves as a reducing agent, providing a
favorable environment for vivianite formation.'” '*®

Interestingly, from the inset of Figure 31A (yellow square), we observed that
small particles appear to form at the edges or kinks on the VTE plates. This phenomenon
was also observed from bright field TEM in the inset of Figure 31E. Bright field TEM in
Figures 31D-31E and the corresponding SAED in Figures 31G - I were used to confirm
the phases of both plate-like structures and the small particles on the plate surfaces. The
SAED pattern shown in Figure 31G represents the pure platelet region highlighted with a
green square. Analysis of this diffraction pattern confirmed the single crystalline nature
of pure Fes3(PO,),*8H,0. The SAED pattern shown in Figure 31H represents the region
containing the small particles on the platelet surface (highlighted in blue). This

diffraction pattern contains both dots and rings, revealing a combination of the nearly

single crystalline Fe3;(PO4),-8H,O as well as nanocrystalline LiFePO, (i.e., the
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nanoparticles on the surface of the platelets are LiFePOy). Bright field TEM (Figure 31F)
shows only primary and secondary particles without Fe;(PO4),-8H,O platelets. The
corresponding SAED pattern from the circled purple area in Figure 311 confirms pure
LFP crystals with a preferred orientation with texture. Here, it is likely that under the
reaction conditions, Fe;(PO4),-8H,0 is dissolving (as observed by striations on platelets,
Figure 31A), providing high concentrations of nutrient for the nucleation of LiFePO,4 near

the edge and kink sites.'™
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Figure 31. Characterization of the sample synthesized at 160°C for 5 minutes. (A) SEM
of the platelet structure, (B) Powder XRD of sample with Fe;(PO4),-8H,0 as a reference,
(C) Synchrotron x-ray diffraction of the sample, confirming the VTE phase with little
LFP phase (D) Bright-field TEM of the platelet structure (E) Bright-field TEM of the
platelet structure with small particles on top (upper left inset), highlighting LFP
nanoparticles forming at edges of Fe3(POs), 8H,0), (G) SAED from clean platelet (green
square area) (H) SAED from combination of platelet and nanoparticles (circled blue area),
and (I) SAED from completely formed primary particle tail (circled purple area).

In order to further confirm the phase transformation from Fe3(PO4),-8H,O to
LiFePO4, we conducted in-situ synchrotron for the mixed precursor solution in a quartz

capillary (1mm OD, 0.9 mm ID, 100mm length) with a round bottom. During the heating
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process, the other end was sealed under He gas (~ 41-43 psi). The sample was heated

according to the profile: 10°C/min from 25°C to 100°C, 2°C/min from 100°C to 160°C,

held for 30 minutes duration time at 160°C, then 10°C/min from 160°C to 250°C, then

cooled down to room temperature. As we can see from Figure 32, the phase

transformation from Fes;(PO4),-8H,0 to LFP occurred between 129°C and 138°C (in 88

seconds). The peak intensities increased quickly in the next two measured synchrotron

frames after the phase transformation (i.e., peaks at 149°C and 164°C). After heating for

30 minutes at 160°C, the peak intensity remained stable until 250°C.
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Figure 32. [In-situ

d spacing (A)
synchrotron monitoring of the phase transformation from

Fes3(PO4),'8H,0 (VTE) to LiFePO, (LFP).
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4.3.1.3 Oriented assembly of polycrystalline LiFePO,4 (LFP) particles.

After 10 minutes reaction duration at 160°C, particles (Figure 33A) displayed a
diamond-like morphology and appeared to be formed by an oriented assembly of primary
particles. Pure phase LiFePO4 was detected via XRD (Figure 33B). All the reflections
were indexed as an orthorhombic olivine-type structure (JCPDS 81-1173) and no
additional impurity phases were observed, confirming the removal of vivianite. Rietveld
refinement of the XRD data with the Pnma space group gave the following lattice
parameters: a = 10.334(1) A, b = 6.010(1) A, and ¢ = 4.694(1) A, which are in good
agreement with the reported values (a = 10.332(2) A, b =6.005(1) A, ¢ = 4.693(6) A) that

used a high temperature synthesis method)."”’

The crystallite size of the LFP was
calculated to be 39 nm using the Scherer equation.'** Bright field TEM (Figure 33C) was
conducted to further investigate the nanostructure of these particles. Electron diffraction
(Figure 33D) analysis of one of the particles in Figure 33C revealed a pseudo-single
crystal pattern, which consisted of arched (ca. ~ 5°) diffraction spots. This indicates that

the larger, secondary diamond-like particles are likely to consist of an oriented assembly

of smaller primary particles.
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Figure 33. Analyses of LiFePO, synthesized at 160'C for 10 minutes in a sealed glass
reactor. (A) SEM micrograph highlighting the assembled secondary particles of LFP. (B)
Powder XRD of sample, (C) Bright field TEM with corresponding (D) SAED from the
yellow-circled area.

In order to investigate the potential assembly of primary particles, we interrogated
the surface charge of LFP using zeta potential measurements (Figure 34A) to determine
their interactions in the reaction suspension. The primary nanoparticles of LiFePO4
initially form at pH ~ 6 (Table 9). Here, these particles are highly negatively charged (i.e.,
€ = -52 mV) and electrostatically repel each other. However, as the reaction duration
increases, the pH continually decreases (below 5.5). Subsequently, the charge on the

particles becomes less negative (i.e., { < -20 mV), which enables particles to approach
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each other more closely, enabling their assembly.'”" > At this stage, the primary LFP
particles appear to aggregate in an oriented manner, forming larger diamond-like
secondary particles.

Table 9. Reaction pH at different reaction durations (minutes).

Reaction time (minutes) 0 5 10 15 20 60 | 180 | 900

pH 551 | 6.05 | 554 | 5.18 | 483 | 460 | 439 | 430

Additional bright field TEM analysis of one of the secondary particles is shown in
Figure 34B. High-resolution TEM imaging (Figure 34C) with the corresponding Fast
Fourier Transform (FFT, Figure 34D) of this particle reveals that primary nanoparticles
are indeed attached to each other in an oriented manner and are aligned in [001] and [100]

1. calculated

directions, with the (010) plane as the primary exposed surface. Ceder et a
surface energies of the olivine structured LiFePO, using density functional theory (DFT)
within the generalized gradient approximation (GGA) + U framework. Their results show
that the low-energy surfaces are in the [100], [010], [011], [101] and [201] directions.

Islam et al.'™

reported that the (010) and (100) planes have the lowest attachment
energies in their simulation, which corroborates our observations of diamond-like
structures elongated in [001] direction with short [010] lithium diffusion pathways. This
result enables a foundation for modifying experimental conditions to design particles

with controlled thickness along the [010] direction (the primary lithium ion diffusion path)

and therefore enhance the Li-ion battery performance.
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Figure 34. Characterization of LiFePO4synthesized at 160°C for 10 minutes in a sealed
glass reactor. (A) Zeta potential analysis of LFP particles, (B) Bright field TEM showing
c and a directions of particles, (C) HRTEM from yellow circle highlighted in (C), and (D)
the corresponding FFT.

4.3.1.4. Ostwald ripening of polycrystalline LFP

For longer duration reactions, Teflon-lined autoclaves were used with the same
synthesis conditions used in the glass tubes. Here, liners were filled with the same
volume (43.5 vol. %) of precursor suspension in order to provide a similar head space
and ensure the overall pressure in the reactors were the same in both sealed glass and

teflon-lined reactors. After filling and sealing the liners, reactors were heated to 160°C
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for different durations (60 minutes to 900 minutes). Subsequent analyses of products
from both reactors under the same reaction conditions confirmed the similarity (particle

size, crystallinity and shape) of products between these two reactions (Figure 35).
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Figure 35. (A) SEM image of LFP particles synthesized in a sealed glass reactor at
160°C for 10 minutes and (B) the corresponding XRD pattern, (C) SEM image of LFP
particles synthesized in a Teflon-liner reactor at 160°C for 10 minutes and (D) the
corresponding XRD pattern.

SEM micrographs (Figure 36) highlight size and morphology changes of LFP
particles at different reaction durations. As the reaction duration increases, the large
secondary particles decrease in size with a concurrent increase in crystal size and
decrease in number of grain boundaries per particle (Figures 36 A—D). For example, the
secondary particles are as long as 900 nm (Figure 33) and consist of 39 nm primary

crystals (as calculated by the Scherer equation). With increasing reaction duration (i.e.,
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60 minutes and 420 minutes in Figures 36B and C, respectively), the crystal size
increases to 95 nm and 280 nm, respectively (as measured from SEM and TEM). At the
longest reaction duration (900 minutes), significantly smaller particles have formed (ca.

450 nm long) but seem to have no internal grains (i.e., single crystalline).

100kV 3.0" 16NRSE 6.5

Figure 36. SEM micrographs of LFP products at 160°C with increasing duration. (A)
After 10 minutes, LFP formation and assembly into secondary particles is completed.
Increasing reaction duration to (B) 60 minutes, (C) 420 minutes, and (D) 900 minutes
yields more crystalline LFP.

Measurement of reaction pH versus time (Table 9) indicates a decrease in pH
after 5 minutes. This decrease in pH is due to net consumption of OH groups (see

Equations 11 and 12) as more phosphate anions (PO,’") and ferrous cations (Fe*") are
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consumed during the formation of LiFePO4 (Equation 13). The reaction schemes are

shown below:

PO, (agt 2H,00)=H,PO4+20H (11)
Fe’'+ 6H,0)=Fe(H,0)5(0OH)" o+ H (12)
Li"+ PO, +Fe*" =LiFePO, (13)

This decrease in pH increases the solubility of LiFePO4 due to acidity and high
temperature conditions.'”> This increased solubility enables a dominating dissolution-
crystallization (Ostwald ripening, OR) of these particles, with their subsequent
densification and formation of more crystalline particles. The morphology also changes
from a diamond-like structure at 10 minutes to polygonal prisms at 900 minutes,
providing evidence for the dominating crystal growth mechanism.'”® The drum-like
polygonal LiFePO;, crystals are the equilibrium morphology, which has been shown by

both experiment and simulation.'®® '**

4.3.1.5 Development of single crystalline LFP

SEM imaging of the powder products after 900 minutes at 160°C (Figure 37A)
reveals a nanorod structure. These nanorods were measured (more than 40 particles) to be
450 £ 60 nm long x 128 + 24 nm wide X 91 £+ 13 nm thick. XRD (Figure 37B) confirms
the formation of highly crystalline LiFePO, (indexed as the orthorhombic olivine-type
structure, JCPDS 81-1173) without any detectable impurity phases. Bright field TEM
analysis with SAED (Figures 37C and 37D) of one particle revealed its single crystalline

nature with elongation along the c direction and a (010) surface plane.

87



Figure 37. Analysis of single crystalline LiFePO, synthesized at 160°C for 900 minutes.
(A) SEM of powder sample highlighting size and morphological features, (B) XRD
pattern confirming pure LiFePOj, (C) Bright field TEM micrograph of a LiFePOy particle,
and (D) the corresponding SAED from (C), confirming its single crystalline nature.

Figure 38 summarizes the entire process of LFP nucleation, primary particle
formation and single crystal evolution. Initially, thin (100 nm) platelets of
Fe3(PO4),-8H,0 (vivianite, VTE) formed at short reaction times followed by the
nucleation of LFP (20 nm particles) on the metastable VTE surfaces. Upon decrease in
pH, primary LFP nanocrystals subsequently aggregated into polycrystalline diamond-like

particles via an oriented attachment (OA). With increasing reaction time, the solution pH
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further decreased, leading to a dissolution-recrystallization process (i.e., Ostwald ripening,

OR) of the oriented polycrystalline LFP particles to yield evenly sized, single crystalline

LiFePO4.
Region | Region Il Region Il A B
i
-0 Oriented Crystal
LFP Nuclegfion | Attachment growth
>
Ostwald
Ripening .
5 56 Nucleation Primary nanosheets
= . . clusters
= Orientated
3 v attachment
£
5.2 - Ostwald
ripening

Increasing Reaction Duration Single crystal

Figure 38. (A) Reaction time vs. solution pH with LFP formation information and (B)
schematic of LFP nucleation, primary particles formation and single crystal evolution.

4.3.2 Electrochemical performance

In order to relate LFP structure to performance, electrochemical measurements
were conducted for both poly- and single crystalline LiFePO, materials. Cyclic
voltammetry (CV) (Figure 39A), which was performed at a scan rate of 0.2 mV/s at room
temperature, display an oxidation peak and reduction peak, corresponding to the
charge/discharge reactions of the Fe*'/Fe’* redox couple. The polycrystalline LFP sample
(synthesized at 10 minutes) displayed a voltage hysteresis (ca. 0.28 V) and a higher peak
current (0.14 A/g), while the single crystalline LFP specimen (synthesized at 900
minutes), had a voltage difference of 0.44 V and a peak current of 0.1 A/g). It is known
that smaller voltage differences between the charge and discharge as well as higher peak

currents indicate better electrode reaction kinetics, and thus better rate performance.'** '"’
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The results demonstrate that the polycrystalline materials with smaller crystallite sizes (<
40 nm along the [010] direction), yield enhanced kinetics (compared to single crystal
particles) during the lithiation and delithiation. Cycling charge/discharge and rate profiles
of electrodes with carbon-free (i.e., uncoated LiFePO,) polycrystalline and single
crystalline LFP (Figures 39B and 39C) demonstrate similar specific discharge capacities
at C/10 (i.e., 109 and 101 mAh/g for polycrystalline or single crystalline LFP,
respectively). Our materials show higher discharge capacity compared to the previous
reported measurements of carbon free 50 nm LFP particles, which displayed a discharge

"1 Furthermore, at high rate capacities,

capacity as low as 60 mAh/g at a C/10 rate.
polycrystalline specimens with smaller crystallite diameters yielded better electrode

reaction kinetics and thus higher rate performance (Figure 39C).
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Figure 39. Electrochemical characterization of polycrystalline and single crystalline LFP.
(A) CV profiles in the voltage range of 2.7-4.2 V at a scan rate of 0.2 mV/s, (B)
Galvanostatic charge/discharge profiles and (C) Cycling performance at various current
rates between 2.7 V and 4.2 V (vs. Li'/Li).

However, neither of these materials have flat voltage plateaus, which is likely due
to the absence of an electrically conductive carbon coating. In addition, it is likely that
residual moisture, Fe (III) impurities (Figure 40), and less ordered surfaces may be

responsible for reduced performance.
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Figure 40. The XPS of Fe 2p for LFP (A) synthesized at 10 and 900 minutes at 160°C,
both indicating small concentrations of Fe’" impurities. (B) fitted curve for sample
synthesized for 10 minutes and (C) fitted curve for sample synthesized for 900 minutes.

4.4 Conclusions

We have systematically investigated the crystal nucleation and morphological
evolution of LiFePOy in a water-triethylene glycol system. LiFePOj first formed on the
high energy surfaces of Fe;(PO4),-8H,0 platelets. As these primary particles are formed,
the reaction pH decreases, which reduces the surface charge on LiFePO4 primary
particles. This reduction in surface charge enables the primary particles to approach each
other and attach in an oriented manner to form secondary particles. These diamond-like
LFP particles are oriented along the (010) plane and elongated in high surface energy

direction of [001]. As the reaction proceeds, the pH decreases, promoting the further
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crystallization and densification (Ostwald ripening, OR) of LFP due to the increased
solubility of LFP. Electrochemical characterization of carbon free LFP materials
demonstrate a discharge capacity of more than 100 mAh/g. Polycrystalline particles with
smaller primary crystallite diameters afforded higher discharge capacity and better
kinetics compared to the single crystalline particles. Based on our understanding of the
formation mechanism and the structure-performance relationships in LiFePO, using an
environmental friendly synthetic method, we will continue to produce the LiFePO, with

shorter lithium diffusion paths to improve the battery performance.
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Chapter 5.
Conformal Carbon Coating of LiFePQy via

Polymer Solution Method

In preparation

Jianxin Zhu, Kevin Yoo, Ibrahim El-halees, Juchen Guo and David Kisailus. Carbon

Coating of LiFePO4 via Polymer Solution Method. In preparation
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ABSTRACT:

We report the synthesis of thin layer carbon coatings on polycrystalline LiFePO4
via a polymer solution method. The annealing temperature was systematically
investigated with polymer systems on LiFePO, based on TGA/DSC results. The crystal
structure, crystal size and morphology were monitored and analyzed by X-ray diffraction
(XRD) and scanning electron microscopy (SEM). Micro-Raman was used to interrogate
the carbon coatings after heat-treatments. Electrochemical performances of coated
materials were investigated by cyclic voltammograms (CVs) and galvanostatic charge-
discharge analysis. The olivine structured LiFePO4 remained stable up to 600°C, but
underwent a rapid reduction reaction from LiFePO4 to Fe,P above 700°C. The good
compatibility between one polymer, polyethylene glycol (PEG) and LiFePO4 enabled the
formation of core-shell structure, which was transformed into a thin layer carbon coating
on LiFePO, after annealing. Both PEG and sucrose carbon-based sources yielded high
quality of carbon coatings after annealing, as determined by the graphitic/disordered, G/D,
ratios of 1.30 and 1.20, respectively. By producing more uniform and coherent coatings
on LiFePO, particles, we were able to produce batteries with a discharge capacity of
80mAh/g at 2C with significantly less carbon (i.e., 0.41 wt.%) with comparable
performance to traditionally synthesized carbon-coated LiFePO4 with higher carbon
loadings (ca. 2.64 wt.%). This will enable us to produce batteries with higher active

material loading and therefore, significantly larger energy densities.
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5.1 Introduction

Olivine-structured LiFePO, was invented and reported by Goodenough et al.'” i

n
1996 as an excellent candidate for the next-generation large-scale lithium ion battery used
for hybrid electric vehicles (HEVs) or electric vehicles (EVs) because of its low cost,
nontoxic and environmentally benign nature, thermal and chemical stability as well as
good cyclability. One drawback of using LiFePOsy is its low rate capacity, which is due to
the poor electronic conductivity and low lithium ion diffusivity. These disadvantages
inhibit its commercial utilization. In order to overcome this inherent deficiency of
LiFePO,, the particle sizes of LiFePO4 are being reduced to the nanoscale and the
conductivity is modified (e.g., by additives such as carbon, silver, etc., or via
cationic/anionic doping). Among all of the different surface modifications, carbon coated

95,173, 198-201 .
d. > Previous research on carbon

LiFePO4 has been the most intensively studie
coatings have proven successful to increase the performance. However, it has been
pointed out that even small amounts of carbon additive will result in the unrealistically
low practical energy density. As reported by Chen et al.,” the tap density would decrease
from 1.9 to 1.05g/cm’ with only 2.5% carbon added, thus the volumetric density for the
industrial applications will be reduced by more than 40%. Therefore, low (less than 1%)
carbon additives are desired for these practical applications. At the same time, the
structure of carbon is another factor that can affect performance in batteries. The carbon
structure with higher sp>- coordination ratio to disordered carbon or sp’-coordinated

200

carbonaceous is of great benefit to electronic conductivity. Thus, it is urgent to

produce high quality carbon coatings with minimal loading. Figure 41 is the schematic of
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the conventionally used (Figure 41B) and newly proposed carbon coating via polymer

solution method (Figure 41C).

Figure 41. Schematic of carbon coating on LiFePO4 (A) pure LiFePO4 without any
carbon coating, (B) carbon coated LiFePO,4 with conventionally used mechanical method,
and (C) carbon coated LiFePO4 with precisely controlled method.

Here, we utilized a polyethylene glycol polymer as the carbon source to coat the
polycrystalline LiFePOs we previously described (Chapter 4). In recent years,

polyethylene glycol aqueous solutions have been widely used in many different kinds of
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. 202
reaction systems.

Their low-toxicity, low volatility, and biodegradability represent
important environmentally benign characteristics, which are particularly attractive when
combined with their relatively low cost as a bulk commodity chemical. Here we used
PEG as a surfactant in the LiFePO4 aqueous suspensions to form core-shell structures,

and subsequently transforming this to a thin layer coating with very low (less than 0.5%)

carbon content after annealing.

5.2 Experimental Section

5.2.1 Annealing of LiFePO4 powders

The synthesized polycrystalline LiFePOs4 powders using hydro-solvothermal
methods (described in section 4.2.1) were ground with a mortar and pestle for heat
treatment preparation. The ground powder was placed in an alumina boat and annealed in
a sealed tube furnace in 95% N,/5% H; forming gas at temperatures from 200°C — 700°C
for 3hours. The forming gas also helped in the reduction of Fe*" to Fe*" presented in the
pristine LiFePOy (as discussed in section 4.3.2, Figure 40). The samples were taken out
of the tube furnace after cooling to room temperature for subsequent characterization and

electrochemical analysis.

5.2.2 Synthesis of carbon-coated LiFePOy,

Sample A represents the LiFePO, coated with carbon from the PEG source via the
polymer solution method. Briefly, 10% PEG solution was prepared by dissolving a
specific amount of polymer in degassed Milli-Q water until a clear solution is formed. At

the same time, a 1% LiFePO4 suspension was made by adding a specific amount of
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LiFePO4 powder (weight ratio of LiFePO, to polymer is 1:10) to degassed Milli-Q water
and sonicating for 3 minutes. The LiFePO4 suspension was then added to the prepared
polymer solution (drop-by-drop), followed by magnetic stirring (600 rpm) at room
temperature for 1 hour in order to completely mix the polymer and LiFePO, particles.
Finally, the suspension was centrifuged at 8000 rpm for 5 minutes and dried in vacuum at
70°C for 5 hours. The dried samples were then placed in an alumina boat and annealed in
a sealed tube furnace in 95% N/5% H, forming gas at 600°C for 3 hours.

Sample B represents the LiFePO4 coated with carbon from a sucrose source by a
solid-state method. As synthesized LiFePO, powders and sucrose (10 wt.%) were
weighed and mixed in a glass jar containing alumina beads (weight ratio of alumina
beads: LFP/sucrose powder was 20:1). This mixture was mechanically ground for 30
hours using a rolling machine. After grinding, the mixture was annealed in a tube furnace
in 95% N2/5% H, at 600°C for 3hours (i.e., the same procedure as sample A).

Sample C is a control sample, not containing carbon. It is polycrystalline LiFePO4

annealed at 600°C in 95% N/5% H, for 3 hours as the control sample.

5.2.3 Material characterization

Phase identification was determined by X-ray diffraction analysis (XRD, Philips
X’Pert) using Cu Ka radiation. Using the resulting XRD diffraction patterns, crystallite
diameters were calculated based on the Scherer formula. Particle sizes and morphologies
were observed using a scanning electron microscope (SEM, FEI XL30) at 10-20 kV
accelerating voltage. A transmission electron microscope (TEM, FEI CM300), operated

at 300 kV, was used to identify crystallite size, morphology and phase. Thermal and mass
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analyses were performed using a thermal gravimetric analyzer/differential scanning
calorimeter (TGA/DSC, TA Instruments Q600), annealed from 25°C - 700°C (heating
rate of 10°C/min) with a 3 hour hold at 700°C in 95% N,/ 5% H,. This was done to
investigate LiFePO, thermal behavior during annealing. Raman spectroscopy
measurements were carried out at room temperature in an ambient atmosphere using a
532 nm laser as the excitation source with at ImW power. The total carbon content of
coated LiFePO4 samples was analyzed using a Perkin Elmer 2400 II CHN analysis from

Tucson Laboratory of ALS (Australian Laboratory Services) environmental center.

5.2.4 Electrochemical performance

As-prepared LiFePO4 powders (either sample A, B or C), conductive carbon
black (Super P), and polyvinylidene fluoride (PVDF, 78:14:8wt.%) were mixed in N-
methylpyrrolidone (NMP) to produce a slurry. This viscous slurry was subsequently
coated on an aluminum foil current collector. The coated film was dried in the vacuum
oven at 100°C for 12 hours. Coin cells (R2032 type) were assembled in an argon-filled
glove box, consisting of the prepared positive electrode, lithium metal foil as the negative
electrode, Celgard polymer as a separator and 1.0 M LiPF¢ in ethylene carbonate (EC)—
diethyl carbonate (DEC) (50:50 vol.%) as the electrolyte solution. The loading of the
active material was 1.5-2 mg/cm’. The cyclic performance and rate capability of LiFePO,
batteries were tested using an Arbin battery test system (Arbin Instruments, Model
BT2043). Cyclic voltammograms were run on a VMP3 multichannel electrochemical

station.
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5.3 Results and Discussion
5.3.1 Annealing parameters investigation

5.3.1.1 Pristine LiFePO4 annealing study

In order to obtain an optimum annealing temperature for the carbon coating
process, the thermal behavior of synthesized polycrystalline LiFePO4 was investigated by
TGA/DSC. Figure 42 shows the TGA/DSC curves of pristine LiFePOy heated from 25°C
to 700°C at 20cc/min flow rate in 95% N,/ 5% H, (with a 3 hours hold at 700°C). The
first endothermic peak at 110°C, accompanied by a ~2% weight loss, is ascribed to water
desorption. The other three consecutive endothermic peaks at 398°C, 505°C, and 570°C
occurring without obvious mass change are likely due to a crystallization process.
Interestingly, the immediate mass loss (5%) from 600°C to 700°C was observed, which

indicated a reduction reaction of LiFePO, in 95% N,/ 5% H,.2"
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Figure 42. TGA/DSC of pristine LiFePO4 from 25°C to 700°C at 20 cc/min flow rate in
95% N,/ 5% H, with a 3 hour hold at 700°C.

After performing the TGA/DSC, we systematically investigated the resulting
structures by annealing at different temperatures (i.e., from 200°C - 700°C). The XRD
diffraction patterns in Figure 43 show the pristine LiFePO,4 annealed from 200°C to
700°C for 3 hours in 95% N,/ 5% H at 20 cc/min at a 10°C/min ramp rate. Between
200°C and 600°C, the olivine LiFePO4 phase was stable but peak narrowing occurred
between 500°C - 600°C. It is clear that the crystal size increased with increasing heat
treatment (from 200°C to 700°C). The increase in crystalline size above 400°C is
explained by the endothermic peaks at 398°C, 505°C and 570°C from the DSC curve in

Figure 42. XRD for the sample annealed at 700°C for 3 hours identified the Fe,P phase
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(instead of LiFePO,), reflecting the reduction of LiFePO4 under N,/H, at higher

temperatures. Weight loss above 600°C from TGA confirmed this transformation.
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Figure 43. XRD diffraction patterns for pristine LiFePO, annealed for 3 hours in 95% N,
/ 5% H, at: (A) 200°C, (B) 300°C, (C) 400°C, (D) 500°C, (E) 600°C, and (F) 700°C.

Figure 44 depicts the morphological changes for samples heat-treated at various
temperatures. By 400°C, smaller nanoparticles were not observed and the surfaces of
larger particles became smoother, indicating grain boundary diffusion. By 500°C, particle
sizes decreased with increasing crystallite size and the particles appeared more rounded.
By 600°C, the diamond like morphology of particles was no longer evident and some

faceting was evident. By 700°C, a clear change in particle size and morphology had
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occurred. XRD of this sample (Figure 43F) confirmed the Fe,P phase, explaining this

significant change.
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Figure 44. SEM micrographs of pristine LiFePO, annealed in 95% N, / 5% H; for 3
hours at: (A) 200°C, (B) 300°C, (C) 400°C, (D) 500°C, (E) 600°C, and (F) 700°C.
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5.3.1.2 PEG and sucrose annealing study

The thermal analysis of polyethylene glycol in 95% N,/ 5% H; from 25°C to
700°C was investigated using TGA/DSC (Figure 45A). The first two endothermic peaks
before 200°C accompanying with 5% weight loss is due to the water desorption in the
polymer. PEG started to decompose at ~225°C and finished at 450°C with only a small

2% A similar endothermic peak before 200°C also

amount of carbon remaining (0.5 wt.%).
was present for sucrose (Figure 45B), but required longer times for carbonization. To

analyze the resulting carbon structure, we conducted micro-Raman analyses for residues

after various heat treatments for both PEG and sucrose.
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Figure 45. TGA/DSC curves for PEG and sucrose heated in 95% N,/ 5% H; flowing at
20 cc/min. (A) PEG from 25°C to 700°C and held for 3 hours duration and (B) sucrose
from room temperature to 600°C and held for 3 hours duration.

Raman has been widely used to detect and differentiate graphitic and disordered
carbon. Graphitized carbon is known to have a better electronic conductivity compared to
disordered carbon.”>*'* Based on our observations from TGA/DSC (Figure 45), we
annealed PEG at four temperatures (i.e. 400, 500, 600 and 700°C) to investigate the

resulting ordering in the carbon structures. The PEG was heat treated in 95% N,/ 5% H,
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at 20 cc/min with a 10°C/min ramp rate from 25°C to the desired temperature, followed
by a 3 hour hold time. As seen in Figure 46, all of the Raman spectra consist of two
intense peaks at 1355 cm™ and 1584 cm’, corresponding to the disordered (D) and
graphitic (G) bands of carbon, respectively. The third broad peak at 2710 cm™ is
attributed to the 2D band (D peak overtone), which originates from a process where
momentum conservation is satisfied by two phonons with opposite wave vectors.”"” It’s
clear that for all samples, the graphitic peak at 1584cm™ showed higher intensities
compared to the disordered carbon peak at 1355cm™, indicating a good expected

: soe 209,211
electronic conductivity.”

Upon careful examination of these peaks, there is a trend in
the ratio of G/D (Table 10). The G/D ratio increased from 400°C to 600°C, then
decreased at 700°C. The decreased graphitic peak intensity ratio is due to the disruption

of layered carbon structure at high temperatures in the forming gas (the exothermic peak

around 600°C).*"
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Figure 46. Raman spectroscopy of PEG annealed in 95% N,/ 5% H, at 20cc/min for 3

hours duration at: (A) 400°C, (B) 500°C, (C) 600°C, and (D) 700°C.

Table 10. Structural Carbon Data from Annealed PEG and Sucrose Sources

Carbon Source Annealing Temperature (°C) Intensity ratio of G/D
PEG 400 1.30
PEG 500 1.36
PEG 600 1.36
PEG 700 1.15
Sucrose 500 1.20
Sucrose 600 1.43

Based on our observations of an increasing ratio of G/D from 500°C to 600°C, we

selected our annealing temperature for PEG or sucrose coated LiFePO4 to be 600°C.
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Figure 47. Raman spectroscopy of sucrose annealed under 95% N,/ 5% H; at 20 cc/min
for 3 hours duration at: (A) 500°C, (B) 600°C.

5.3.2 Carbon-coated LiFePQ, from PEG (sample A)
5.3.2.1 Mixture of PEG solution and LiFePO4 suspension

After mixing the as-synthesized polycrystalline LiFePO4 suspension with polymer
solution (as described in the experimental section 5.2.2), the mixture morphology was
studied via SEM. Figure 48 reveals that the surfaces of LiFePO4 were surrounded by a
thin film (likely PEG). Upon heating, an evenly distributed carbon layer would likely be
formed on the surfaces. The good compatibility between PEG and LiFePO4 can be
explained by their surface charges. The solution pH of 1 wt.% LiFePOy in water is ~ 10.5
(caused by the reaction of Li with water’"”). Thus, the surfaces of LiFePO, will be
negatively charged (see Zeta potential curve, Figure 34A). Aqueous PEG solutions
(10wt%) have a pH = 7.3. Based on the pKa value of PEG (14~16), we expect the
polymers to be positively charged and can thus electrostatically bind with the LiFePO4

surface.
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Figure 48. SEM micrographs for solution-coated PEG on LiFePO, after magnetically
stirring for 1 hour.

5.3.2.2 Carbon-coated LFP from PEG

Based on our previous investigations (section 5.3.1), we selected 600°C as the
annealing temperature for both PEG and sucrose coated LiFePO4 systems. The SEM
micrographs in Figure 49 displays a similar morphology as the pristine LiFePO4 (as
synthesized, Figure 33A) but shows a larger number of smaller nanoparticles. We believe
this is due to break up of secondary particles under the magnetic stirring. XRD in Figure
50 shows pure LiFePO, phase without any detectable impurities (such as FeP or Fe,P)
and all of the peaks are indexed as an orthorhombic olivine-type structure (JCPDS# 81-
1173).2'® The crystallite size of the LFP coated with polymer was calculated to be 52 nm

using the Scherer equation (Table 11).
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Figure 49. SEM micrographs for carbon-coated LiFePO, (from PEG) after annealing at
600°C for 3 hours in 95% N, /5% H, at 20 cc/min.
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Figure 50. XRD diffraction pattern for carbon-coated LiFePO; (from PEG) after
annealing at 600°C for 3 hours in 95% N,/ 5% H, at 20 cc/min.

The Raman spectra in Figure 51 shows the resulting carbon structure for PEG-

coated LiFePO, after annealing (under the same conditions as pure PEG and sucrose in
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5.3.1.2, Figures 46 and 47). The ratio G/D peaks is the same (1.30) as pure PEG heat-
treated under the same conditions and is comparable or even better than previous

200.217. 218 The smaller peak at 946cm™ is ascribed to the symmetric vibration of

reports.
the PO4 groups in LiFePO,.”'” Based on the high ratio of graphitic carbon, we suspect
these coated LiFePO, particles to display good electronic conductivity, with better high

rate discharge capacities in cells.
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Figure 51. Raman spectroscopy of carbon-coated LiFePO4 (from PEG) annealed at
600°C for 3 hours in 95% N,/ 5% H at 20 cc/min.

5.3.3 Carbon-coated LiFePQ, from sucrose (sample B)
Sucrose, a commonly used source of carbon in battery materials, was also selected

to investigate its effect as a carbon coating on our polycrystalline LiFePOs. The
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procedure (illustrated in the experimental section 5.2.2) uses a solid-state method to
mechanically mix sucrose and LiFePO,. After the same heat-treatment process as sample
A, SEM was used to observe morphological changes and XRD to confirm the phase and
crystallite sizes. Figure 52 shows that particles tend to be more aggregated compared to
the PEG added LiFePO,, which is likely due to heterogeneities from a solid-state mixing

process (versus a solution method).
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Figure 52. SEM micrographs for sucrose added LiFePO4 mixture after annealing at
600°C for 3 hours in 95% N,/ 5% H at 20 cc/min.

The XRD pattern in Figure 53 confirmed pure LiFePO, phase without any
detectable impurities. The crystal size calculated from the Scherer equation is 41nm
(Table 11). It has a smaller crystal size compared to the PEG added LiFePO4 (sample A).
The difference in crystallite size in PEG-coated LFP and sucrose-coated LFP is likely due
to the extra energy provided by the exothermic decomposition of PEG. Figures 45A and
B show the TGA/DSC data for PEG and sucrose, respectively. It is clear that there is an
exothermic peak at 425°C in PEG (and no exothermic peak observed in the

decomposition of sucrose) which likely added energy for the crystal growth on LiFePOs,.
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Figure 53. XRD diffraction pattern for sucrose added LiFePOj, after annealing at 600°C
for 3 hours in 95% N, /5% H; at 20 cc/min.

Raman spectroscopy (Figure 54) displays the carbon structure for sucrose added
LiFePO, after annealing under the same condition of PEG added LiFePO, (sample
A). The spectroscopy is very similar to sample A with a slightly lower G/D ratio of 1.20.
The carbon analysis for samples A and B are listed in Table 11. The carbon content in
sample A (PEG added LiFePQ,) is only 0.41wt% compared to sample B (sucrose added
LiFePO,) yielding 2.64wt% carbon. Based on the above analyses that show a high

concentration of graphitic carbon, pure phase LiFePO4 with small crystallite sizes and
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evenly distributed particle sizes, we expect these samples will display excellent
electrochemical performance. A carbon-free LiFePO, (sample C), heat-treated at 600°C
for 3 hours in 95% N, /5% H;at 20 cc/min, was used as a control sample. The XRD in
Figure 43E from this control sample confirmed the pure LiFePO4 phase and a SEM
micrograph in Figure 44E displayed a decreasing particle size along with an increasing

crystal size, which shown in Table 11.
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Figure 54. Raman spectroscopy of sucrose added LFP annealed at 600°C for 3 hours in
95% N,/ 5% H; at 20cc/min.
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Table 11. Crystal size and carbon content for samples A, B and C after heat-treatment at
600°C for 3hours.

. . . Carbon content
Sample Polymer added Cry(s tal )SIZC Part(lff)sme after annealing
m nm (Wt.%)
A PEG added 52 457nm+154 0.41
0,
g | Suerose (wi.10%) 41 340nm=+180 2.64
added
C Control (w/o 81 488nm:+94 0
polymer)

5.3.4 Electrochemical performance of LiFePQ,
5.3.4.1 CV curve

Cyclic voltammetry (CV) (Figure 55), which was performed at a scan rate of 0.1
mV/s at room temperature for three cycles, display an oxidation peak and reduction peak,
corresponding to the charge/discharge reactions of the Fe*"/Fe’” redox couple. All of the
second and third scans are the same as the first, suggesting the good reversibility of these
cathodes. The carbon coated LiFePO4 using PEG as the carbon source (sample A)
displayed a voltage hysteresis (ca. 0.32 V) with peak current (0.23 A/g), while the carbon
free LiFePO4 (control sample C) specimen had a voltage difference of 0.60 V and a peak
current of 0.11 A/g. It is known that smaller voltage differences between the charge and
discharge, as well as higher peak currents, indicate better electrode reaction kinetics, and
thus better rate performance. 160. 197 The results demonstrate that carbon coated LiFePO,

show enhanced kinetics compared to carbon free LiFePO, during the lithiation and
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delithiation due to the increased electronic conductivity through carbon additive. By
looking at both carbon coated samples A and B, the voltage hysteresis is very close
(0.32V for sample A and 0.31V for sample B) with the same peak current (0.23 A/g for
both A and B), indicating the similar kinetics even though sample A (0.41%) has a much
lower carbon content compared to B (2.64%). This demonstrates the advantages of our
proposed method for the thin film carbon coating with enhanced tap density, thus higher

volumetric energy density.
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Figure 55. CV profiles of LiFePO, in the voltage range of 2.7-4.2 V at a scan rate of 0.1
mV/s for sample, (A) carbon coated LiFePO4 using PEG as carbon source, (B) carbon
coated LiFePO, using sucrose as carbon source, and (C) pure LiFePOy as control sample.
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5.3.4.2 Charge/discharge capacities

Figure 56 shows the galvanostatic discharge capacity as a function of cycle
number for carbon coated LiFePO, (sample A) at a current density of 16 mAh/g. The
cells can delivery 130 mAh/g capacity after 70 cycles with ~ 92% capacity retention
(Figure 56B), indicating the excellent storage ability. It was reported that very small
(<2%) amounts of carbon can effectively increase the capacity retention.”'® Here, with

less than 0.5% carbon in our LiFePOy, the capacity retention was increased dramatically.
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Figure 56. Discharge capacity vs. cycles for carbon coated LiFePO4 using PEG as the
carbon source, (A) cycling performance at 0.1C between 2.7 V and 4.2 V (vs. Li'/Li) for
70 cycles, (B) discharge capacity retention.

Figure 57 shows the specific discharge capacity at different current rates (from 16 mAh/g
to 320 mAh/g) for samples A, B and C. Our synthesized LiFePO, without carbon additive
(sample C) delivers 115 mAh/g at 0.1C, which is better than the other reported data for
carbon free LiFePO; (60 mAh/g at 0.1C).'"" After coating with 0.41% carbon, the
capacity increased greatly (black square). The remarkable advantage of this carbon-
coated material is its high rate capability (80 mAh/g at 2C) with extremely low carbon

content. Its performance is comparable with the 2.64% coated LiFePO, (blue circle).
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Thus, with low quantities of carbon additive, the tap density of LiFePOy increased from

1.1 to 1.8 g/em’ with the volumetric density increased by 40%.
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Figure 57. Carbon-coated and carbon-free LiFePO, cycling performance at various

current rates between 2.7 V and 4.2 V (vs. Li'/Li), (A) carbon coated LiFe

PO, using PEG

as carbon source, (B) carbon coated LiFePO,4 using sucrose as carbon source, and (C)

pure LiFePOy as a control sample.

5.4 Conclusions

We have successfully applied thin layer carbon coating on LiFePO4 via a

polyethylene glycol solution method. The core-shell structure was formed due to

electrostatic absorption of the polymer onto LiFePO, particles and was subsequently

transformed into a thin layer carbon-coated LiFePO4 upon heat treatment
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than 0.5 wt. % of a multi-layer graphitic coating greatly increased the electronic
conductivity and therefore the enhanced electrochemical performance. It is very
promising for many applications since the carbon additive does not affect the theoretical
volumetric energy and has an increased tap density compared to other high carbon

content (~3 wt.%) cathodes.
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Chapter 6.

Conclusions
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The objective of this doctoral work was to investigate high efficiency lithium ion
batteries used in both portable devices and hybrid electric vehicles through investigation
of the structure-function relationships from a fundamental aspect. As one of the most
important components in lithium ion batteries, cathodes play a key role to affect the
whole cell parameters such as cell voltage, discharge capacity, and cycle life, etc.
Therefore, they are extremely crucial and have received much attention in recent years.
Both layered Li[Ni;;3Co13Mn;;3]02 (NCM) structure and olivine LiFePO, structured
materials are promising cathodes as they can provide high power and high energy.

As one of the promising cathodes that used in portable devices,
Li(Ni;5Co013Mn;3)O, (NCM) has drawn much attention as it exhibits much higher
capacity with enhanced safety compared to traditionally used LiCoO,. However, there are
some factors that limit the performance of this material such as relatively large particle
sizes, inhomogeneous particle size distributions, and low packing densities. The particle
size and distributions are strongly dependent on the synthesis methods and annealing
processes. Consequently, a thorough understanding of the nucleation and growth of these
materials in the synthesis process is of fundamental importance. At the same time, a
thorough investigation of the performance-structure relationship is important and
necessary to uncover the factors that caused the capacity fade, which will in turn guide
our design for high efficiency lithium ion batteries.

Olivine LiFePO4 (LFP) has been considered as the most promising cathode
candidate for the next-generation large-scale lithium ion battery used for hybrid electric

vehicles (HEVs) or electric vehicles (EVs). However, the application is hindered by a
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low rate capacity due to the poor electronic conductivity and low lithium ion diffusivity.
A various solutions have been applied to overcome this inherent deficiency of LFP such
as size tailoring, conductive agents (carbon, silver, etc.) addition and cationic or anionic
doping. In the process of all the above solutions, it is important to use a non-toxic and
low cost synthesis system. Thus, it is necessary to understand the formation mechanism
from the fundamental aspect for future cell design with further improved performance. In
addition, decreasing the carbon coating is desired to improve the volumetric capacity
while increasing the conductivity of LFP, which affect rate performance for the large
applications in HEVs and EVs.

Chapter 2 reveals the fundamental crystal growth behavior of
Li(Ni;3Co1/3Mny/3)O; cathode during the annealing process in a two-step synthesis route.
Crystalline Li(Ni;;3Co0;3Mn;3)O, started to form at 200°C from the mixture of
(Ni13Co13Mn;3)(OH), and LiOH-H,O precursors and was completed at 600°C as a pure
phase with the a-NaFeO; structure. Above 700°C, significant crystal growth occurs with
the presence of doublet peaks for the (006)/(102) at 37°(20) and the (108)/(110)
reflections at 65°(28), which is an indication of an ordered hexagonal layered structure
that enables the reduction of cationic mixing during intercalation and de-intercalation of
lithium ions inside the host matrix. Three separate growth regimes during the
Li(Ni;3Co13Mn;/3)O, annealing process were observed from 600°C to 1000°C. At
temperatures below 750 °C, surface diffusion is expected to be the dominant growth
mechanism based on minimal crystal growth and a small rate-controlling exponent 1/n.

At the annealing temperatures from 800°C and 900°C, crystal growth is controlled by the
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volume diffusion, while grain boundary diffusion is the predominant mechanism for the
temperature range of 900°C — 1000°C. The information revealed by this study will help
develop guidelines to control the size and morphological features more precisely, and
will help create design strategies for cathodes that will enable efficient lithium ion
transport and extended lifetime batteries.

Chapter 3 studied effects of crystal structure and size effects on the performance
degradation of Li(Ni;3Co13Mny;3)O0;. The cation ordering and crystal sizes increased
with increasing annealing temperature from 750°C to 1000°C. The higher cationic
ordering yielded better performance for crystal sizes less than 500 nm. Beyond that,
crystal size had a key effect on the electrochemical performance, especially for the high
current density and discharge capacity. These cathodes underwent a lattice parameter
increase and volume expansion after cycling for all samples with various crystal sizes (28
nm, 166 nm, 458 nm and 850 nm). The sample with biggest crystal size showed the
highest change due to the lower strain accommodation at 1000°C. The lattice parameter
“c” displayed a larger change compared to “a”, indicating an anisotropic microstructural
degradation preference.

Chapter 4 uncovered the formation mechanism of LiFePO, nanostructures in a
water-triethylene glycol system and investigated the relationship between the resulting
structures and performance. Initially, thin (100 nm) platelets of Fes(POa),-8H,O
(vivianite, VTE) formed at short reaction times followed by the nucleation of LFP (20 nm
particles) on the metastable high energy VTE surfaces. As these primary particles are

formed, the reaction pH decreased, which reduced the surface charge on LiFePO4
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primary particles. This reduction in surface charge enabled the primary particles to
approach each other and attach in an oriented manner to form secondary particles. These
diamond-like LFP particles are oriented along the (010) plane and elongated in the high
surface energy direction of [001]. With increasing reaction duration, the pH further
decreased, promoting crystallization and densification (Ostwald ripening, OR) of LFP
due to its increased solubility. Electrochemical characterization of carbon-free LFP
materials demonstrated a discharge capacity of more than 100 mAh/g. Polycrystalline
particles with smaller primary crystallite diameters afforded a higher discharge capacity
and better kinetics compared to the single crystalline particles. Based on our
understanding of the formation mechanism and the structure-performance relationships in
LiFePO,4using an environmental friendly synthetic method, we will continue to produce
the LiFePO,4 with shorter lithium diffusion paths to improve the battery performance.
Chapter 5 studied the effective carbon coatings of LFP via a polymer solution
method. Pristine olivine structured LiFePO, remained stable up to 600°C, but underwent
a rapid reduction reaction from LiFePO4 to Fe,P above 700°C. The LFP core — carbon
shell structure was formed due to electrostatic absorption of the polymer onto LiFePO4
particles and was subsequently transformed into a thin layer carbon-coated LiFePO4 upon
heat treatment in N»/H». Less than 0.5 wt. % of a multi-layer graphitic coating greatly
increased the electronic conductivity and therefore the enhanced -electrochemical
performance. Both PEG and sucrose carbon-based sources yielded high quality carbon
coatings after annealing, as determined by the graphitic/disordered, G/D, ratios of 1.30

and 1.20, respectively. By producing more uniform and coherent coatings on LiFePO4
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particles, we were able to produce batteries with a discharge capacity of 80mAh/g at 2C
with significantly less carbon (i.e., 0.41 wt.%) with comparable performance to
traditionally synthesized carbon-coated LiFePO4 with higher carbon loadings (ca. 2.64
wt.%). This will enable us to produce batteries with higher active material loading and

therefore, significantly larger energy densities.
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