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Abstract

Interphase engineering 1s becoming increasingly important in
improving the electrochemical performance of cathode materials for
rechargeable batteries, including Li—ion, Li metal, and all—solid state
batteries, because irreversible surface reactions, such as electrolyte
decomposition and transition metal dissolution, constitute one of
these batteries’ failure modes. In this connection, various coated
cathode materials have been investigated to improve interfacial
properties. Conventional coating methods using oxides, phosphates
and fluorides as coating agents aim the uniformity and the thickness
of protective coating layer on an active material. However, a coating
layer formed through conventional methods such as dry, wet coating
and atomic layer deposition causes an increase in charge transfer
resistance by coating planes where Li" ions intercalates and
deintercalates. This eventually leads to the decrease in rate
capability which is critical for high rate demanding applications such
as electric vehicles.

Herein, we introduce the out—of—plane—selective epitaxial growth

of Li12SnO3 on layered oxide cathode materials using the concept of
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the thermal phase segregation of Sn—doped Li[NixCoyMn,]O2
(x+y+z=1) due to the solubility variation of Sn in Sn—doped
Li[NixCoyMn,] O, with respect to temperature. For LiCoOs, (003)
plane—selectively Li2SnO3 coated LiCoOz is obtained at high
temperature (ca. 900C). Through cross—sectional scanning
transmission electron microscopy analyses, it is revealed that the
epitaxial growth of LioSnOs coating layer is due to the large lattice
mismatch along the planes perpendicular to the diffusion layer.

Moreover, by investigating the phase segregation behavior in
various compositions of layered oxides, essential factors for
application of the plane—selective coating method are identified. It is
revealed that the presence of Mn'" ions in the host material,
structural deterioration is observed at the temperature at which
phase segregation occurs. It is also found that plate —like morphology
is a crucial factor for epitaxial growth of the LioSnO3 coating layer.
By synthesizing Mn—free Li[Niog0Coo0.15Al0.05] O2 cathode materials
with plate—like morphology, the (003) plane—selective Li2SnOj3
coating is achieved for Ni—rich layered oxide cathode material.

Plane—selectively LioSnOs coated materials exhibit superior rate
capability with comparable cycle performance with conventionally

coated ones, owing to the absence of Li* ion diffusion hindering layer.
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This method is promising coating method for layered oxide cathode

materials requiring high rate performances.

Keyword : Lithium ion battery, cathode, plane—selective, epitaxial,

phase segregation
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1. Introduction

Recent advances in electric vehicles (EVs), which use Li ion batteries
as a power source, have shown promise for the expansion of
environmentally friendly mobility.!”* However, EVs still require
energy storage devices with higher energy density to extend a
driving range per charge. In this regards, various materials have been
suggested to improve the energy density of Li ion batteries.” '?

The layered oxide cathode materials are widely used for their high
structural stability, high operating voltage and high reversible
capacity. However, the layered oxide cathode materials suffer from
surface related side reactions such as irreversible surface reactions,
including electrolyte decomposition and transition metal dissolution,
which constitute one of these batteries’ failure modes.'*?" In this
connection, various coated cathode materials have been investigated
to suppress these irreversible surface reactions, leading to improved
electrochemical performance.?’”** Unfortunately, the conventional
coating techniques, such as dry coating, sol—gel coating and atomic

layer deposition methods,?" 2727 focused only on the uniformity and

the thickness of coating layers. These approaches endows the non—
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selective coating layers even on the surface where Li" ions de—
/intercalates. Thereby, this makes it hard for us to acheive
simultaneous enhancement of rate capability and cycle performance
of the cathode material because the coating layer can act as charge
transfer resistance by hindering Li* ion mobility.

Herein, we introduce a new type of plane—selective coating method
on various layered oxdie materials using thermal phase segregation
of doped materials through the solubility variation of solid solution
phases depending on temperatures. For LiCoOs, Sn is easily doped in
the host structure at low synthesis temperature (ca. 700C), whereas
synthesizing at higher temperature (ca. 900C) reuslts in the
segregation of Li»SnOs only on the (003) surface of LiCoO2 due to
low solubility limit of Sn at higher temperature. The plane—
selectively LizSnO3 coated LiCoO2 exhibits higher rate and cycle
performances than the conventionally coated LiCoOso.

Moreover, we also investigated the phase segregation phenomena
on Ni—rich Li[NipsCo0.1Mno.1] O2 cathode materials. Through coupled
structrual and morphological analyses, it was revealed that the
presence of Mn'" ions increases the solubility of Sn, and thus the
increased synthesis temperature is required for phase segregation of
LizSnO3 for Li[NigsCo0.1Mno1]Oz. This leads to the structural

;ﬁ'! X
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deterioration of the host material in Ni—rich Li[NipsCo00.1Mno1]Oz2,
eventually results in the degradation of electrochemical
performances.

Finally, Mn—free Li[Nips0Coo0.15Al0.05] O2 material was investigated
for the plane—selelctive coating of LioSnO3 on (003) surface of Ni—
rich layered oxide cathode mataerial. It was revealed that the
morphology of the host material is an important factor for the plane—
selective phase segregation on Ni—rich layered oxides as well as the
synthesis temperature. Through morphology controlled synthesis via
hydrothemal method, we could obtain plane—selectively Li2SnOs
coated Li[Nipg0Co0.15Al0.05] O2. The (003) plane—selectively Li2SnOs3
coated Li[Nio.g0Coo0.15Al0.05] O2 exhibited higher rate capability than the
conventionally coated one. This approach is promsing for applications

demanding excellent rate performances such as EVs.



2. Backgrounds

2.1. Cathode materials for Li ion batteries

Unlike with conventional primary cells which are designed to be used
once, the structural and electrochemical stability of electrode
material is one of the most important factor when fabricating
rechargeable Li ion batteries. The rechargeable Li ion batteries use
electric energy generated from the reduction and oxidation reaction
of a certain redox center. Therefore, the redox potential of an
electrode material is an important factor that determines the
performance of a battery. The redox potential of an electrode
material is generally governed by the interaction between redox
center (generally, 3d transition metal) and ligands. The bonding
character of the redox center and ligands is dependent on the
distance and strength of the bonding, which is closely related with
the structure of a material. In this connection, various cathode
materials have been explored which have variety structures. Cathode
materials are generally classified into 3 types according to the
channels through which Li" ions diffuse within the material, as shown

in figure 1.



LiCo0, : layered structure LiMn,0, : spinel structure LiFePQ,: olivine structure

Figure 1. Crystal structures of cathode materials where Li* ions are
mobile through 2—dimensional (layered), 3—dimensional (spinel) and

1—dimensional (olivine) frameworks.’



Olivine structure which is represented by LiFePO, is a material that
has 1—dimensional diffusion channel. Olivine LiFePO4 exhibits high
safety which is critical for battery operation.?® The high safety of
LiFePOy is attributed to the inductive effect of PO, tetrahedron.*” %
The inductive effect which stems from strong boding character of P—
O bond reduces covalent character of Fe—0O bond, which inhibits
overlapping of Fe 3d and O 2p band.?" ®? It has been reported that the
overlapping of transition metal and O state is closely related with the
safety of the material in that it causes Oz gas evolution from the host
material.?® ** (Figure 2) Despite the advantages of high safety and
stable cycle performance, the olivine LiFePOy is not considered as
the best option for batteries demanding high power density due to its
low electronic conductivity which stems from the localized electrons
in strong P—0O bond. Therefore, the use of LiFePOy is limited to small

electric devices such as power tools.
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Spinel LiMn204 is a material that has 3—dimensional Li" ion diffusion
channel with superior rate capability.®® *" Moreover, LiMn2O4 can be
synthesized via solid—state reaction which is feasible for mass
production. The low cost of Mn source and environmental amity also
make spinel LiMn2O4 as a promising cathode material for Li ion
batteries. However, spinel LiMn2O4 cathode material suffers serious
capacity fading stems from dissolution of Mn?" cations into the
electrolyte by HF corrosion.?® *¥ (Figure 3) The dissolved Mn*" ions
in electrolyte migrates to anode surface and induce self—discharge
of lithiated graphite. On the surface of lithiated graphite (LiCs), the
electrode potential is low enough (~0.0 V) to Mn** ion to be reduced
to Mn". Simultaneously, Li* ions are extracted from lithiated graphite
to bulk electrolyte, which is called self —discharge, as shown in figure
4. *' The deposited Mn metal on graphite increases the rate of
electrolyte decomposition, especially for ethylene carbonate, which

finally results in internal cell failure.
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Layered oxide cathode material is the most widely used cathode
material for current Li ion battery system. Layered oxide cathode
material has chemical formula of LiTMO2 where TM is 3d transition
metal ions such as Ni, Co, Mn and their combination.’* ** In LiTMO3
structure, which is an analogues to @ —NaFeOs structure, O?" ions
are stacked in close—cubic packing (CCP), which act as framework
of the structure. Within the CCP of 0% ions, Li* ions and TM®" ions
occupy octahedral sites with altering layers in [111] direction, as
shown in figure 5. Therefore, layered oxide cathode material has 2—
dimensional Li* ion diffusion channel between oxygen slabs, which
allows layered oxide cathode materials to deliver excellent rate
capability. In general, along with the fast Li* ion kinetics, layered
oxide cathode materials are synthesized via solid—state reaction,
which give feasibility to mass production. Moreover, the large
window for elements resides in transition metal ion sites provides a

variety of structure for their application.
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Figure 5. Structure of distorted layered a —NaFeOs.
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2.1.1. Co-rich layered oxides

Among the layered oxide cathode materials, LiCoOs is the most
widely used cathode materials for Li ion battery system.** Large
difference in ionic radius of Li* ions and Co®" ion gives completely
separated layers within O%” slabs, which enables high rate capability.
During charge and discharge, a redox reaction between Co®™**
occurs with intercalation and deintercalation of Li* ions.

The LiCoO2 undergoes various phase transition during delithiation,
as shown in figure 6."°*® When Li" ions are extracted from Li;-xCoO»
(x<0.5), the Li slab expands due to the electrostatic repulsion
between O*” slabs, which facilitates Li* ion mobility. When 50% of
Li* is extracted, ca. LipsCoOs composition, LiCoOs undergoes phase
transition from hexagonal to monoclinic which is called “order—
disorder transition” . When more Li" ions are extracted over 90%,
the transformation of oxygen stacking sequence from 03 (ABCABC
stacking sequence) to O1 (ABAB stacking sequence) occurs, which
accompanied with the Fermi level shifting into the valence band.
Consequently, Co®™/** tog and 0%~ 2p band are hybridized, which leads

to oxidation of 0% ions. The oxidation of O ions results in the

evolution of Os gas evolution, which causes irreversible phase

13
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transition and reduce cell safety during cycling.** "

Moreover, it is known that instability of surface structure at high
operating voltage causes irreversible electrolyte decomposition and
Co dissolution in conventional LiPFgs based electrolytes.”” °! The
detailed surface degradation mechanism will be dealt in later section.
To sum up, although the LiCoO2 shows excellent electrochemical
performances, the utilization of Li* ions from LiCoOs is limited to

nearly ~50% with operating voltage below 4.2 V.

2.1.2. Ni-rich layered oxides

The limited utilization of LiCoO2 act as a great hurdle for large scale
energy storage systems and electric vehicles, which demands high
volumetric and gravimetric energy density. Moreover, instability of
market price of cobalt precursor such as cobalt carbonate requires
new type of layered cathode material. In this connection, Ni—rich
layered oxide is one of the most promising alternatives to Co—rich
layered oxide cathode material. Ni—rich layered oxide materials can
deliver high reversible capacity (> 200 mAh g~!) compared to Co—

rich oxide materials.
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The origin of high reversible capacity of Ni—rich layered oxide is
known to stem from its electronic structure. As mentioned earlier,

3+/4+

the overlapping of Co tog band of oxidized LiCoOs overlaps with

0% 2p band to induce irreversible oxidation of O  from the host

3% g and

structure. However, it is known that the overlapping of Ni
0% 2p band is less than that of Co®"*" tug and 0O?” 2p, as shown in
figure 7. Therefore, the oxidation of 0% is mitigated in Ni—rich
layered oxides to deliver higher reversible capacity than Co-—rich
layered oxides.””

However, it is difficult to synthesize stoichiometric composition due
to inevitable site exchange between Li*/Ni*" cation disorder. It is
known that Ni ion has tendency to be formed as Ni?*, which has
similar ionic size with Li*. Owing to this similarity in ionic radii, Ni%*
ions tend to occupy octahedral sites in Li—layer, which is called
cation disorder.’?”®® Li* ion diffusion is hindered in this partially
disordered Li layer in that he Ni?* ions in Li—layer act as blocking

pillar during de—/lithiation process, giving poor rate capability of the

material.
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2.1.3. Surface degradation of layered oxide cathode materials

Although Co—rich and Ni—rich layered oxide cathode materials have
their strength in rate capability and high reversible capacity,
respectively, they both suffer from surface—related side reactions.
These side reactions including transition metal dissolution, salt and
solvent decomposition and crack formation are not fully understood
due to their complexity.

Conventionally known degradation mechanism of layered cathode
material proposed in 1996 is transition metal dissolution from host
material.’’ As shown in the figure 8, the oxidized Lii-«CoO>
undergoes severe Co dissolution from host material over 4.4 V (vs.
Li/Li"). Later, it is reported that Ni—rich layered oxide cathode
materials also suffer from the similar degradation phenomenon.”” °®
The origin of transition metal dissolution is known to be the corrosion
by hydrofluoric acid (HF) generated via decomposition of LiPFs and
other fluorine—containing species. LiPFs, the most widely used salt
for Li—ion battery system, shows good chemical and thermal stability
under dry and inert atmosphere. However, when LiPFs is exposed to
traces of H»O, the salt decomposes to form HF following reaction

below;
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LiPF¢ — LiF + PF5 - (1)

PFs + H:O — POF3 + 2HF -+ (2)

The formation reaction of HF can be catalyzed the presence of
alcohols that can be a product of decomposition of carbonate solvents
at high voltage such as ethylene carbonate (EC).*® ®° The dissolution
of transition metal ion from the surface of host material results in the
phase transition from layered to spinel or rock—salt phase, which is
known to increase charge transfer reaction at the surface.’% ©!
Recently, the dissolution of Mn?* ions from Ni—rich oxides and their
deposition on anode surface leads to severe capacity degradation
during cycling.”® The dissolved Mn?* ions are reduced to Mn" metal
on the surface of anode, simultaneously extracting Li* ions from
lithiated graphite, which 1is called “self—discharge” . This
irreversible self—discharge from anode results in the decrease in
charge carrier, which is especially critical to full cell.

Electrolyte decomposition is also one of the most critical problems
of surface originated degradation. In conventional system, the
electrolyte is composed of salt that contains charge carrier such as

LiPFs, LiFSI or LiClO4 and organic liquid solvents that can dissolve

salts.?” % Among solvents, cyclic carbonates such as ethylene
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Figure 9. Schematic degradation mechanism which originated from

transition metal dissolution from layered oxide materials.®*
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carbonate (EC) and propylene carbonate (PC) are used due to high
dielectric property, which has high solvation strength. Along with
high dielectric property, the viscosity of solvent increases due to
increase in polarity. Therefore, the mixture of solvents with high
dielectric property and low viscosity is used for electrolyte.

Among cyclic carbonates, only EC can be used for Li ion batteries
in that PC is known to induce graphite exfoliation generated from the
co—intercalation of Li* solvated complexes. Unfortunately, EC is
known to be decomposed on the surface of cathode with high voltage
to produce gaseous byproducts such as CO or C02.% %  This
irreversible gas evolution reaction results in low coulombic efficiency
as well as degradation of cell performance and safety. Therefore, the
enhancing surface stability of layered oxide cathode material is

increasingly important.

2.1.4. Conventional surface treatment approaches

With increasing need for materials with high surface stability, many
surface treatment methods were explored. Forming coating layer on

the surface of cathode material is one of the most powerful method
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of increasing surface stability of cathode materials. Coating layer
protects a physically or chemically to suppress the contact between
active material and external substances such as electrolyte, H2O, HF
and COs.

Coating layer is usually an electrical insulator to inhibit tunneling of
electron from active materials to external substances. In this
connection, various coating materials were suggested including
oxides (Al203, ZrO», TiO., MgO, ZnO, etc.), phosphates (Li3POy,
AIPO4, Mn3(POy4)o, etc.), fluorides (AlF3, MgFs, etc.) and sulfides
(MoSs, TiSs, etc.).2 2257778 Bor example, various metal oxides such
as Al:0Os, TiOz and ZrO: coated on layered oxide are known to
effectively reduces Co dissolution from LiCoO2, which enables use in
higher operating voltage range.”? Moreover, when thermally stable
material is coated on the surface of an active material, it is reported
that the thermal stability is enhanced.”® ® ®! This improvement is
owing to the reduced active surface area between an active material
and electrolyte.

To achieve surface coating layer, several methods were developed
such as dry coating, wet coating and atomic layer deposition (ALD).
Dry coating method involves the mechanical mixing the cathode

powder with the coating precursor powder.?” 2° This method has

23

SERL

L



advantage in mass production in aspect of highly simple and safe
procedure. For instance, nanosized SiO. particle was coated on
Li[Nio.g0Co0.15Alp.051 02 (NCA) active material to enhance thermal
stability. With the amphoteric character of SiOz coating layer, NCA
particle is protected from surface byproducts such as acidic species
and electrolyte.®® Unfortunately, it is known that the surface coating
layer synthesized via dry coating method is locally distributed on
active material. Therefore, achieving uniform thickness of coating
layer is quite difficult, which results in lack of reproducibility of
electrochemical performance.

Another method of forming a protective layer on the surface of an
active material is a solution—based wet coating method.”” This
method allows relatively uniform coating layer in comparison to the
dry coating method. In detail experimental process, both active
material and coating precursors are dispersed in volatile solvents,
followed by evaporation of solution and post—heat treatment. This
method has the advantage of being able to form various coatings from
phosphates to fluorides and oxides as a coating layer while providing
moderate coverage. However, safety issue arises from the usage of
volatile character of the solvents used in this process.

Atomic—layer deposition is a method that provides homogeneous

24 2

I:.'_'l'li -"_I.i —Il
T —'| 1] 'l'l



coating layer to active material.’® > 8 This approach is a gas—phase
method of thin—film growth using sequential, self—limiting surface
reactions. Moreover, this reaction requires minimal amount of
precursors in contrary to sol—gel based wet coating method. For
instance, several Angstrom(A)—thick AlsO3 was coated on LiCoO»
via ALD method showed remarkable improvement of electrochemical
properties. Although ALD vyields good coverage and superior
electrochemical improvements, it is not an adequate coating method
for commercialization due to difficulty of mass production and cost

ineffectiveness.

2.2. Purpose of the research

Although the conventional coating methods mentioned above have
extended the limits of application of layered oxide cathode materials
for Li ion batteries, some problems are still being raised such as
production cost and safety issues arise from additional process and
use of volatile solvents, respectively. Moreover, recent studies show
that surface of primary particle also undergoes degradation during

extensive cycling. The conventional coating methods provides

25 2

3 =11 =1
|-1-'l| .J!'

L



coating layers on secondary particles because the coating process is
conducted after the synthesis of an active material. In this case, the
electrolyte can penetrate into inner primary particles once small
defect of the coating layer on the secondary particle is created. The
penetration of electrolyte into uncoated primary particle can cause
consecutive degradation of an active material during extensive
cycling. Therefore, it is essential to find new type of surface
treatment method for layered oxide cathode materials.

Adopting phase segregation can be a promising method for a new
type of surface treatment. The elements can be doped in layered
oxide cathode materials have different solubility limit with respect to
temperature. When concentration of dopants is beyond their
solubility limit, dopants tend to diffused out to free surfaces. Surface
segregation from a grain provides primary particles with conformal
coating layer within the secondary particles, which can also act as
glue that prevents primary particles from apart each other. Moreover,
it also reduces production costs in that it does not need additional

process which is required in the conventional coating method.
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3. Experimental section

3.1. Synthesis

3.1.1. Synthesis of LiCoO:2 based materials

Bare LiCoOg2, Sn—doped LiCoOg, and plane—selectively Li2oSnOs
coated LiCoO2 powders were synthesized using a simple sol—gel
method. LiNO3 (Sigma Aldrich), Co(NO3)2'6H20O (Sigma Aldrich) and
SnCl, (Alfa Aesar) precursors were dissolved in ethanol. The molar
ratios of precursors were Li : Co : Sn = 1.03(1+x) : 1-x ! x where x
= 0, 0.01, 0.02, and 0.05. Citric acid (Sigma Aldrich) as a chelating
agent was added as much as the total molar amount of all cations. The
solutions were stirred for 6 hours at 80C to obtain transparent gels,
followed by being dried in a vacuum oven overnight to exterminate
solvents. Homogenously mixed powders were heated in air at 300C
for 5 hours. Then they were reheated in air for 10 hours at 700TC to
obtain and Sn—doped LiCoO2, and at 900C to obtain bare LiCoO2 and
plane—selectively LisSnO3 coated LiCoO2 powders. The heating rate

was 10C min—1 for all samples and the cooling rate was about 1T
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min ! for plane—selectively Li»SnOs coated LiCoOs powders.

3.1.2. Synthesis of Li[Nio.sC00.1Mno.1]O2 based materials

Bare Li[NiosC00.1Mno1]02, Sn—doped Li[NipsCo0.1Mno1]O2 and
LisSn0O3 coated Li[NigsCoo1Mno.1] O2 were synthesized using a simple
sol—gel method. LiNOs (Sigma Aldrich), Ni(NO3)26H:0,
Co(NO3)26H20 (Sigma Aldrich), Mn(NO3)24H>0 and SnCl, (Alfa
Aesar) precursors were dissolved in ethanol. The molar ratios of
precursors were Li: Ni: Co: Mn: Sn = 1.03(1+x): 0.8(1—x): 0.1(1—
x): 0.1(1—x): x where x = 0, 0.01, 0.02, and 0.05. All procedures
before second heat treatment followed the same procedure in 3.1.1.
After heating at 300C for 5 hours, powders were reheated in flow
of Oz for 10 hours at 800C to obtain bare Li[NigsCoo.1Mno.1]O2. To
obtain Sn—doped Li[NiogCo0.1Mno.1] O2, powders were heated at 860
and 880TC for 10 hours with O2 flow. For phase segregated mixture
of Li»SnO3 and Li[Nip.sCo0.1Mno.1] Oz, powders were heated at 900 for
10 hours with Oz flow. The heating rate was 10T min~' for all

samples and the cooling rate was about 1°C min™!.
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3.1.3. Synthesis of Li[Nio.s0Co00.15Al0.05]O2 based materials

Bare Li[Nigs0Coo.15Al0.051 02, Sn—doped Li[Nip.s0C00.15Al0.05] O2 and
LizSnOs coated Li[NipgoCoo.15Al0.05]1 02 were synthesized using a
simple sol—gel method. LiNOs (Sigma Aldrich), Ni(NOgs)2 6H20,
Co(NO3)26H20O (Sigma Aldrich), AI(NO3)29H2O and SnCl, (Alfa
Aesar) precursors were dissolved in ethanol. The molar ratios of
precursors were Li: Ni: Co: Al: Sn = 1.03(1+x): 0.8(1—x): 0.15(1—
x):0.05(1-x): x where x = 0 and 0.05. All procedures before second
heat treatment followed the same procedure in 3.1.1.

After heating at 300C for 5 hours, powders were reheated in flow

of Oz for 10 hours at 750C to obtain bare Li[NiogoCoo.15Alp.05] O2. To

obtain Sn—doped Li[Nips0Co0.15Al0.05] O2, powders were heated at 700C

for 10 hours with O2 flow. For phase segregated mixture of LioSnO3
and Li[NipgoCoo.15Al0.05] O2, powders were heated at 750 for 10 hours
with O» flow. The heating rate was 10°C min ! for all samples and the

cooling rate was about 1°C min~ .
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3.14. Synthesis of plane-selectively Li2SnO3 coated

Li[Nio.80Co00.15Al0.05]O2

The [Nio.g0Co0.15A10.05] 0.95Sn0.05(OH) 2 precursors were synthesized
through hydrothermal method. Ni(NO3)26H20, Co(NO3)2 6H20
(Sigma Aldrich), A1(NO3) 2 9H20 SnCl. (Alfa Aesar) precursors were
dissolved in 30 mL of ethanol. The molar ratios of precursors were
Li: Nit Cot Al: Sn = 1.03(1+x): 0.8(1—=x): 0.15(1—x): 0.05(1—x): x
where x = 0 and 0.05. Then, 0.3 g of Polyvinylpyrrolidone (PVP,
average molar mass = 29000) was dissolved in the solution as a
surfactant. The solution was sealed in 100 mL Teflon—lined
autoclave and heated at 180C for 10 hours. The precipitates were
washed for 4 times with water and ethanol, respectively, and
separated with solution by centrifuging. The powders were dried in
vacuum oven at 80C for overnight to exterminate trace of water.

Plane—selectively LisSnOs coated Li[NipgoCoo.15Alp.05]02 were
synthesized through solid—state reaction between LiOH*H20 and the
synthesized [NiogoCoo.15Al0.05] 0.955n0.05 (OH) 2 precursor. The molar
ratio of precursors were 1.08: 1. The mixed powders were heated at

750C for 10 hours under O flow. The heating rate was 10°C min !

for all samples and the cooling rate was about 1°C min ".
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3.1.5. Conventional coating of Li2SnO3 on host materials

Conventional sol—gel derived LieSnOs coated LiCoO2 and
Li[Nio.s0C00.15Al0.051 02 were obtained according to the previously
reported method. LiNOs (Sigma  Aldrich) and Tin(IV)
ethylhexanoisopropoxide (Alfa Aesar) were dissolved in 2—Propanol
(Alfa Aesar) with the molar ratio of Li: Sn = 2 : 1. Bare LiCoO3z and
Li[NiogoCoo.15Al0.05] O2 powders were dispersed in the solution with
the molar ratio of Li2SnO3: LiCoOgz (or Li[Nipg0Co0.15Al0.05] O2) = 0.05:
0.95. The mixtures were dried using a rotary evaporator at 50T to
remove solvents. Then, powders were heated in air at 750 and 800C

for 6 hours for Li[Nipg0Coo.15Al0.05] O2 and LiCoOs, respectively.

3.2. Material characterization

3.2.1. Structural analysis

X—ray Diffraction (XRD) analysis is a powerful tool when
determining the atomic structure of a crystal. When X—ray beam is

radiated in a crystal with a periodic atomic arrays, the constructive
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interference between scattered radiation occurs to a specific angle

(Bragg’s angle). This bragg approach is to regard crystals as built up
in layers or planes such that each acts as a semi—transparent mirror.
Therefore, the distance between planes can be calculated with
bragg’s law (A =2dsinf), where A is X—ray wavelength and d is
distance between the mirror—like adjacent planes.

From the XRD profiles, interpretation of crystallographic
information such as unit cell parameters, atomic parameters,
crystallinity, disorder and defects is possible through the Rietveld
refinement method. The Rietveld refinement method is a way of
fitting technique that fits a calculated profile to an experimental data
by employing non-—linear least square method. The unit cell
parameter information such as a, b, c, @, B, 7, etc.is obtained with
the peak positions of the profile. The atomic parameters including
atom positions and thermal factor are dependent on the peak
intensities. Moreover, the macroscopic information such as
crystallinity, strain and stress is represented by the peak shapes of
the profiles. Therefore, combining XRD and the Rietveld refinement
method is essential for understanding the structural information of
the crystals.

XRD patterns of powders and electrodes were obtained using a
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Bruker D2 PHASER with Cu Ko radiation (A = 1.5418 A) operated in
the 20 range of 10-80°. The lattice parameters and the occupancies

of atoms were obtained from full pattern matching refinements using

the TOPAS program.

3.2.2. TEM analysis

Transmission electron microscopy (TEM) 1is a microscopy
technique that provides atomic scale resolution by using electron
beam. The images are formed from the interaction of the electrons
with the sample as the electron beam is transmitted through the
sample. Generally, due to the short wavelength of electron wave (ca.
2.73 pm, at 200 keV accelerated beam), the resolution of a TEM is
high enough to observe atomic arrays of the sample (ca. 0.2 nm).

In this study, a scanning transmission electron microscope (STEM)
is used rather than high resolution TEM (HR—TEM) because STEM
yields higher resolution in atomic scale. In STEM, two types of
images can be obtained such as high—angle annular dark-—filed
(HAADF) and bright filed (BF) images with respect to the detectors.

Particularly, by using HAADF detector, it is possible to obtain atomic
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resolution images where the contrast of an atoms is directly related
to the atomic number. Moreover, energy—dispersive X-ray
spectroscopy (EDS) information can be obtained, which provides
compositional information and elemental mapping images of the
samples.

TEM samples were examined using a high—resolution transmission
electron microscope (HR—TEM, STEM, JEOL ARM—-200F). Cross—
sectional thin STEM specimens were obtained using the Ar ion slicer
(JEOL EM—-09100 1IS). FE—SEM images were obtained using an FE—

SEM (JSM—-6701F, JEOL Ltd).

3.3. Electrochemical characterization

3.3.1. Electrode fabrication

To investigate electrochemical properties, thin film cathode was
fabricated by mixing active material, conducing carbon and binder.
Active materials were mixed with carbon black (Super P, TIMCAL)
and polyvinylidene fluoride (PVdF, KF—1100, Kureha) in a weight

ratio of 8:1:1. The slurry was cast onto a 20 g m thick rrent collector
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(Al foil). The electrodes were dried at 120C overnight in a vacuum
oven to exterminate trace of water. The mass loading of active
materials in electrodes is 5.5 — 6 mg cm 2 The thickness of the

cathode laminate is ~20 g m.

3.3.2. Galvanostatic charging and discharging

The electrochemical performance of half cells was evaluated using
2032 coin cells with a Li metal (Honjo metal Co. Ltd.) and 1.3 M LiPFg
in ethylene carbonate, ethylmethyl carbonate and dimethyl carbonate
(30:40:30 vol.%, Soulbrain Co. Ltd.). Galvanostatic experiments of
the electrodes were performed using WBCS 3000 (WonATech,
Korea) at 25C. The current densities and operating voltage windows
were varied with respect to the active materials. For LiCoQOg, cycle
tests were performed at a current density of 1 C rate (160 mA g™ ")
after precycling at 0.1 C rate (16 mA g—1) within the voltage ranges
between 3.0—4.5V (vs. Li/Li"). For Ni—rich Li[NipsCo00.1Mno1]O2 and
Li[Nio.80Co00.15Al0.05] O2, cycle tests were performed at a current
density of 0.5 C rate (100 mA g~!) after precycling at 0.1 C rate (20

mA g 1) within the voltage ranges between 3.0—4.4 V (vs. Li/Li").
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3.3.3. AC electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was measured using
LiCo04/LiCo0s symmetric cells with an amplitude of 5 mV over a
frequency range of 0.005 to 100 kHz. The electrodes used for
LiCo0/LiCo0s symmetric cells were charged upto 4.05 V (vs. Li/Li")

after 1% precycle.
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4. Results and Discussion

4.1. Plane-selective LiSnOs coating on LiCoO:

4.1.1. Theoretical backgrounds

Theoretical background of phase segregation of LisSnOs and LiCoOq¢
was investigated through density functional theory (DFT) calculation.
Among various thermodynamic variables, the Helmholtz energy was
calculated to compare phase stability of LiCoOg, Li2SnOs3, and Sn—
doped LiCoOs. Comparing the Helmholtz energy is reasonable when
considering the thermodynamic stability of phase stability of solids.

The Helmholtz free energy is defined as following equations 3.

A=U-TS - (3)

A 1s the Helmholtz free energy, U is the internal energy, T 1is
temperature and S is the entropy. Considering that temperature and
volume is a natural pair of variables, differentiated expression for A

can be denoted as equation 4.
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dA =dU - Tds - SdT -+ (4)

Using the combined mathematical form of first and second laws of
thermodynamics, the differentiated expression can also be denoted

as equation 5.
dA = —pdV - SdT - (5)

Thus, the Helmholtz free energy represents the thermodynamic
potential at constant volume. Considering that the volume expansion
of unit cell with respect to the temperature is negligible in solids, the
Helmholtz free energy shows temperature dependent behavior. In
this condition, the lower the Helmholtz free energy, the more
thermodynamically stable phase.

FigurelO shows the difference between the Helmholtz free energies
(Fonix — Faop) of xLi2Sn03 + (1 —x)LiCoO2 (Fni) and Li[SnxCoi-x] Oq
(Faop). X is assumed to be 0.08 in the calculation, because this value
corresponds to the ratio of one Sn atom in the super cell of LiCoO»
used in the calculation. The value of Fuix — Fap 1S positive at

temperatures below ca. 1000 K, implying that Sn—doped LiCoOs is
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thermodynamically more stable than the mixture of xLi2SnO3 and (7 —
x)LiCo0O: at these temperatures. ). The value of Fx — Fuop, however,
decreases with increasing temperatures. Eventually, this value turns
positive to negative at ca. 1000 K. This indicates that the mixture of
xLi2Sn0O3 and (7 —xJ)LiCoO2 is more stable than Sn—doped LiCoO3 at
> ca. 1000 K.

The DFT calculation result demonstrates that heat treatment over
1000K results in the phase segregation of Li»SnO3 and LiCoO2, which
shows the possibility of one—step surface coating using the thermal

dependence of solubility of Sn, following scheme in figurell.
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4.1.2. Phase segregation of Li2SnO3 on LiCoO:2

When the sol—gel precursors of LiNOs, Co(NO3)26H20, SnCls, and
citric acid were heated at 700C, 5 at% Sn—doped LiCoO: (space
group: R—3m) was obtained without impurities, as shown in its XRD
pattern. (Figure 12) However, B —Li.SnO3 (space group: Cl2/cl)
appeared at above 700TC and its XRD peak intensities increased
gradually, as the heating temperature increased from 750 to 900C.
This indicates that Sn—doped LiCoOz2 is gradually decomposed to 8
—Li2Sn0O3 and LiCoO2 with increasing temperatures at above 700TC.
This is further supported by change in the (003) plane peak position
of Sn—doped LiCoO2 with increasing temperatures. The (003) plane
peak position of Sn—doped LiCoO:2 obtained at 700C is lower in 26
than that of bare LiCoOs. This is attributed to that the (003) plane of

Sn—doped LiCo0O: was expanded because of the replacement of Co®*

ion (radius: 0.545 A) with larger Sn*" ion (radius: 0.69 A) in LiCoOs.

However, the (003) plane peak position of Sn—doped LiCoO:
gradually shifted to the higher 2 6 with increasing temperatures,
and eventually, the XRD peak position of the sample obtained at 900 T
is almost same as that of bare LiCoOs. This implies that the lattice

parameter ¢ of Sn—doped LiCoO2 decreased with increasing
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temperatures.

To investigate the change of the lattice parameter and behavior of
Sn, the Rietveld refinement was conducted with XRD patterns in
figure 13. The Rietveld refinement is a powerful tool for analyzing
structural information from XRD in that it shows crystallographic
information such as space group, lattice parameters, site and
occupancies of atoms within a unit cell. As shown in figure 13, the Sn
amount in a Li[Co1-xSny] Oz unit cell decreases from 5.00% (£0.70 %
to 0.70% (£ 0.70%) with increasing heating temperature from 700C
to 900C. In addition, the calculated lattice parameters a and c
decreases as the Sn is diffused out from the host material. This
reveals that the solubility of Sn in LiCoO» decreases with increasing
temperature, eventually leading to the phase segregation of Sn—

doped LiCo0Oq into a mixture of Li2SnO3 and LiCoO» at 900TC.
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4.1.3. Plane-selective coating of Li2SnO3 on LiCoO2

To investigate morphological change with LioSnO3 segregation on
LiCo0y, scanning electron microscopy (SEM) and cross—sectional
scanning transmission electron microscopy (STEM) images were
compared. As shown in figure 14, bare, Sn—doped LiCoO:2 and
LioSnO3—LiCo0Os mixture particles are several hundreds of nm in size,
with plate morphology in the form of a single crystal. The plate
morphology originates from the lower surface energy of (003) plane
than other surfaces including (104) and (012) in oxidizing
environment.® % The high heating temperature gives oxidizing
environment during heat treatment.

Cross—sectional STEM analysis was conducted to clarify the phase
segregation phenomenon during synthesis. In detail, energy
dispersive X-ray spectroscopy (EDS) mapping images were
collected to compare the distribution of Sn and Co with respect to
heating temperatures. (Figure 15) The sample heated at 700C and
900C was analyzed as an sample of Sn—doped and Li:SnOsz—
segregated LiCoOsq, respectively. When sample is heated at 700C, Sn
was uniformly distributed and overlapped with Co within a particle.

This result corresponds to the XRD and the Rietveld refinement
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Figure 14. SEM images of xLi»SnO3 + (1—x)LiCo0O2, where x= (a)

0, (b) 0.01 (c¢) 0.02 (d) 0.05.
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Figure 15. Cross—sectional STEM—EDS mapping images of Sn 5

at% added LiCoO; synthesized at (a) 700 and (b) 900C,

respectively.

48



result which showed that Sn is successfully doped in LiCoO2 host
structure. At 900C, however, the distribution region of Sn and Co
are clearly separated where Co is located in a particle while Sn in the
outside region of a particle. Considering their XRD patterns
(Figurel?2), this suggests that LioSnO3 is segregated outside LiCoOsq
at 900°C. Moreover, it is notable that LioSnO3 does not cover all facets
of a LiCoOg2 particle. Li2SnO3 layer was selectively and uniformly
grown only on the specific plane of LiCoOs. This selective phase
segregation behavior of Li2SnOs was commonly observed throughout
all particles. From the cross—sectional line EDS profile along the
direction perpendicular to coating layer, the thickness of LizSnOs3
coating layer has several tens of nanometers. (Figure 16)

To investigate the origin of unique behavior of plane—selective
segregation of LixSnO3 on LiCoOz at 900TC, the cross—sectional
high—angular annular dark—field (HAADF)—-STEM images in atomic
resolution of the samples with different cooling rates. Figure 17
shows HAADF—-STEM images of the slowly cooled sample. Bright
gray and dark gray regions correspond to LizSnO3 and LiCoOsg,
respectively. In dark filed images, elements with higher atomic
number shows brighter images because more electrons are scattered

at higher angle due to greater electrostatic interaction between the
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Figure 16. Cross—sectional STEM—EDS line profile of plane—
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Figure 17. STEM analysis of plane—selectively LioSnO3s coated
LiCoO3 synthesized with slow cooling rate (1/min). (a) Z—contrast
image (b) Enlarged Z—contrast image of red square in (a). FFT
pattern of (b) image. (d) Line profile of STEM image intensity

across the interface through line 1 along [001] direction in (b).
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nucleus and the electron beam. As shown in the figure 17a, bright
region resides only on the specific plane of the particle, indicating

that LioSnQOs3 is segregated only on the specific surface of LiCoOs. The
magnified atomic resolution image at the interface between LioSnOs
and LiCoOsq is displayed in figure 17b. The magnified image shows the
continuous layered structures of Li»SnOs stacked on LiCoO2 without
dislocations. Their corresponding Fast Fourier—Transform (FFT)
patterns indicate that the zone—axes of LiCoOz and Li2SnO3 are [010]
and [310], respectively, as shown in figure 17c¢. Since both directions
are perpendicular to [001] direction of LiCoO: and Li.SnOs, this
implies that Li2SnOz coating layers were epitaxially grown on the
surface of LiCoO: along the [001] direction. To clarify the
characteristics at the interface between Li2SnO3 and LiCoOg, the line
profile of image intensity perpendicular to the interface was analyzed
through the line 1 along the [001] direction. (Figure 17d) The
interlayer distances in the dark and the bright regions, respectively,
are approximately 4.65 A and 4.94 A. They are almost the same as
the interlayer distances of LiCoO2 (4.677 A, JCPDS #50—0653) and
LioSnO3 (4.937 A, JCPDS #73-0160) along the [001] direction.
This indicates that the solubility of Sn in LiCoOz3 is negligible at 900 T,

which is consistent with the XRD results. Consequently, this suggests
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that, since the solubility of Sn in LiCoOs decreases with increasing
temperature, Sn—doped LiCoO: obtained at 700C decomposes
gradually with further increasing temperature. Eventually, LioSnOs
was grown outside on the surface of LiCoO2 at 900C.

For quenched sample, however, the cross—sectional morphology
aspect is quite different to the slowly cooled sample. Some of bright
regions are located within the particle, indicating that some of Li2SnO3
particles are segregated within the LiCoO» particle. The interlayer
distance is approximately 4.6 A in the dark region and is 4.9 A in
the bright region. This indicates that the inside domain and the
outside area of the quenched sample are LizSnOsz and LiCoOsg,
respectively. The different morphology between the slowly cooled
and quenched samples suggests that LiosSnO3 was diffused out during
a slow cooling process, because the (001) surface of LizSnO3 is more
stable than that of LiCoOs.

Moreover, the magnified atomic resolution HAADF image shows that
several grain boundaries are generated in quenched sample. (Figure
18) In plane—selectively Li2SnOs coated LiCoOsz, the ordered
interface is observed perpendicular to the [001] direction. However,
the disordered grain boundary was observed at the interface through

line 3. This is due to the large lattice mismatch between the Li2SnO3s
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and LiCoOq planes parallel to the [001] direction. In other words, the
epitaxial growth of LioSnOs is available only on LiCoOs planes
perpendicular to the [001] direction. The disordered boundary is also
generally less stable than the ordered boundary. Therefore, we
suggest that the plane—selective growth of Li2SnO3 on the LiCoO2
planes perpendicular to the [001] direction occurs to suppress the

disordered boundaries.

4.1.4. Electrochemical performances

To demonstrate the role of the plane—selective LioSnOs coating on
LiCoO, in electrochemical performance, the rate and cycle
performances of bare, plane—selective Li2SnO3 coated LiCoO2 and
conventionally Li2sSnO3 coated LiCoOz were examined. Therefore, the
improvement in both rate performance and cycle performance is
challenging. XRD pattern of the conventionally Li2SnOs coated LiCoO»
via sol—gel method shows that there is no structural difference
compared with plane—selective Li2SnO3 coated LiCoOg. (Figure 19)
Moreover, the conventional sol—gel coating provides randomly
covers layered oxide cathode material even where Li* ions de—

/intercalates, as shown in figure 20. Unlike to the plane—
55



conventional coating
—— plane-selective coating
bare

Intensity / A.U.

10 20 30 40 50 60 70 80 18 19
2 0/ degree

Figure 19. Powder XRD patterns of bare, plane—selectively Li2SnOs3;

coated and conventionally LioSnOj3 coated LiCoOs.
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Figure 20. Cross—sectional STEM—EDS mapping images of the

sol—gel derived conventionally Li2sSnO3s coated LiCoOso.
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selectively Li2SnOs coated LiCoOg, Sn is randomly distributed on the
surface of the host LiCoOs.

The rate performance was evaluated at various C rates from 0.1 (16
mA g b to 10 C (1.6 A g™ 1) rates in the voltage range of 3.0 - 4.5V
(vs. Li/Li"). The plane—selective LisSnOs; coated LiCoOs showed
remarkably better rate performance than did the conventional sol—
gel derived LioSnOjs coated LiCoOq, as shown in figure 21. The
discharge capacity retention at 5 C (800 mA g—1) of plane—
selectively Li2SnOs coated LiCoOz is 81.8 % while that of
conventionally Li2SnO3 coated LiCoO2 is 65.2 %. The voltage profiles
of plane—selectively and conventionally LizSnOs coated LiCoOg at
various C rates are shown in figure 22. The polarization of plane—
selectively Li2SnO3z coated LiCoO2 are lower than that of
conventionally Li2eSnO3 coated LiCoO: at high C rates over 5 C.

Li" ions are intercalated and deintercalated into LiCoO2 through the
planes parallel to the [001] direction. (Figure 23) The coating layers
of the conventional sol—gel derived Li2SnOs coated LiCoOg partially
cover the charge—transfer planes parallel to the [001] direction,
because the conventional coating does not provide plane—selective
coating layer. Although Li»SnO3 is known as a Li* ion conductor, this

coating layer still hinders the charge—transfer of Li* ions, resulting
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Figure 21. Rate performances of conventionally LioSnO3 coated and

plane—selectively Li2SnO3 coated LiCoOs.
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Figure 23. Schematic charge—transfer of Li" ions for (a)
conventionally Li>SnOs; coated LiCoO: and (b) plane—selectively

Li2SnO3 coated LiCoOs..
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in an increase in charge—transfer resistance. However, the plane—
selective LioSnO3 coated LiCoOs does not increase charge—transfer
resistance, because the Li2SnO3s layers are selectively coated only on
LiCoO3 planes perpendicular to the [001] direction, except for the
charge—transfer planes.

This is supported by the impedance analysis of cathode/cathode
symmetric cells. (Figure 24) Each electrode was charged up to 4.5V
under and disassembled and reassembled immediately to prevent
self—discharge. The plane—selective Li2SnO3 coated LiCoO2 showed
a lower charge—transfer resistance (smaller semicircle) than did the
conventionally Li2SnO3 coated LiCoOso.

The cycle performance of the plane—selective Li2SnOs coated
LiCo0O, was also better than the conventionally LiosSnO3 coated LiCoQO»
(Figure 25). This suggests that the plane—selective epitaxial coating
is more beneficial for suppressing the Co dissolution and irreversible
electrolyte decomposition on LiCoO» at high voltages (> 4.3 V vs.
Li/Li") than the conventional sol—gel coating. We speculate that the
uniformity of the coated particles is responsible for the enhanced
cycle performance. In addition, we examined the electrochemical
performance of LiCoO2 with various coating amounts of LioSnOs from

1 at% to 5 at%. Even the small coating amount of 1 at% Li2SnO3
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Figure 24. Nyquist plots of LiCoO2/LiCoOs symmetric cells for
conventionally Li2SnOs coated LiCoO2 and plane—selectively LioSnOs

coated LiCoOso.
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exhibited excellent cycle performance over 100 cycles with a high
reversible capacity of 179 mA h g ! at 1 C rate. (Figure 26).

To evaluate effectiveness of plane—selective LioSnO3 coating on

LiCo0O2, the storage characteristics at high temperature is examined.

(Figure 27) The electrodes were charged up to 4.55 V and
disassembled in Ar—filled glove box without exposure to H2O or
ambient air. Then, the electrodes were stored in 1.3 M LiPFs in
EC:EMC:DMC=3:4:3 (v:viv) for 15 days at 85C. After storage, the
concentration of dissolved Co is examined with ICP—MS. The
concentration of dissolved Co ions after high temperature storage
greatly reduced in both coated samples. In addition, the concentration
of Co is lower in plane—selectively LioSnOj3 coated LiCoO» than in
conventionally Li2SnOs coated LiCoO2. We speculate that this result
is attributed to the denser and conformal coating layer is formed by
plane—selective Li2SnO3 coating method than conventional coating

method.
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4.2. Application to Ni-rich layered oxide cathode materials

4.2.1. Phase segregation on Li[Nio.sC00.1Mno.1]O2

We have confirmed that one—step plane—selective LioSnO3 coating is
an effective method for enhancing electrochemical performances of
LiCoOgz. Although LiCoOz shows excellent electrochemical
performances, the instability of market price of Co precursor leads
to the development of Ni—rich layered oxides. Ni—rich layered
oxides can deliver high reversible specific capacity over 200 mAh g~
! However, the surface treatment is inevitable for application of Ni—
rich layered oxides due to their reactive surface. Unfortunately, as
we discussed in background section, the conventional coating
methods, which provides randomly coated morphology, are not
effective in enhancing both rate capability and cycle performance.
Considering that Ni—rich layered oxide cathode materials exhibits
poor rate capability than Co—rich layered oxide cathode materials, it
could be more effective to provide one step plane—selective coating
layer only on (003) surface of Ni—rich materials in perspective of
both cost and electrochemical performances.

We first examined phase segregation temperature of Sn—doped
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Li[NipsCo00.1Mno.1] O, (NCM811) cathode material. The optimized
synthesis condition of bare NCM&811 is 800T for 10 hours under O
atmosphere. To investigate phase segregation temperature of Sn 2
at% doped NCMS811, sol—gel precursors were prepared following
procedures in experimental section 3.1.2. Then, the powders were
heated at 800 for 9 hours followed by heat treatment at 860, 880
and 900TC for 10 minutes then slowly cooled (1C/min) to room
temperature. This 2 step heat treatment is to minimize the structural
deterioration at high synthesis temperature. In detalil, it is reported
that LiNiOs decomposes into Lii—-xNii+xO2 (x>0) at high temperature
over optimized temperature (> 700C). At higher temperature, LiNiO»
is believed to be decomposes into Li1—xNii+xO2, Li2O and gaseous Os.
In oxidizing condition like O2 atmosphere, LisO easily transforms into
Li»02.%" This indicates that the chemical delithiation occurs during
synthesis at high synthesis temperature, which facilitates the
migration of Ni ions into Li layer. Therefore, a careful consideration
1s needed to be addressed on the optimization of synthesis
temperature of Ni—rich layered oxides.

Figure 28 shows the powder XRD patterns of bare and Sn 2 at%
added NCM811 powders synthesized at various heating temperature.

Regardless of synthesize temperature, all NCM811 samples show F—
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Figure 28. The XRD patterns of Sn 2 at% added

Li[Nig.sC001Mno1] O synthesized at various temperatures.
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3mlayered structure. From magnified XRD pattern in region between
17-20° (002) peak of Li»SnO3 around 18° is observed for the sample
synthesized at 900C. The peak shift of (003) NCM811 around 18.9°
was negligible in XRD pattern, which is attributed to the small amount
of Sn concentration changed within the host material.

To clarify the structural change with heating temperature, the
Rietveld refinement was conducted. As shown in figure 29, bare
NCMRE11 shows 1.8 % of cation disorder at the optimized synthesis
temperature. For Sn 2 at% added NCM811, the amount of doped Sn**
ion is 2.0, 0.9 and 0.5% as the heating temperature increases from
860, 880 and 900C, respectively. This result is consistent with the
LioSnO3—LiCo0Os phase segregation phenomenon, discussed in
previous section. Although it is confirmed that the phase segregation
with increasing heating temperature between Li2SnO3z and NCM811
is possible, the structural deterioration is observed for NCM811. The
cation disorder of NCM811 host material is 2.3, 2.5 and 2.7 % at 860,
880 and 9007, respectively. This structural deterioration leads to
the deterioration of electrochemical performance, which will be
discussed later in this study.

To investigate the phase segregation morphology of LisSnOj

segregated NCMR&11, cross—sectional STEM—EDS mapping analysis

71



3.1 25
2.9 -
2 L 2.0
S 27
[+1]
E 2.5 - 45
2 23
S 21 - 1.0
g
19 -
© L 0.5
1.7 -
15 0.0

bare 860°C

880°C 900°C

Doping amount / %

Figure 29. Rietveld refinement results of XRD patterns in figure 28.
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Figure 30. Cross—sectional STEM—EDS mapping images of Sn 2

at% added Li[NipsCo00.1Mnp1]O2 synthesized at 900C.
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was conducted for the sample synthesized at 900C. As shown in the
figure 30, Ni, Co and Mn are homogenously distributed throughout
the particle. Interestingly, the Sn is segregated on the surface of
NCM811 particle. Unfortunately, however, unlike (003) plane—
selective Li2SnO3 coating layer is observed in LiCoQOsg, LioSnOs coating
layer is not segregated on (003) surface of NCM&11. The Li.SnOs3
coating layer is randomly distributed on the surface of NCM811
particles. The origin of random distribution of Li2oSnOj3 coating layer
will be discussed in layer section in detail.

Due to the random distribution of LisSnOs coating layer and
structural deterioration during phase segregation, one—step phase
segregation coating of Li2SnOs on NCM&11 does not significantly
enhance electrochemical properties of NCM811 active material, as
shown in figure 31. Bare NCM&811 shows discharge capacity of 199.7
mAh g~' while the discharge capacity decreases from 189.3, 184.0
and 176.6 mAh g ! with increasing heating temperature from 860,
880 and 9007, respectively.

Moreover, the polarization at initial charge step increases with
increasing heating temperature, exhibiting great increase in
polarization in the sample synthesized at 900C. (Figure 32) The

increase 1n polarization at the initial charge is closely related to the
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value of cation disorder in Ni—rich layered oxide cathode materials.
The cation disorder represents the amount of Ni** ions in the Li layer,
which act as pillar that hinders Li* ion diffusion within the Li slab. In
this way, the reduced Li" ion mobility within the diffusion layer
results in the increase of polarization during charge and discharge. In
addition to the increase in polarization with increasing temperature,
randomly Li2SnOs coated NCM811 does not exhibit superior cycle
performance than bare NCM&11l. According to the fact that the
degree of cation disorder increases with increasing heating
temperature in Sn added NCM811 as we discussed in figure 29, it is
speculated that the increased heating temperature for phase
segregation of Li»SnOj3 is responsible for the degradation in
electrochemical performances.

We speculate that the increase of heating temperature needed to
phase segregation arises from the dopant—host material chemistry.
It 1s reported that there are two limiting factors that affects the
dopant solubility limit in a host material— (i) the difference in ionic
radius between dopant and host ion and (ii) the difference in oxidation
state of dopant and host ion.*® This concept was proposed by Z.Ogumi
group in the case study of dopant—host chemistry of various dopants

and LiCoOq with computational method. In general, the solubility of
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the dopant increases as the difference in the ionic radius between the
dopant and the host ion decreases. In layered oxide cathode materials,
the Ni®*, Co®* and Mn*" ions are known to prevail the transition metal
layer where their ionic radius are 0.56, 0.545 and 0.54 A,
respectively. The difference in ionic radii between Sn** (0.69 A)and
host ions is around 0.15 A, exhibiting negligible difference between
the host transition metal ions. However, considering that the phase
segregation between Li2SnO3 and LiCoO3z occurred over 700C while
that that between Li2SnOz and NCM811 occurred over 8607T, the
difference of ionic radius between Sn** and host transition metal ion
is not the limiting factor that determine the solubility limit of Sn** ion
in layered oxide cathode material.

The other remaining limiting factor is the similarity in oxidation state
of Sn** and host ions. The oxidation state of host ion (Co) is 3+ in
LiCoO2 while that of host ion is known to vary according to the
composition of Ni, Co, and Mn. In high Ni—composition ca.
Li[Nig.sC001Mno1] 02, the oxidation state of Ni, Co and Mn is known
to be 2+, 3+ and 4+, respectively. The presence of Mn'" can
increase the solubility limit of Sn** in NCM811 in that it increases
concentration of Ni*" in a host material which has similar ionic radius

with Sn** ions.
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To clarify the effect of Mn** in NCM811 phase segregation, Sn 2%
added Li[NiogCoo.1+xMno.1-x] Oz (x=0, 0.05 and 0.1) were synthesized
at the same heating temperature at 800C. As shown in the figure 34,
no additional peak is observed for Li[Nip.sCoo.1Mno.1] O2. However, the
additional peaks of LigsSnOs and Li2SnOs are observed with the
decrease Mn composition to 5% to O, respectively. Considering that
the Li/Sn ratio in LisSnOs is 8 and that in Li:SnOs is 2, as Mn
composition increases, it is confirmed that the amount of Sn diffused
out from the host material and phase segregated on the surface
increases.

This fact is supported by the cross—sectional STEM—-EDS mapping
results of Li[NiggCoo.2]O2 and Li[NipgCoo.1Mng.1] Q2. (Figure 35) The
phase segregated Li»SnO3 is coated on the random surfaces of
Li[NipsCo0.2]O2. However, Sn is homogenously doped in
Li[NipsC00.1Mno.1] Oz synthesized at the same temperature. These
findings suggest that reducing Mn composition is essential for phase

segregation coating for Ni—rich layered oxide cathode materials.
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Figure 35. Cross—sectional STEM—EDS mapping images of Sn 2 at%
added (a) Li[NipgCoo.2]O2 and (b) Li[NipgCoo0.1Mno.1]O2 synthesized

at 800TC.
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4.2.2. Phase segregation on Li[Nio.s0Co00.15Al0.05]O2

Based on the above research results, it was confirmed that the one—
step phase segregation coating method is not effective in the Ni—rich
NCM811 material due to the structural deterioration issue arise from
the increase in the heat temperature, which leads to the increase in
the solubility of Sn** ions in presence of Mn'" ions. Therefore,
alternative Mn—free Ni—rich layered oxide material should be
considered as a host material. Ni—rich Li[Nio.g0Co0.15Al0.051 02 (NCA)
material is one of the promising Ni—rich layered cathode materials
for Li ion batteries. Due to the introduction of Al’*ions, NCA material
exhibits low degree of cation disorder during synthesis and cycling,
which leads to stable cycle performance and rate performance.

To investigate the phase segregation behavior in NCA host material,
Sn 5 at% added NCA and NCM811 were synthesized via sol—gel
method. The optimized synthesis temperature of bare NCA material
is known to 750C. As shown in figure 36, (002) peak of LioSnOs3 is
observed in Mn—{ree NCA material synthesized at 750C which is
the same with the bare NCA synthesis temperature. Moreover, with
the rise of (002) peak of LisSnOs with increasing heating temperature,

the (003) peak of NCA shifts to higher diffraction angle, indicating
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that Sn ions are diffused out from the host NCA material to form
Li2SnOs. However, the XRD pattern of Sn 5% added NCM®&11 material
shows that the phase segregation of LieSnOs; occurs on the
temperature over 860C which is beyond the optimized synthesis
temperature for bare NCM811 (8007T).

To clarify the structural change during synthesis in NCA and
NCMR&11, the Rietveld refinement was conducted for bare and phase
segregated samples. As shown in figure 37, NCM811 material shows
higher degree of cation disorder at 860TC (2.1%) where the
temperature Li2SnOs phase segregation occurs than the bare 811
material (1.8%). On the other hand, NCA material shows negligible
change in degree of cation disorder at the temperature where LioSnOgs
phase segregation occurs. These structural analyses results imply
that the NCA material is more appropriate than NCM811 material for
the one—step phase segregation coating for Ni—rich layered oxide
cathode material.

To investigate the morphology of LioSnO3 phase segregated NCA
material, cross—sectional STEM—-EDS mapping analysis was
conducted. As shown in the figure 38, Sn is located at separated
region with host ions such as Ni and Co. However, similar to NCM811

material, the Li2SnO3 coating layer is not plane—selectively
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Figure 38. Cross—sectional STEM—EDS mapping images of Sn 5

at% added Li[Nio.s0Coo.15Al0.05] O2 synthesized at 750C.
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segregated on the host material. We speculate that the origin of the
random segregation of Li2SnOsis closely related with the particle
morphology of the host materials.

In case of LiCoO2 in which plane—selective LioSnO3s coating layer is
formed, the host LiCoOs material shows plate—like single crystal
morphology, as shown in figure 39. The plate—like single crystalline
morphology of LiCoO; results in the large areal exposure of (003)
surface which can act as substrate for LioSnOj3; coating layer.
However, the Ni—rich layered oxides exhibit randomly shaped
morphology regardless of the composition of other elements such as
Co, Mn and Al. (Figure 40) Therefore, controlling the morphology of
the host material is a crucial factor for plane—selective coating of

LizSHOg.
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Figure 39. Cross—sectional STEM—EDS mapping images of plane—

selectively Li2SnO3s coated LiCoOs at various sites.
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Figure 40. Cross—sectional STEM—EDS mapping images 5 at%
LioSnO3 segregated on (a) Li[NipgCo0.2]102 (b) Li[NipsCo00.1Mnp.1]O2

and (c¢) Li[Nipg0Co0.15Al0.05] O2.
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4.2.3. Plane-selective Li2SnO3 coating on Li[Nio.80C00.15Al0.05]O2 through

hydrothermal synthesis

To provide plate—like morphology of NCA material, as we discussed
in previous section, precursor of [Nio.goCoo0.15A10.05]0.955n0.05(0OH) 2
was synthesized via hydrothermal method. As shown in TEM—EDS
mapping images in figure 41, Sn 5 at% doped
[Nio.80Co0.15Al0.05] 0.05(OH)»  shows flake—type morphology with
homogenous distribution of Ni,Co and Sn throughout the particle.
Solid—state synthesis was conducted with the mixing LiOH*H20O and
the synthesized precursor. As shown in figure 42, (002) peak of
LioSnOs3 gradually increases with increasing heating temperature until
750°C, accompanied by the peak shift of (003) peak of NCA to higher
diffraction angle. This result is consistent with the XRD results
discussed in previous sections. Moreover, at 780 T, the presence of
LigSnOs is observed with peak shift of (003) peak of NCA to lower
angle. This result implies that the diffusion rate of Li" is higher than
that of Sn** over 780C, which can lead to the deterioration of the
host material.

To investigate the structural changes during synthesis, the Rietveld

refinement was conducted. As shown in figure 43, Sn 5% doped NCA
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Figure 41. TEM—EDS mapping images of Sn 5 at% added
[Nio.s0Co0.15Al0.05] (OH) 2 precursors synthesized through

hydrothermal method.
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material exhibits higher degree of cation disorder. This is due to the
presence of doped Sn** ion reduces the oxidation state of Ni®* to Ni%",
which easily migrates to Li layer due to similar ionic radius with Li*
ion. The doping amount of Sn decreases as the heating temperature
increases, accompanied with the phase segregation of Li2SnOs.
Interestingly, the sharp increase in cation disorder is observed for
the sample synthesized at 780C. This is consistent with the XRD
analysis in that Li* is dominantly diffused out from host material at
7807, forming the LigSnOs. Therefore, it is considered that the
optimization synthesis temperature is 750C for NCA material.

To clarify the phase segregation behavior during synthesis, cross—
sectional STEM—-EDS mapping analysis was conducted for the
sample synthesized at 700 and 750C. As shown in figure 44, Sn is
homogenously distributed within the NCA particle synthesized at
700C. This is consistent with the structural analysis, indicating Sn
ions are dominantly doped in the NCA host material. On the other
hand, Sn is distributed mainly on the specific surface of the powder
synthesized at 750C. This morphology is similar to the (003) plane—
selectively Li2SnO3 coated LiCoOg, as we have shown in section 3.1.
The thickness of the LisSnO3 coating layer is ca. 20 nm. (Figure 45)

To investigate the electrochemical properties of plane —selectively
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(b)

Figure 44. Cross—sectional STEM—EDS mapping images of Sn 5
at% added Li[Nios0Co00.15Al0.05] O2 synthesized at (a) 700C and (b)

7507C.
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Figure 45. Cross—sectional STEM—EDS line profile of plane—

selectively Li2SnO3 coated Li[Nig.s0Coo.15A10.05] Os.
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Li2SnO3 coated NCA material synthesized via hydrothermal synthesis,
the rate capability of the bare, conventionally LioSnOs; coated NCA
and plane—selectively LioSnOs coated NCA materials were compared
with coin—type half—cells. The bare NCA material was synthesized
via hydrothermal method and the conventionally Li2sSnOs coated NCA
materials was synthesized via sol—gel method which followed the
same procedure with the conventional coating of LiCoO32. As shown
in figure 46, the plane—selectively Li2SnOj3 coated NCA material

shows higher discharge capacity at high C rates, ca. 2C (400 mA g

D.
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5. Conclusion

We introduced one—step coating method using the thermal phase
segregation of doped materials through the solubility variation of
solid solution phases depending on temperatures. Sn was easily
doped in layered oxide cathode materials at low temperature (ca.
600~7007C), leading to formation of Sn—doped Li[SnyTM;i-«] O3
where TM is a combination of Ni, Co, Mn and Al. When the heating
temperature is above solubility limit of Sn in host material, the
mixture phase of Li2SnOs and the host material is formed due to the
excellent thermodynamic stability of LieSnOs. In particular, LioSnO3s
is grown plane—selectively only on (003) surface of LiCoOgz. This
leads to superior rate capability and moderate cycle performance
compared with the conventionally coated material.

It is also examined that the application of one—step phase
segregation coating method to Ni—rich layered oxide materials such
as Li[NiosCo0.1Mno.1] Oz and Li[Nio.goCoo0.15Al0.05] Oz. It is revealed that
presence of Mn"'" ions in Li[NiosC00.1Mno.1] Oz increases the solubility
of Sn** ions in the host material. This results in the increase of
heating temperature for phase segregation, which finally leads to

degradation of electrochemical properties of the host material.
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In contrary to Li[NipgCoo1Mno1]lO2 active material, the phase
segregation of Li2SnO3 on Mn—free Li[NiogoCoo.15Al0.05] O2 occurred
at the same temperature at which the temperature of optimized bare
Li[NiogoCoo0.15Al0.05] O2 material. With our structural analysis, it was
confirmed that no significant structural degradation was occurred in
Li[NiogoCoo15Al0.05]O2 material. Through the cross—sectional
STEM—-EDS mapping images, we also found that plane—selective
phase segregation is the greatly dependent on the morphology of the
host material.

Eventually, by synthesizing Li[NiogoCoo.15Alp.05] O2 material with
plate—like morphology, we could obtain plane—selectively Li2SnO3
coated Li[NiogoCoo.15Al0.05] O2 material. The (003) plane—selectively
LioSnOs coated Li[NipgoCoo.15Al0.05]O2 material exhibited higher

reversible capacity at high C rates (ca. 2 C, 400 mA g~ ') than bare

and the conventionally Li2SnO3 coated Li[Nio.s0Coo.15Al0.05] O2 material.

We believe that this approach is promising for applications demanding

excellent high rate performance, such as electric vehicles.
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