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Rechargeable Batteries
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J.-M. Tarascon’s group, Nature (2001)
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Applications of Advanced Li-Ion Battery

Mobile Mobile 
PhonePhone

Laptop Laptop 
ComputerComputer

PMPPMP
ComputerComputer

Digital CameraDigital Camera
Portable Portable 

MP3 MP3 
PlayerPlayer
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GameGame
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High-Power Applications

Power Power 
ToolsTools

H b id El t i  V hi l  H b id El t i  V hi l  MakitaMakitaHybrid Electric Vehicles Hybrid Electric Vehicles 
(HEV)(HEV)

Toyota Prius HEVToyota Prius HEV

EE--MotorcycleMotorcycle
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GreenwitGreenwit

EE MotorcycleMotorcycle
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Microelectronics

Thin-Film Battery Capsule-Type Endoscope

• Smart CardSmart Card
• Portable Sensors
• ID Tags
• SRAM

• Sensors
• RF Communication
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• SRAM
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Electrode Materials
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J.-M. Tarascon’s group, Nature (2001)

Li-Ion Battery   BP



Li-Ion Battery Mechanisms

Discharge
e (Lithiation)(Delithiation)

CATHODEANODE- +

e
e eLi+

Li+

e

e
e

e
Li+

Carbon Electrolyte Li1-xCoO2

Solution ?
- Capacity
- Cycle Life 

S f t
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Energy Diagram of Li-Ion Battery (Open Circuit State)

Open Circuit State
CATHODEANODE ELECTROLYTE
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Carbon Li1CoO2

• LUMO: Lowest Unoccupied Molecular Orbital
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• HOMO: Highest Occupied Molecular Orbital
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Energy Diagram of Li-Ion Battery (Charge)

Charge
CATHODEANODE ELECTROLYTE

LUMO
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Liμ
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Energy Diagram of Li-Ion Battery (Discharge)

Discharge
CATHODEANODE ELECTROLYTE

LUMO
ano
Liμ cat

Liμ

CATHODEANODE
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1 H O가존재시 acidic species형성가능성

Degradation Mechanisms
1.  H2O 가존재시 acidic species 형성가능성

LiCF3SO3 > LiPF6 > LiClO4 > LiAsF6 > LiBF4

LiPF + H O LiF + 2HF +POFLiPF6 + H2O  LiF + 2HF +POF3

PF5 + H2O  2HF + POF3

2.  Remained H+ can react with the spinel LiMn2O4, forming H2O.

2LiMn2O4 + 4H+ → 2Li+ + Mn2+ + 2H2O + 3λ-MnO2

3.   다시 1번 reaction, HF 생성, H+반응반복
Mn dissolution 가속
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Degradation Mechanisms

ZrO2 coated spinel LiMn2O4 
에서 50oC 충방전시성능향상에서 충방 시성능향상

(50oC 에서 H+와반응가속;
uncoated LiMn2O4는열화가

심함)

ZrO2 coating can scavenge
HF attack.
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Thackeray et al., Electrochem. Comm. 5, 752 (2003)

Li-Ion Battery   Chunjoong
Argonne National Laboratory



Degradation Mechanisms

By HF?

Thackeray et al.
A N i l L bArgonne National Laboratory
Electrochem. Comm. 5, 752 (2003).

Layered structure 인 LiMn0.5Ni0.5O2에서는 50oC 충방전시성능이비슷.
ZrO 가 10%의성능향상을보임
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ZrO2가 10% 의성능향상을보임. 
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ZrO2- and Li2ZrO3-Stabilized Spinel and Layered Electrodes

Thackeray et al.
A N i l L bArgonne National Laboratory
Electrochem. Comm. 5, 752 (2003).
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Anode for Li+ Battery

Lithium Batteries – Science and Technology
di d b G A N i d G Pi iC ↔ LiC6 edited by G.-A. Nazri and G. Pistoia

N. A. W. Holzwarth’s group
(Exxon Research and Engineering Company)

C ↔ LiC6

Δa axis ~ 1%
Δc axis ~ 10%
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( g g p y)
Physical Review B 28, 1013 (1983).

Δc axis  10%
ΔV ~ 12%
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Short Circuiting due to Li Crystal Growth

Lithium Batteries – Science and Technologygy
edited by G.-A. Nazri and G. Pistoia
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Lithium-Intercalated Graphite

________________

N. A. W. Holzwarth’s group
(Exxon Research and Engineering Company)
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( g g p y)
Physical Review B 28, 1013 (1983).
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Power Sources for HEV and LEV

The demand of battery materials: Hybrid electric vehicle Toyota “Prius” and its battery pack.

Hybrid Prius – 2008 Toyota Prius Hybrid Homepagey y y p g
http://www.toyota.com/prius-hybrid/

Battery Pack – Panasonic EV Energy Homepage
http://www.peve.jp/e/hevjyusi.html
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Remaining Challenges in Thin-Film Battery

Electrode: Novel Electrode with High Thermal/Electrochemical Stability  
Electrolyte: Nanostructure-Controlled Solid ElectrolyteElectrolyte: Nanostructure Controlled Solid Electrolyte

Current Collector: Metal or Metal Compounds
Substrate: Various Substrates such as Si Wafer Flexible Polymer etcSubstrate: Various Substrates such as Si Wafer, Flexible Polymer, etc.

Designs: Pile-Up Process for Capacity Control 

Metal-Based Anode
Current Collector

Conductivity-Enhanced LiPON

Current Collector LiMOx

Flexible SubstratesAdhesive Layer
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Advance toward Next-Generation Flexible Battery

Plastic Li-Ion Battery

J.-M. Tarascon et al.
N t (2001)Nature (2001)
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Advance toward Next-Generation Flexible Battery

_________________

CNT and Cellulose-Based
Paper-Type BatteryPaper-Type Battery

B. Scrosati
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Nature Nanotechnology (2007)
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Advance toward Next-Generation Flexible Battery

Flexible Plastic Battery
Using Organic Polymers

H. Nishide’s group
Science (2008)
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Science (2008)
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Advance toward Next-Generation Flexible Battery

2-Dimensional Assembly of 
Metal Oxide Nanowires

A. M. Belcher’s group
Science (2006)Science (2006)
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The Effect of MetalThe Effect of Metal--Oxide CoatingOxide CoatingThe Effect of MetalThe Effect of Metal--Oxide CoatingOxide Coating
in LiCoOin LiCoO22 Cathodes Cathodes in LiCoOin LiCoO22 Cathodes Cathodes 

Y. J. Kim, H. Kim, B. Kim, D. Ahn, J.-G. Lee, T.-J. Kim, D. Son, J. Cho, 
Y.-W. Kim, and B. Park 
Chem. Mater. 15, 1505 (2003).

Y. J. Kim, E.-K. Lee, H. Kim, J. Cho, Y. W. Cho, B. Park, S. M. Oh, and 
J. K. Yoon
J Electrochem Soc 151 A1063 (2004)J. Electrochem. Soc. 151, A1063 (2004). 

J. Cho, Y. J. Kim, T.-J. Kim, and B. Park
Angew Chem Int Ed 40 3367 (2001)
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Angew. Chem. Int. Ed. 40, 3367 (2001).



Structure of LiCoO2

C
Li+

Co3+

Li1-xCoO2
for 0 < x < 0.5

C

B

Co3+

O2-

c
A

Space group: R3m
a = 2.81 Å and c = 14.08 Å

-
C

A

B

a

A
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a
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LiCoO Li CoOLi CoO

Structure of LiCoO2

LiCoO2 Li0CoO2

Hexagonal

Li0.5CoO2

Monoclinic
~2.6% c-axis expansion
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• Bad Safety
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Structural InstabilityCobalt Loss from Li CoO

Mechanisms of Capacity Fading and Safety
Structural InstabilityCobalt Loss from Li1-xCoO2

800
Bare

After one week at 25°C

 
m

) B. Park’s Group (SNU)

400

600

Al2O3

TiO2

B2O3

SiO2

 

ss
ol

ut
io

n 
(p

pm

Y.-M. Chiang’s Group (MIT)4.4 4.6 4.8
0

200

Voltage (V)

ZrO2C
o 

D
is

2 0

 
Oxygen Loss from Li1-xCoO2-δ

g ( )

Exothermic Reaction with Electrolyte 

1.9

2.0
 on
te

nt
 (

2-
δ)

1 7

1.8

O
xy

ge
n 

C
o

A. Manthiram’s Group
(Univ. Texas, Austin)

27http://bp.snu.ac.kr

0.0 0.2 0.4 0.6 0.8 1.0
1.7

Lithium Content (1-x)
http://www.citynews.ca
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Capacity Retention of Metal-Oxide-Coated LiCoO2

180
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Angew. Chem. Int. Ed. 40, 3367 (2001).
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Charge-Discharge Experiments in Thin Films

Uncoated LiCoO2 Thin Film Al2O3-Coated LiCoO2 Thin Film
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The charge capacity (for Li deintercalation)
•Half-cells (Li/LiCoO2), 1 M LiPF6 in EC/DEC
•At each cutoff step, the voltage was potentiostated 
until the current decreased to 10%.

g p y ( )
shows faster deterioration than

the discharge capacity (for Li intercalation).
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Al2O3 Coating Layer as a Solid Electrolyte

LiPF6 in EC/DEC
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Ex) 0.7Li2O-0.3Al2O3:  ~10 S/cm at 23 C
A. M. Glass et al.,  J. Appl. Phys. (1980).

0 40 80 120 300
Al2O3 Thickness (nm)
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Apparent Li+ Diffusivity during Li Deintercalation (Charging)
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transition between a hexagonal and monoclinic phase.
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Cobalt Dissolution from Thin-Film LiCoO2 Cathodes
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B. Park, Chem. Mater. 15, 1505 (2003).
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The Effect of Metal-Oxide Coating in LiCoO2
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Enhanced Stability by Nanoscale Coating

J. Cho, Y. J. Kim, T.-J. Kim, and B. Park, Angew. Chem. Int. Ed. 40, 3367 (2001).
J. Cho, Y. J. Kim, and B. Park, Chem. Mater. 12, 3788 (2000).
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HF Scavenging Effect

Aurbach’s group, J, Electrochem. Soc. (1989).
Edstrom’s group, Electrochim. Acta (2004).

Y.-K. Sun’s group, Chem. Mater. (2005). 

LiPF6 → LiF + PF5

PF5 + H2O → 2HF + POF3

Al2O3 + 6HF → 2AlF3 + 3H2O
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Al2O3-Coating Coverage Effect on Cycling Performance
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Co Dissolution and F- Concentration as Coating Coverage
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As coating coverage increases, 
Co dissolution and F- concentration decrease.
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Secondary Ion Mass Spectroscopy (SIMS)
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Schematic Figure 

• Al2O3 coating layer: Transformed into AlF3·3H2O layer
• H2O decreased in the electrolyte.
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MetalMetal--PhosphatePhosphate--CoatedCoatedMetalMetal--PhosphatePhosphate--CoatedCoated
LiCoOLiCoO22 Cathode MaterialsCathode MaterialsLiCoOLiCoO22 Cathode MaterialsCathode Materials

J. Cho, Y.-W. Kim, B. Kim, J.-G. Lee, and B. Park J. C o, . W. , . , J. G. ee, a d . a
Angew. Chem. Int. Ed. 42, 1618 (2003).

J -G Lee B Kim J Cho Y-W Kim and B ParkJ.-G. Lee, B. Kim, J. Cho, Y.-W. Kim, and B. Park
J. Electrochem. Soc. 151, A801 (2004). 

B Kim C Kim D Ahn T Moon J Ahn Y Park and B ParkB. Kim, C. Kim, D. Ahn, T. Moon, J. Ahn, Y. Park, and B. Park 
Electrochem. Solid-State Lett. 10, A32 (2007).

Ah C i G i k d k
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D. Ahn, C. Kim, J.-G. Lee, B. Kim, Y. Park, and B. Park
J. Mater. Res. 22, 688 (2007).



AlPO C t d LiC OB LiC O

12 V Overcharge Test at 1 C Rate
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B. Park’s group, Angew. Chem. Int. Ed. (2001).
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TEM Image of AlPO4 Nanoparticle-Coated LiCoO2

EDS confirms the Al and P components 
in the nanoscale-coating layer.

AlPO4 nanoparticles (~3 nm) embedded 
in the coating layer (~15 nm).
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Temperature ( C)
B. Park’s group, Angew. Chem. Int. Ed. (2003). B. Park’s group, J. Power Sources (2005).
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Sample Preparation

AlPO4-Nanoparticle SolutionAlPO4-Nanoparticle Solution
AlPO4-Nanoparticle 

Coating
Metal-Oxide

Coating

Al(NO3)3·9H2O + 
(NH4)2HPO4

M(OOC8H15)2(OC3H7)2

Isopropanol
Distilled
Water

(Flammable)

20 nmMixing with LiCoO2 Powders 
(~10 μm in diameter)

AlPO4-Nanoparticle Coating 
- Continuous Coating Layer- Continuous Coating Layer
- Easy Control

(shape, size, coating thickness)  
Drying at 130°C and

firing at 700°C for 5 h
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Charge-Discharge Tests
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C l N b Cycle Number

AlPO4-coated LiCoO2 is very stable at the high-charged state.

Cycle Number

J. Cho, T.-G. Kim, C. Kim, J.-G. Lee, Y.-W. Kim, and B. Park 
J. Power Sources 146, 58 (2005).
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J. Power Sources 146, 58 (2005).
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Bare LiCoO2 Thin coating

Coating-Thickness Effect
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Below 1.0 wt. %-coated LiCoO2 ?
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Spin Coating of AlPO4 Nanoparticles with Various Nanostructures 
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Cycle Number

Cristobalite
Bare LiCoO2

Pt/TiO2

Optimum Nanostructures?
200 nm

SiO2

Si

2

200 nm

TEM confirms the uniform coating layer 
LiC O thi fil

B. Kim, C. Kim, D. Ahn, T. Moon, J. Ahn, Y. Park, and 
B Park Electrochem Solid State Lett 10 A32 (2007)

46http://bp.snu.ac.kr

on LiCoO2 thin film. B. Park, Electrochem. Solid-State Lett. 10, A32 (2007).
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SnOSnO NanoparticlesNanoparticlesSnOSnO NanoparticlesNanoparticlesSnOSnO22 NanoparticlesNanoparticlesSnOSnO22 NanoparticlesNanoparticles

C Kim M Noh M Choi J Cho and B ParkC. Kim, M. Noh, M. Choi, J. Cho, and B. Park 
Chem. Mater. 17, 3297 (2005).

T M C Ki S T H d B P kT. Moon, C. Kim, S.-T. Hwang, and B. Park
Electrochem. Solid-State Lett. 9, A408 (2006).
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Irreversible
Capacity

Capacity
Fading

SnO2 Nanoparticles:  Mechanisms and Synthesis

Problems of SnO2 Electrode

Severe capacity loss by volume change 2.0

2.5
 

V
)

CapacityFading

1st

Delithiation
2nd

Delithiation
Severe capacity loss by volume change 
between LixSn and Sn phases (~300%).
Particles become detached and 
electrically inactive

1.0

1.5

 

C
el

l P
ot

en
tia

l (
V

electrically inactive.

S O N ti l Eff ti S l ti
0 200 400 600 800 1000 1200 1400 1600

0.0

0.5

C

Capacity (mAh/g)

1st

Lithiation
2nd
Lithiation

SnO2 Nanoparticles: Effective Solution Capacity (mAh/g)

T.-J. Kim, D. Son, J. Cho, B. Park, and H. Yang 
Electrochim. Acta 49, 4405 (2004).

Voltage Profile of ~10 ㎛ SnO2

1st Lithiation:

8.4Li + SnO2 2Li2O + Li4.4Sn 

( )
SnCl4 TEDA (C6H12N2)

110°C
200°C

~3 nm or ~8 nm
~1490 mAh/g

1st Delithiation:

4 4Li + Sn ← Li4 4SnMagnetic Stirring

200 C
~40 h 
Autoclave

SnO2 Nanoparticles
Distilled
Water
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4.4Li + Sn  ← Li4.4Sn 
~780 mAh/g

Magnetic Stirring
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2.5
 

SnO2-Nanoparticle Anode with Different Particle Sizes
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C. Kim, M. Noh, M. Choi, J. Cho, and B. Park
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, , , ,
Chem. Mater. 17, 3297 (2005).
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Carbon-Coated SnO2 Nanoparticles: Synthesis
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Autoclave

Ethylene
Glycol

(C2H6O2)

 

it)

20 30 40 50 60
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Nanoparticles

500°C
Carbonization

Size Local 
Strain

± ±
30.1%69.9%

         G Band
(crystalline graphite)

        D Band
(disorderd carbon)
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C-coated

C-coated 8.8 ± 0.9 nm 0.59 ± 0.13% 

uncoated 13.2 ± 1.1 nm 0.13 ± 0.08%

S O C H
1000 1250 1500 1750 2000

30.1%69.9%
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S f ( -1) SnO2
(wt. %)

C 
(wt. %)

H
(wt. %)

C-coated 90 4.9 0.35

uncoated 97 0 061 0 074

Raman Shift (cm-1)

Disordered-carbon-coated SnO2 nanoparticles
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uncoated 97 0.061 0.074
by ICP

Disordered-carbon-coated SnO2 nanoparticles
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1800
 

Carbon-Coated SnO2 Nanoparticles

1600  C-coated
 uncoated
carbon(m
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/g

)
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carbon
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Cycle Number

M t f th ti l ll di d

T. Moon, C. Kim, S.-T. Hwang, and B. Park
Electrochem. Solid-State Lett. 9, A408 (2006).

• Most of the nanoparticles are well dispersed.
• SnO2 nanoparticles are surrounded by disordered carbon.

(graphite-interlayer spacing ≅ 0.35 nm) 
Capacit contrib tion of disordered carbon is 10 mAh/g
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• Capacity contribution of disordered carbon is ~10 mAh/g.
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Mesoporous Tin PhosphateMesoporous Tin PhosphateMesoporous Tin PhosphateMesoporous Tin PhosphateMesoporous Tin PhosphateMesoporous Tin PhosphateMesoporous Tin PhosphateMesoporous Tin Phosphate

E Kim D Son T G Kim J Cho B Park K S Ryu and S H ChangE. Kim, D. Son, T.-G. Kim, J. Cho, B. Park, K.-S. Ryu, and S.-H. Chang 
Angew. Chem. Int. Ed. 43, 5987 (2004).

J G L D S C Ki d B P kJ.-G. Lee, D. Son, C. Kim, and B. Park
J. Power Sources 172, 908 (2007).
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O Ci it R d ti f S F ll Lithi t d F ll D lithi t d

Tin-Phosphate Anodes
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Mesoporous Materials

Mesoporous material:Mesoporous material:
- Inorganic solids with pore diameters of 2 – 50 nm

TEM Images of
Hexagonal Mesoporous Silica

- Long-range ordering of pores

HexagonalHexagonal CubicCubic LayeredLayered

J. Y. Ying’s group (MIT), 

d100 spacing

g g p ( ),
Angew. Chem. Int. Ed. (1999). G. D. Stucky’s group (UC Santa Barbara), 

Science (1998).
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Mesoporous Materials

Reaction of single-chain surfactants with inorganic 
polyanions

Reaction of single-chain surfactants with inorganic 
polyanions

Surfactant Micelle Inorganic species

N l ti d i it ti f i dN l ti d i it ti f i dHigh Conc Low Conc Nucleation and precipitation of organized arraysNucleation and precipitation of organized arraysHigh Conc. Low Conc.

Condensation with time and temperatureCondensation with time and temperatureLayered Hexagonal

G. D. Stucky’s group (UC Santa Barbara), 
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y g p ( ),
Chem. Mater. (1994).
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Synthesis of Mesoporous Tin Phosphates

SnF2 and H3PO4 dissolved in distilled water
+

CTAB  (CH3(CH2)15N(CH3)3Br) 
90°C Aging
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H l t t

B. Park’s group, Angew. Chem. Int. Ed. (2004).
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Hexagonal mesostructure
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Mesoporous Tin Phosphates

2.0

2.5
30 20 10 5 2 1

TEM Images Electrochemical Properties
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Mesopore channel (bright stripes)
Tin phosphate wall (dark stripes)
Mesopore channel (bright stripes)
Tin phosphate wall (dark stripes)

Novel Mesoporous/Crystalline Composite:
– High initial charge capacity (721 mAh/g)

– Excellent cycling stability
(among the tin-based anodes) 

B. Park’s group, Angew. Chem. Int. Ed. (2004).
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Th C di d S i

Change of Mesoporous Structure during Charge/Discharge
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non-mesoporous tin phosphate) ≈ 1 : 3 (Surfactant/Precursor Ratio)
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N -Adsorption/Desorption IsothermsSmall-Angle XRD Patterns

Characterization of Mesoporous Structures
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Composition 
of Synthesized 

0 11 15 0% Sn P O

Relative Pressure P/P0

0.11 ― ― 15 0% Sn1.94P2O7.3

0.22 4.29 ± 1.21 2.56 114 42% Sn2.30P2O7.5

0.54 4.34 ± 0.68 2.32 167 82% Sn2.61P2O7.8
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1.10 4.20 ± 0.63 2.33 221 100% Sn2.77P2O8.1
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Tridymite FePOTridymite FePO44Tridymite FePOTridymite FePO44

in the Low Voltage Rangein the Low Voltage Rangein the Low Voltage Rangein the Low Voltage Range

D Son E Kim T G Kim M G Kim J Cho and B ParkD. Son, E. Kim, T.-G. Kim, M. G. Kim, J. Cho, and B. Park
Appl. Phys. Lett. 85, 5875 (2004).

T G Ki J G L D S S Ji M G Ki d B P kT.-G. Kim, J.-G. Lee, D. Son, S. Jin, M. G. Kim, and B. Park
Electrochim. Acta 53, 1843 (2007).
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High Reactivity of Metallic Nanoparticles

Au NP

F. Ercolessi et al.

Au NP

MxOy + 2yLi+ + 2ye-

↔ yLi2O + xM0

F. Ercolessi et al.
IBM Zurich, Phys. Rev. Lett. (1991)

↔ yLi2O + xM

ex.) CoO, Cu2O, FeO, NiO
J.-M. Tarascon’s Group p
U. Picardie Jules Verne, Nature (2000)Sn NP

Nanoscale metallic nanoparticles show 
higher electrochemical reactivity than bulk

61http://bp.snu.ac.kr

L. H. Allen’s Group 
UIUC, Phys. Rev. Lett. (1996)

higher electrochemical reactivity than bulk
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Electrochemical Reactivity of FePO4 with Lithium

Pristine 2.4 V

1.1 V

0.8 V

0 V0 V

Investigation of Nanostructures with XAS, XRD, FT-IR, TEM, NMR, etc..
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→ Revealing the reaction mechanisms of FePO4 with Li
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Phase Variation during Discharge and Charge

1. Amorphization during discharge
- not recovered during charge

2. : Fe metal (110) peak

ar
ge

2.     : Fe metal (110) peak
- ~ 1 – 1.5 nm (Scherrer eq.)
- slight decrease 

D
is

ch
a

of intensity during charge

→ Fe redox reaction

C
ha

rg
e 3. : Li2O (111) peak

- lower shift during discharge
C - disappear after charge  

→ Li2O redox reaction
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Structural Variation during Discharge and Charge

νas(PO4
3-)

νs(PO4
3-) νs(P=O)νas(P=O) δs(CO3

2-) δs(PO4
3-)δas(PO4

3-)
νas(PO2
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e

pristine During discharge/charge process

D
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ar

ge

1.1 V - PO4 structure is sustained 

D
e

0.8 V
- Fe-O-P changes to Li-O-P

(Li3PO4 is formed)
P=O and PO - (defective bonds)

C
ha

rg
e

0 V

2 4 V

- P=O and PO2
- (defective bonds) 

structures are formed 
- Li2O seems to be formed

2.4 V
δas(PO2

-) 
δas(P=O) 
or Li O

δs(PO2
-) 

2
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or Li2O
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TEM Investigation (Fully Discharged/Charged Sample)

Fully Discharged Sample (0 V)

Fe nanoparticles 
in Li2O matrixin Li2O matrix

Fully Charged Sample (2.4 V)

Coexistence of Fe and FeO

residual Fe:
Origin of small recovery
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Valence Electron of Fe (XANES)

※From the sample with very small reversible capacity

- Change of valence # of Fe

- FePO4 is almost 
discharged at 0.8 V
Small recovery of- Small recovery of 
valence # of Fe
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Radial Distribution Function for Fe (EXAFS)

Fe-O

- Pristine: well defined Fe-O
(FeO4-PO4 structure)

(FePO4)
- 1.1 V : poorly defined Fe-O

(LiFePO4 structure)
0 8 V : Fe Fe (reduced Fe metal NP)ar

ge

- 0.8 V : Fe-Fe (reduced Fe metal NP)

- 0 V :  Fe-Fe (reduced Fe metal NP)

2 4 V : Fe Fe and Fe O mixed phase

D
is

ch
a

Fe-Fe

(fully discharged)

(fully charged)

- 2.4 V : Fe-Fe and Fe-O mixed phase
(residual Fe metal NP and 

FeO or Fe2O3) C
ha

rg
e

Fe Fe (fully charged) 2 3
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Suggested Mechanisms

1st discharge: 
FePO4 ·nH2O + (2n+3)Li → Fe + nLi2O + Li3PO4 + nH2↑

Subsequent reversible reaction:
Li O + F F O +2 Li
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Li2O + Fe ↔ FeO +2 Li
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SnSSnS Nanosheet Anode MaterialsNanosheet Anode MaterialsSnSSnS Nanosheet Anode MaterialsNanosheet Anode MaterialsSnSSnS22 Nanosheet Anode MaterialsNanosheet Anode MaterialsSnSSnS22 Nanosheet Anode MaterialsNanosheet Anode Materials

T J Kim C Kim D Son M Choi and B ParkT.-J. Kim, C. Kim, D. Son, M. Choi, and B. Park
J. Power Sources 167, 529 (2007).
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200°C: SnO2

   
Synthesis of SnS2 Nanosheets

Synthesis of SnS2 Nanosheets
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Layered Hexagonal (P3m1)

S
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160°C

o-S
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(a = 3.648 Å, c = 5.899 Å) 10 15 20 25 30 35 40 45 50 55 60
 Diffraction Angle 2θ  (degree)

Li-Ion Battery   BP



170°C

TEM Images of SnS2 Nanosheets
170 C

Short Stumpy Flakes
(001) 0.59 nm

py

180°C

5 nm Long Layer Rolled and
190°C

5 nm

(100) 0.316 nm

Long Layer-Rolled and 
Wiggled Sheets
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50 nm
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Charge-Discharge Experiments
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SnS2-nanosheet anodes synthesized at 180°C and 

190°C exhibit excellent capacity retention.
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Capacity (mAh/g)
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Size Variation of SnS2 Nanosheets
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h-SnS2

250 mM 25.6 ± 0.2 nm 70.4 ± 1.7 nm
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Nanosheets with a smaller thickness show
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Nanosheets with a smaller thickness show 
improved electrochemical properties.
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S th i b J Ch ’ G El t h i l T t

WS2 Nanosheets
Synthesis by J. Cheon’s Group Electrochemical Tests

Nanorods Nanosheets

Nanorods Nanosheets
Various Nanostructures for 
High-Capacity Anode

J.-W. Seo, Y.-W. Jun, S.-W. Park, H. Nah, T. Moon, 
B. Park, J.-G. Kim, Y. J. Kim, and J. Cheon
Angew Chem Int Ed 46, 8828 (2007).
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Two-Dimensional SnS2 Nanoplates 

S th i b J Ch ’ GSynthesis by J. Cheon’s Group

Enhanced electrochemical properties 
by 2-D layered SnS2 nanoplates.
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Adv. Mater. 20, 4269 (2008).
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