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SUMMARY

(4 & 8 %

)

Mo
M

In recent years, silicon (Si) has been studied as a new type of anode materials for lithium-ion
batteries (LIBs) to replace carbonaceous materials. Large amount of Li could be incorporated into
Si leading to an anode capacity of 4,200mAh/g, about 11 times larger than for graphite anodes.
However, bulk Si anode exhibits a high specific capacity at initial stages, the cycle performance is
likely to decay rapidly by pulverization with increasing cycle numbers. More recently, various
nanostructured Si anodes have been shown to exhibit excellent performance due to their resistance
to fracture and pulverization during volume expansion. To date, one of the most popular methods
is vapor-liquid-solid (VLS). With this technique, Si nanowires were adhered to the current
collector and additional conducting additives or binder was not required. However, the VLS
method for growing Si nanowires thus far is limited in that it is difficult to synthesize large
quantities of nanowire material on the substrate and they generally need high temperature and
high vacuum.

In this work, we attempted to make a Si nanowire-based electrode using electrochemical and
metal-assisted chemical etching method to take advantage of its simple, large-scale, and low—cost.
Vertically aligned Si nanowires were fabricated by a mixture of hydrofluoric acid (HF) and an
oxidant (H»O;) with silver nanoparticles as a catalyst. Before redox reaction, a thick aluminum
layer with a thickness of 2 micrometer was deposited on the backside of the wafer to act as a
current collector and etch stop material. Also, electrochemical performances were improved by
conformal surface coating (carbon, etc.) on Si nanowire templates. The direct fabrication of
arrayed or incorporated architectures on the substrate enables fast charge transport, thereby
allowing every individual nanostructure to participate in the electrochemical reaction.

Also, Lithium titanate spinel (LisTisO052, LTO) is receiving consideration as an anode material
for lithium ion battery because of its merit as zero-strain and its stable insertion potential, and
long cycle life. However, the major downside of LTO is its low electronic conductivity. To
overcome this problem, many studies have been conducted by adding dopants to the LTO powder.

In this study, Lis2AiTi55BpO1Cc was synthesized by ball milling and calcination methods.
Various kinds of doping sources (Ni, Zr, Br, Ag, Zn, Mn, Fe, Co) were added to LisTisO1; and
treated at different temperatures. The addition of doping elements to LiTisOp 1S expected to
modify the crystal structure, and therefore to change the electrochemical performances of
LiyTisOrz,

The structural and morphological properties were measured by XRD(X-ray diffraction) and
SEM(scanning electron microscopy). The product is found to consist of single-crystalline
nanoparticles with spinel phase and uniform particle sizes in the ranege of 05-2 um.

Electrochemical performances of LTO and doped LTO are under investigation.
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of =EehId wie(fEEk) 5400C6E T WHA) wie stelA el &F FA&

80%ell Zetar &2 129 mAh/g ol 23S UEll= Aoz YEesth

Z = South China University®] Haihui Wang »5d78-2 lithium acetate
(CH3COOL1), tetrabutyltitanate(Ti(OC4Hg)s)  L¥]3l  niobium  hydroxide
(Nb(OH)5) °]5 A 7}A 2S5 sol - gel method®} 12-29] sinteringS %3l
LisTi501201 Niobium dopingS AF+3tdth. 259 A7 &S B 0.5C-rate
ol 4 2] discharge capacity’} LisTisO127F 167.9 mAh/g?l ¥ LisTisesNboosOr2
+ 1788 mAh/g=Z o] spinel LisTis012(175 mAh/g)e] ol & &FHT =2 F
Zloltk, 100 cycle & & FA FAELS LisTis01(79.0%) 1] 3]
LiyTiggsNboosO12 96.5% = 4338 S7ksttha Wt [9].

%= National TsingHua University® Jeng-Gong Duh 14 dAFEHES
Ruthenium doped LisTisO12E A7-3FS k. LiCl, RuCls, oxalicacid, TiCLEZdE
< solid-state WS ©o]&3std LisTiswRuonO12® optimal Z4H 2 g A A
o9 EAS A Y. 2 A3 LiyTisOn7F 112 mAh/g (at 1C)oll A 43
mAh/g (at 200)%2 "ojX = HFAH LiyTiseRu00Or & 141 mAh/g (at 1C)el A
106 mAh/g (at 20C)& 75% rate-capacity FA&< WEFA® LisTis012(38%)
Hlal 718kt o] Ru dopingol 93 electrode polarization 7FAS ¢ w] 3t

o g &9 cycle A% FolH < W3 [10].

%= Central South  University® ZHANG Xin-Long <782
TiOs(anatasestructure), LIOH-H,O 12]32 MoOs3= A}-83}e] solid-statemethod
= @ LiTusMoosOr AHE FAstdth  BF  LiuTiiesMooesO129
discharge capacity+ 161.7 mAh/g(at 0.1 C)& LisTis012(154.7 mAh/g at 0.1 C)
LER= SOk vt 30C of| A= LisTi495Mo00.050127}F 94.24 mAh/g=
LisTis012(48.33mAh/g) .t} =tt}l. o]+= rate capability’7} 4 & IS 27| st
31 LiyTis012= 100cycle(at 1 C)&<F 20.15%°] capacity loss7} dojyt HbA
LisTis95Mo0oosO12= 22 5.8% loss®r WAt cycle 540 FHASS & F

At [111.

%3 Tsinghua University ¢ Biao Zhang <I7%-2 LixCOs TiOo(rutile),
7Zn(CH3CO0)»-2H-05 raw materials® ©]83}9] Zn-dopedlithium titanates=
sttt Ad WAS ballmiling® 1129 sinteringS  ©] &3 solid-state
reaction® M Lis—ZnTi5012(x=0, 0.25, 0.5, 1)& ZAn]o] W3S FAr}p 1
A 3} 0.5C of] A LisTi50129] discharge  capacity(180  mAh/g)7}
Li35ZnosTi5012(130 mAh/g) Bt} =71 A9k C-rate’} %o} A= capacity loss
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7F AEsl aA dojds & ok (LiyTisOn = 74 mAh/g, LissZnosTisOr =
109 mAh/g at 4 C). °]o] T+ Zn-dopedlithium titanate”} cycle 54 o] <
sttbe= As o o Ak [12]

P S Xinjiang University®] Yanling Qi 52 Br doped lithium titanatesZ -
sl th. LiOH-H20, LiBr-H20,TiO2 Al 71#] &4 E& 3= solid state reaction
2a) LiyTis01m-«Bri(x = 0, 0.05, 0.1, 0.2 and 0.3) compoundsZ A 35Tt
Li,TisO120t . 2 doping® Brl A+ lattice constantE S7FA 712 o]& Li o]
9] insertion ¥} extractione AT 18]3}e]  LisTisO1sBro27F 172
mAh/g(at 05 C)Z LisTis012(125 mAh/g at 0.5 C)Et} =31 50cycle &<toll %=
172 mAh/gH =5 rAsta 7] witel 493 cycle 54¢] $Fsittes A&

o o Ao [13]

<% 2-1-4> LTO &=gdE&54 o

HN

A

o
-
I
i
A

ATIE =% &4 37 3
) . 1) Increase capacity
Institute of Ceramics, ) .
) Al and cycling stability
Chinese Academy of . ) 199.7mAh/g
. (Li3g5Alo.15Ti49012) | 2) The lower
Sciences o
electrode polarization
Institute of Applied B Increase capacity
r
Chemistry, Xinjiang L and 172mAh/g
) i (LisTi50118Bro2) ) .
University cycling stability
Chengdu Institute of 1) good rate
Organic Chemistry, | Zr capabilit
& e PabiEy 164mAh/g
Chinese Academy of | (LisTis0Zr01012) 2) A stable cycle
Sciences life

School of Physics
and Nuclear Energy | Mg

Increase the

. . . ] ) discharge  capacity | 149mAh.g
Engineering, Beihang | (LizsoMgo11Tis012)

i ] effectively
University
Shanghai Institute of | Al, F ) )
: i : . Only Al doping is
Ceramics, Chinese | (Lig15Al015Ti485012 the best 172mAh/g
e bes
Academy of Sciences |is the best)
Advanced Materials 1) good rate
Institute, Graduate | Zn capability
. . 128mAh/g
School at Shenzhen, | (Liz5ZnosTis012) 2) A stable cycle
Tsinghua University life
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7o AFAFoRE HYFE Yoo x5 gFolAdA S8 &ET
SREE tiskue] Yi Cui w7F 7Y Al 9lew, core-shell =z, AEE
tizgfojo] EotAl & HeFE yiotolo] &g =4de dibs A% g o
T7F &4ks] A o v} [14-16]. 28] 31 Georgia Institute of Technology ©

"5}4 Gleb Yushin uF+ A& Yweolols tpdst 243 E3ete] H3A
= JWEetal glew, Adatar b
3kl 9l [17]. 22 9] carbon, copper,
18] & Yistolo] Fx9o SFFEE4He] MVHE
= o9 g AlolE EXNS JANEE = Agdl Jing Zhu i,
Bl

xiamen W& Yong Yang 15 5o 98] &uks] Aaw o} [18,19].

r&l
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ru{o
oft rlr
Ko}
i

8254 Azxe A F/HHE yHed, 53 fdd e5g2E54S 4
7]+ Bottom-up®2 3 =& 4

L
=

7 Qo =¥3F= Top-down2 o2 vt}

©

ot
o

% o Kohl 4 A5 ~HdE s ~d F399 VLSH

of 2Y A7 daldS Wstste] AtolE EAE A /RS

Zaps o] B Eeld oshae] 4

spoloje] A5 Wt whe} rate capablhtyﬂ MNaEE

f A Ee onmol st A UEbeth F3 ol A E Yiejolo]E A
= A% dEe A g A, RaRRe odAse BdE IS

E_Pﬂxﬂb} HIE 7 M= deskx] v FHo] A

V. Chakrapani, F. Rusli; M. A. Filer, P. A. Kohl, ”"Silicon nanowire
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anode:Improved battery life with capacity-limited cycling”, J. Power Sources Vol.
205, pp.433-438 (2012)

A. Gohier, b. Laik, J.-P. Pereira-Ramos, C. S. Cojocaru, P. Tran-Van,

"Influence of the diameter distribution on the rate capability of silicon nanowires
for lithium-ion batteries”, Vol 203, pp. 135-139 (2012)

>

W, S8 38 WS o] & AS Fuwie] wE 8 gL
54 Astedd, ol g FAE Astr] A ANA R ¥ AT =
Z:%_\Z_E Fd Yi Cui 2FE Si0y 9F A

H st & o]% SiOxE A Aste] Fu WA
S FAsAY. L A, AtolE BA 2 &= dASHA

o My r2

- H. Wu, G. Zheng, N. Liu, T. J. Carney, Y. Yang, Y. Cui, "Engineering empty
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space between Si nanoparticles for lithium-ion battery anodes” Nano Lett. Vol
o= TR

12, pp. 904-909 (2012)
P o S gE4 A
a. Georgia institue of Technology (2010)
- Silicon-Carbon Yx=gAd =29 1475
- A&Esta A7rAe A= 7=
b. Hitachi Chemical (2006)
- 7RSS AEY] Y ¥y 544
- oA, Aoy, adT A=
c. Sandia =+ €74 (2003)
- A2y SdS AROE = MRS 8o &5 52
- AR e, 22 Ar)e] [AA| AAke] Zhsst A ko] 28 F7HE A
o
- AYdAoRE AHEHA e 59 55 54 B 400% A 7hs
d. Sony (2008)
- A A A& AFESke] glEolol A A Y &5 108
- BAaaA] olBH £ FS 370mAh/gldl wra] A EA AA SAH{GS
3500mAh/g
- A A 1EA TARQ AtelE SAE ¥ FRHoE A
- A8 22 242 100nm/s™450nm/s¢l Ao ®E H a1y
- 100A}o] & o] % &3 HESo] 90% T H
e. Z~HI¥= st (2010)
- A2 Yxgolo & A8t gES v AT timefolofo] A3
g5 e A dEjol A BTt 4u) S7EeHA|RE Alo]E EAd = ddFS FHA
oo
o T
<E 2-1-5> A& 59854 A5 A% € AN E 5
A T
94 7 &/AE . o nn | Bumnsz | AHITE
A E it AATE | Glame9) (B4,
19/71%%)
1| 27128 % 70 LG3}g} AHAISDI Stanford
2| 2758 mAh/g 1500 LGs}gh A SDI Stanford
% (1003] . e A
3 half & full cell % 80 LG3}8} AHAISDI Max Plank
4| H#%HE g/cm N/A LG3}3} A otE]




A =g ) ) .
(7‘1? ‘;1;1 )O MPa 50 LG3}3} Dalhousie Univ.
2 A7+ Us$ N/A LG3}el AHASDI Nanoamor
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Solid-state reaction by ball milling

300 rpm, Ball to powder ratio = 10: 1,
S4or 7Y

Heat treatment in furnace

‘Box furnace or Tube furnace 950 %, 36 hr

Li2CO3, TiO2(Rutile, Anatase) source

Crystal structure analysis, Electrochemical characteristics

XRD, SEM Cycle test’
S8t . ] A
SR =
== 570 (%] [g/mol]
NiO Nickel oxide 74.69
Zirconium dinitrate
ZrO(NO)3-H20 ) 99.9 231.23
oxide hydrate
. Lithium bromide
LiBr-H20O 95 104.86
monohydrate
MgO Magnesium oxide 99 40.30
AgNOg Silver nitrate 99.9 169.89
7Zinc nitrate hydrate(metals
Zn(NO3)2-xH20 ] 99.999 189.4
basis)
Manganese(ll) nitrate
MnN20g°xH20 98 178.95
hydrate
Fex03 lron(lll) oxide 95 159.69
Cobalt(Il) nitrate
Co(NO3)2-6H0 97 291.03
hexahydrate

(2" 3-1-1D) 48 A 2 olFda T/

[Liy/sTis/sliea

(2% 3-1-2) LiTisOn 274 T2(F) 2 S3ae] =xdn) mm(
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2. &% LuTis0n dolas st &= A= /e

Al

!

-

o

Wy

(1) LTO &4

P Az IS 3 A7 == JUNSEIAS] Lithium carbonate(Li2COs, 99%),
Titanium oxide(TiO,, 99%, Rutile)E AF&3tom SwlZ2%= AVANTORAFY
ACETON((CH3):CO)E AH&38taitth. LiuTisOnps A= 49 setde4 =4
< LixCOs 2 mol + a, TiO2 5 mol& AH&SEA T oluf LixCOsE F7F AlA F+
olfr= Al Aol Lizt Sshr] witolh

P 3 A52 100 rpm, EE A7HS 36 hr, 47 7124 WH o2 wws] Bkt
[ IR=R

He A9 4B AL 100 T2 AF
L

P AxH Iy E F7] 297194 2 T/ming $& £EE 52 WA
Tube Furnace %+ Box Furnaceol A 750, 850, 950 ColA 36 A7+ €42 3}
ATt dntdo=m dAAHE Al T HE9 A A2 FAE 24 54

T3 JgS v A £ Qi)

dx8] S vzl AlZ % Box Furnace B+ Tube Furnaceold 1tz HH3] W
7+ ARHow s dxE A7) Y& ZEHEZ e & Basir 34
H A5 FxAQ] WHEE dolr 7] flste] XRDE 43R 0.6 /ming +
AFEER 20 = 10° ~ 80° M ddA FAH AT

p T Alge AV X AAHFANE ol ] 95te] SEMS =43t

2) A=A=E f% 89 Ax

P Ax @ =43 A4 (Super P), 23A](Poly Vinylidene fluoride(PVDF)), &
] (N-methyl-2-pyrrolidone(NMP)) & Z=A-& vlHo] 7hH 4o F=3l )

P 3 HWTE 100 rpm, EE A 7FS 26 hre] 24 & GZnE s ZFaF By

_22_



Tt

olo

°|
o] A 12 hr %= &wi<l

=
=

» Dr.blade

[eR=X
o

S A =

7

K
N

(3) A=A

2l

110 €9

<
T

4]

tel @14 mm A7 =

S

B

—~
fils)

1
of

oj

Nlo

i
-

1

viel

2oA 12 hr

of

=2 A=t
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Intensity(a.u.)

111

-
31
5331

-
-
n

3

531

G 49 A 2

2 Theta

(¥ 3-1-4) LiyTis012¢ XRD&A

)=
SR

(1) TiO29] Anatase® Rutile®] XRDH|xl

80

B
A

XRDZA, TiOs(Rutile)

XRDZ7, TiOs(Anatase)

S £

29 £% : 300 rpm 3 3
E3 Azt : 36 hr £ g g
BPR=10:1, %) g = :
dx8 €% : 950 C | E 3 E g
AR A7k 0 36 br . J ‘3

Do | l - .

0 20 30 40 5 60 70 80 10 40 50 60 70 80

2 Theta
(719 3-1-5) AlZH LiTis012¢ XRDZA
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P TiO9 FHeol| uzg} XRD=H *}o]= H.tt}h RutileB}d #F AnataseBld< 7f
Ao AFE =S XRD=A3 A3 LiTisOpXdel & t & dAdd A& &
7}

T AT Tao Yuan o] Hxg =olA Anatase B TiO,
rutile-type TiO:®H.t}F Ligat g 80 7] wj&ol Li4Ti5012-C4 Gl AodA o
fd sttt A% Chang - H oA+ Rutile TiO-
7b =2 59 LuTisOrE dd oA g5 fgfstttar gt o= il
A AnataseE} 92l TiO.= Rutile EFS} ] TiO= phase ®@et717F 7] w0
o ol o] Al a7 950TC o] 7] Wil Rutile BFY ] TiO:

7He 95 EdE 5= Zo] ¢ Aesk Jow dAddy [22].
(2) B &Hx9} AlZte] & Zolo] upE XRD Wil
z7 XRDZH
el
=9 é.‘—E 200 rpm, ¥ A7t : 24 hr %
dxg 2% : 950 C, €xg Azt : 36 hr 'g
BPR=10-1, TiOz2(Rutile) E §

1

E9 £% : 300 rpm, ¥ Azt 24 hr
gxd 2% : 950 C, €48 A7t : 36 hr
BPR=10:1, TiO2(Rutile)

311

Intensity(a.u.)
400

— 511

— 331

10 20 30 40 50 60 70 80

2 Theta

i} 5—.‘—5 300 rpm, &9 A|3F : 36 hr
Aqd 2% : 950 C, gx8 A7+ : 36 hr
BPR=10-1, TiOs(Rutile)

mRmiu:
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11

Intensity(a.u.)

—— 511

10 20 50 60 70 80

2Th

u
!
w
—_
&
2
N
A,
o
=
o
lo
T
i)
Ipr

Lo} AlZte] wE XRDZA
p = EHrol AZto wE A Ay BEHo Hr= mMESE LiyTisOpe 24 %

b =A veide B AZE w23 wol 5 LyTis0nd 28%7F =4 e
= 49 £FL A el AAY A BLPo

(3) =9 LiyTis012¢] SEM=4

Z7 TiO2 (Rutile) TiOz (Antase)

EAF 2% :900 C
dA2 Azt ;36 hr

A
0kV 9.3mm x20.0k SE(M)

Edg £% : 300 rpm
29 Azt 24 hr
BPR=10:1, &4
gx8 2% :950 T
EX¥ Azt : 36 hr

74-2 3.0kV 9.2mm x20.0k SE(M)

(:’-‘j/] 3-1-7) Azx=4 L14T15012«] SEM

J[}Jv
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o
Fo
o
el

P dAE 2EEZ 900C, 950CE W3k A7 1 A3}E SEM

300 rpm,
FAE LiyTisOn YAFe] =27]

H
dr

—

gl

=

BR

—_
fite)

—_
fite)

0.7

-
R

10:10] v

21g] A7k 36 A7, BPR

- 2um AEY =7

A

[e=]
=

)

A7

=

Atk Tioyel E72 o}

7}A) a1

=
=

HAl vhsket

S

2=
o~

gJAke] Apo] =i ]

At #HF

Gl

P dxe 2o wat e =A7TF FU)

2 <]

Z] 3

A5 A =9k

o o

dofrt7]

90

N

el
™

A

R

B

2
i)

o

3

[e)

A

ol

P =3+ LiyTis0122] 4% H]

A A

iz
g

ol

(4) = LiyTis09]

=1
N
() lm
538 3
] 8 5
=
B R <
= s £
1 s |1w
X N © ‘O
%o - sm
© [®S
N
<
T .\..I\. o
o 0 o 0 o
™ (3] N ~— -~
[A] e@6Be}jon
o N
fo & 5
oLl g o = T
A & .~ B =5®
P X FER o €W
= o R R
o N s
o T gaq
go oy R R E o
© W o BB o W
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LTO synthesized at 750 °C

3.0
—— 02Crate
—— 05Cate
—— 1Crate
2.5
s
e 20
8
°
> 15
gmY S«hy 70-‘ 6mY 501Y 4m' 3|nY Zm, 1
1-0 U 1 U U L 1 L] Ll
0 20 40 60 80 100 120 140 160 180
Capacity (mAh/g)
LTO synthesized at 850 °C
3.0
—— 0.2Crate
—— 05Crate
—— 1Crate
27 &% : 100 rpm, 25
B9 A7} : 24 hr, Z
Q
dxg &% : 850 T, o 20
gxg A7k . 36 hr, =
S e %6 S A
BPR=10:1, TiOz(Rutile), 15
GEA:=HA: 4 #=80:12:8
9‘", Bm, 7thY va 5"‘, 4mY 3"‘, 2m‘ 1
1.00 20 40 60 80 100,120 140 160 180 200
g’apacity (mRh/g)
LTO synthesized at 950 °C
3.0
—— 02Crate
—— 0.5C-rate
—— 1 C-rate
2 £% : 100 rpm, 2.5
29 A3t 24 hr, E
gx3 &% : 950 C, g 20-
2 A7t =
dA g Al 36 hr, = X
BPR=10:1, TiO2(Rutile), >

SEA: =444 A=80:12:8

1.5

1.0

gmY 8‘", 70\Y GmY 507, 4m’ 3mY ZmY 1

0 20 40 60 80 100 120 140 160 180 200
Capacity (mAh/g)

(19 3-1-8) &8 LTO® AlxH LTOS Hd 18=

P LTO €4 =% 750 C, 80 T, 950 Cell vt F «dd "H2EE 3] HYr
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T FA AL ofdet 2ol sdEA vk =& 100 rpm, =™ A 36
AR, EAe A A& FE5d 0 =AA

17t 36 A1Z+, BPR=10:1°]t}. &g
(Super P) : 24 (PVDF) = 80 : 12 : 8 A4 o® EuLe &
24 ANZF F dFuE oY fd Z"S ok oW, 3 HAFE F W
= 0.2 Crate® &=+ g5 sta, Al WMASFE J HA7FA = 05 C-rate
2 Fed AEe 3 T oA MANEHE 1 Crate2 T« W 23S A3

2tk 1 C-rate 7|52 2 750 C, 850 C, 950 ColA &=

14277 mAh/g, 14170 mAh/g®] &< WEtlAT &5 LTOx= 750 T, 850
T, 990 Ce dAE ’s}ﬂﬁh‘% 1 c—rateoﬂﬁ% H] 52k &3S YERAT o=
£ LTOE £ #yslte] o

1is4

2L

Al
=

=
=
@)
i
!
hins
i
o{

ol
ra
o
pa
&
=)
E
il
S
f
pocs
ftlo
=
—t
O
’-ﬁ
Q
o
N
F{N

3. olF U7t =3 E LTOS &4 9 x714 54

P A5 TS 93 AFAEE JUNSEIALY Lithium carbonate(Li>:COs, 99%),
Titanium oxide(TiO;, 99%, Rutile)E& A&t on &2+ AVANTORAL]
ACETON((CH3):CO)E AF&stth olEdara AHEd 542 ofdf 12 A
AT LisaAdTis5BrOw-Cc5 A2 459 st d 242 74749 o &4
Zeofl what AAbE] FA o LiCOse A 3 wt2% F7F AlA F3lth

1 AIZES 36 hr, BPR=10:1, %4 Wyoz 23
ddE S 100 T AF LEANA 3F AR ofHEe THe
tf. Azd" 399 E Tube Furnace ¥+ Box FurnaceE ©]&3le] 7]

71l 2 C/min, 5 C/ming <+ 2= 255 294 750 T, 80T,
950 Celld 36 A1 A st dAeE w3 A8+ Tube Furnace ®+
Box Furnace WolA Zitjz s WzhS Alzow #d3 JAE 7] 918l

geEE 24E F wusgc

v
oty
Y
N
Ll
=
(e}
s
‘B
i
il

lo
o,
o
o
oX,
A,
o )

M Hoo>
ol
ol
38
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2) A5AxE 9% €28 Ax

P Az @ FEA A (Super P), 2 A (Poly vinylidene fluoride(PVDF)), &
v} (N-methyl-2-pyrrolidone(NMP)) & 24 -& w40 7k 4 o] F= ).

P 3 HTE 100 rpm, B A 7HS 26 hre] 84 & 4FnE 3 T By
FA T

P DrbladeE o]&3to] stz = 74 =4

o
R
ol
o
&

F 110 T AF
L&A 12 hr A= &7l NMP 2

tlo
Ho
k1
ol
8
u

(3) A=A

N
K
(o]
x
2
a

P Ax @ AFS AFE #AAE o]gste] gl4d mm A7]E AX F 110 T

LI

o)

I AZF 24 hr,

gdx3g &% : 950 T,

A2 Azt : 36 hr,
BPR=10:1, TiOs(Rutile),
Lis-x/3AlxTis-2x/301291 4 X=0.05,
GEZA: AR A A=80:12:8
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200

0.ZC | 05C °C 10C 1C

180
160] =
= 140] B Egpgn aEm
120 EEnN
1%' EEE
: @
© 20-
o
20
012345678 910111213141516
Cycle number[n]
201556 T o5¢ [ 5¢ [ 10C | 7¢C
29 £ : 100 rpm, :g' .
29 X7 : 24 hr, '3',140: PR Caw
e % : 950 T, % 120
EA2 A7t : 36 hr, = 100
2
BPR=10:1, TiOz(Rutile), 5 80] Hgp
Lis-2x/3A1xNixTis-4x/3012%1 A § 60
X=0.05, O 40
o - 204
SEA:=AA - EEA=80:12:8 0 EEE
012345678 910111213141516
Cycle number[n]
Wr—3cT05¢c T 5¢ [0c | 1C
Ed9 £% : 100 rpm, ::g
B9 Azt 24 hr, -5-,140"..___
9xe L= : 950 T, % 120, nue
EA = Ak : 36 hr, = 100 e
BPR=10:1, TiOx(Rutile), 2 gl e
Lis-x/3A1xTis-5x/3Zrx012° A § 60-
X=0.05, S %
i} _ 20.
BEA: = AR :A5A=80:12:8 0

012345678 910111213141516
Cycle number[n]

Y £% : 100 rpm,
23 A3t ;24 hr,
gxd €% : 950 T,

- 31




200

02C 05C 5C 10C 1C
180
= 190 " e ma
o) 140 [ ]
A A|Zk: 36 hr, % 120- amn
BPR=10:1, TiOx(Rutile), = 100,
. . b " I
L14T15—xzrx012—xBrx°“}‘:| X=005, -6 80-
22:=AA: A EA=80:12:8 8 60
S
204
0 L] L} L] L] L T L Ll Ll J T Ll J L |
012345678 910111213141516
Cycle number[n]
200 02C 05C 5C 10C 1C
180
29 4% : 100 rpm, — 1604 = &
m H BN nm
E9 Azt 24 hr, = 140-
dxg €% : 950 T, % 120 L wm
A5 A7 : 36 hr, > 13‘
BPR=10:1, TiOx(Rutile), 8
Ag:LisTis-<Zrx01291 4 X=0.05, § a0,
GEAEHAAFA=80:12:8 20]
0 "

012345678 91011121

Cycle number[n]

31415 16

Y £% : 100 rpm,

E9 A7k 24 hr,

EAg +£% : 950 T,

A2 Az : 36 hr,
BPR=10:1, TiOz(Rutile),
Li4Ti5—2eranX012°“ k] X=0.05,
222 =123 A=80:12:8
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200

02C 05C 5C 10C 1C
180
— 160] " g g
H AN
o) 140 EER
— 1004 | o .
2 gl
Q
8 60
8 4]
20_
0'|'|'|'|'|'||'|'||'|'||'|'|'
012345678 910111213141516
Cycle number[n]
200 02C 05C 5C 10C 1C
29 £% : 100 rpm, 1801 m .
29 A7 24 hr, B o] "u nan
gdxd &% : 950 T, % 120, EEE
gxg Azt : 36 hr, = 100 mEn
BPR=10:1, TiOs(Rutile), %‘ 80
Lis-ax/3ZnxGax Tis-2x/301291 A 8 60
1]
X= 0.05, O 40
. i} 20
SEA:=H A A A=80:12:8 o
012345678 910111213141516
Cycle number[n]
200 02C 05C 5C 0C 1C
29 &% : 100 rpm, ::g -
] | |
Y A3 ¢ 24 hr, B 10 ol . mm
] o - ]
gAY &% 1 950 T, % 120 nn
gxg AlZF : 36 hr, = 1004 EEE
BPR=10:1, TiOx(Rutile), £
Li4—ngxTi5012—xeoﬂj\-] g 60-
S 40
X= 0.05, O 40
. _ 20.
BEA: = AR :A5A=80:12:8 0
012345678 910111213141516

Cycle number[n]

(24 3-1-9) A-Aell & W 1=
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P LissALTis 205012 (X=0.05)° EA2] <% 950 T, LisoxsALNixTi5 413012
(X=0.05)°l A7 &% 950 T, LiswsAlLTiss5¢57r<012 (X=0.05)0 @A 7 =
950 T, LisTisZrOp«Brx (X=0.05)° EA2] =% 950 T, AgLisTis «Zr«Om
(X=0.05)° 2] &% 950 C, LisTis2ZrMnOrz (X=0.05)°] EA 2 =% 950
C, Lis-axsZnsGayTis2x5012 (X=0.05) @A 2] 2% 950 C, LisxMgyTisO12-+Fx
(X=0.05)° dA2 &% 950 CE ¢ H A HAFH Al "A7A= 0.2 C-rate
2 Zewd A¥S sta, v MANYE 94 AR E 05 Crate® L5 WA
BE o}lF WHAZAE 5 Crate® 4 WHAREYH dF HA7ZIA = 10 C-rate, &

A HAHEE = 1 Crate® 5 « W 28-S AAsHS T

P 1 CrateE 7|02 HYS
VfEog A W dAE 2

skttt

o = LTO142.77 mAh/g) BEot <713 =4
% 5E wsh AAZ AFe] 54 o)

oy

it

4. Al(Aluminium)e] 7} | LATO

7} A3 wry

D = = | [o =]

(1) Al(Aluminium)e] #7} ¥ LATO %73

P A5 dAS 93 AFAZE= JUNSEIAE Lithium carbonate(Li:COs, 99%),
Titanium oxide(TiO, 99%, Rutile)E AF&3t o &uj=Z= AVANTORAFE
ACETON((CH3):CO)E AH&st3ith. olEdas AHEd &42 ot £2 A4
SFATE Lis-aAaTis B0 CcE A 459 3otk d =4S 4749 olFd
ol whet Agkel FA oW LiCOse 4 3 wt% F7F AlA F3At

2
>
il

100 rpm, % A7+ 36 hr, BPR=10:1, 52 Wy og A&}
SAE AL 100 T AF QLEA &F AR olAE Z=us
%29 999 E Tube Furnace =+ Box FurnaceZ ©]&3to] 7]

|14 2 C/min, 5 C/min® ¢ £LE2 255 &dA 750 T, 80T,

o
o,
o
o )y

M Hoox o
ol
ol
22
v)
A g
N

]
X
9
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950 TollA 36 A1ZF Ay skt €48 & vzl A5+ Tube Furnace %+
Box Furnace WeollA 1= 7zt

=wEER S & HAshalvh
@) A=AzE AT =87 Az

p Az H FEATN =AA(Super P), A A (Poly vinylidene fluoride(PVDF)), &
] (N-methyl-2-pyrrolidone(NMP)) & ZA S w4 o] 71 4 o] FA ).

P 3 dFE 100 rpm, ED AIZHE 26 hre] BY § dRwE S 2aF W
T

P Drblades o]-83te] stz st 54 =4 F 39S & F 110 €] A
QEAM 12 hr A= &ujdd NMP S¢& F= 33t

@
=0
M
2,
BN
)
K
o
i
2,
N
x

P Hx @ A5S A58 BAE ol&dte] g14 mm AV|E BA F 110 T A

v
K
rO
(12
2
,
o
r>~l
~
2
[40
J|m
oX,
o
7
~N
Ho
_0|L
2
of\
ol
r>~l
E—‘,
[
[
e
o
2
)

(1) Ale]l A7} ® LATOLisxsALTis23012)2] XRD 4]

zA XRDZH

Y £% : 100 rpm,
B9 A7+ - 24 hr,
dxg =% : 750 T,
A2 A7t : 36 hr,
BPR=10:1, TiOz(Rutile),
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e LTO pure
Al concentration 0.01 and 750°C
=== Al concentration 0.05and 750°C
= Al concentration 0.1and 750°C
=== Al concentration 0.15and 750°C
=== Al concentration 0.2and 750°C

111

-

[}

©
A

400

=333
53

A

Intensity[a.u.]

e 311
_—

L1 &
10 20 30 40 5 60 70 80
2 Theta[degree]

e | TO pure
Al concentration 0.01 and 850°C,
= Al concentration 0.05and 850°C
§ ——Al concentration 0.1and 850°C
=== Al concentration 0.15and 850°C
=== Al concentration 0.2and 850°C

AE
L
— N
— | N U TN
|
10 20 30 40 5 60 70 80
2 Theta[degree]

111

311

Y £% : 100 rpm,
B9 A7 - 24 hr,
dAg &% : 850 T,
EA2 A7k : 36 hr,
BPR=10:1, TiOz(Rutile),

=331

Intensity[a.u.]
f

e LTO pure
Al concentration 0.01 and 950°C
= Al concentration 0.05and 950°C
§ == Al concentration 0.1and 950°C
=== Al concentration 0.15and 950°C
=== Al concentration 0.2and 950°C

2398 |
'

11

311

Az 2% : 950 T,
g2 Az : 36 hr,
BPR=10:1, TiOz(Rutile), A

Intensity[a.u.]

R
'

l 1 P N
10 20 30 40 5 60 70 80
2 Theta[degree]

(19 3-1-10) Ale] 23t =3 (LisxsALTi5 25012) 2] XRDE=A

P e} o] Ale] H7F ¥ LATOE $A3ste] XRDE =AsAd. 9 ZaAE
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LisxsALTi5 203012 (X=0, 0.01, 0.05, 0.1, 015, 0.2) ¢ © XRDZAZA#}Z 1}e}
A Aolth, ddAe] LiyTisOp 37t 5% JeERGA T o] F Yo o&te] =3
Ao olEHAY AEE FHAazk FAHJT. AT F=5F LiTisO0net
Lis3ALTi5-2¢3012 (X=0, 0.01, 0.05, 0.1, 0.15, 0.2)¢] &Aoo W& Zo]:= XRD=
s3she] gelsty] ol H flth

(2) Alo] #7F ¥ LATOLis x3ALTi5 2¢5012)2] SEM +4

(29 3-1-11) Ale] 23¥ &2 (Lisw3ALTi5 2x5012) & 850 T €A 8 & SEMSA
(a) x =0, (b) x=0.01, (c¢) x= 0.05, (d) x=0.1, (e) x=0.15, and (f) x=0.2.

P 29 o] Alo] H7F ® LATOE 343t SEMS =A39th 9 agoAa =
Lis3ALTi5 23012 (X=0, 0.01, 0.05, 0.1, 0.15, 0.2) & w] 850 C= Iz & F
SEM ZAZ3%Z2 ye @ Aotk Az ¥ LATOY Z71E 06-1.2 umA L2
A712 ¥4 =
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(29 3-1-12) Al°] 2949 22 (LisxsALTis 23012, X=0.DE == w& I
< SEM=A, (a)750°C, (b) 850 °C, and (c) 950 °C.

» 2ot 2ol Alo] 7 ® LATOE A4 ste] SEMS
Lis x3ALTi5 0x5012 (X=0.1) & w 750, 850, 950 CT= <&
HE e A Aolth €AY 257 =555 LATOYAE AAE A&
AT},

14 JIN'
o2
ol
b9es
£
A
4
pult)
2
>

o
ro
ol
wm
es|
=
Ay
o
4o

e

(3) Ale] H7F ® LATO(Liso3AlTis 20501208 &« B A3

200—7c 05C TC
180+ Q
E 4
w] * 8 ¢ ¢
O *

. ] * % L
=  140- - w %
2 ] O O
O m Al concentration 0.01 at 850°C
& 1201 o A concentration 0.05at 850°C
© {1 A Al concentration 0.1 at 850°C
(&) 1004 O Al concentration 0.15 at 850°C

% Al concentration 0.2 at 850°C
80 1 % Al concentration 0 at 850°C
o 1 2 3 4 5 6 7
Cycle number[n]
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3.0

— Al concentration 0 at 0.2 C
—— Al concentration 0.01 at 0.2 C
2.5- —— Al concentration 0.05at 0.2 C
Al concentration 0.1 at 0.2 C
E — Al concentration 0.15at 0.2 C
O 20- Al concentration 0.2 at 0.2 C
(@)]
5 N
5
> 15
1.0

0 20 40 60 80 100 120 140 160 180 200
Capacity[mAh/g]

(19 3-1-13) Ale] H7F ¥ LATO(Lisa3AlaTi5 24501208 "4 185

Ale] H7F ¥ LATO(Lisx3ALTis2¢301201 41 X=0, 0.01, 0.05, 0.1, 0.2)
& o T ewd HAEE 9tk 80 T2 A8 st Aol & &
Fas = etk §A4 A=A ofdlel ol FUsSHA stk EYUER
100 rpm, EAIZF 36 AlZE, EA 2 AIF 36 AlZE, BPR=10:1°]t}. €88 =7&
A 0 =1 A (Super P) ¢ AFAPVDF) = 80 @ 12 1 8 £AHo=2 &
rpm, EEAZF 24 AZF $ GFulE 5d 9ol Z"HES sHith o, A
AEE F HAA7EA = 0.2 CrateZ 5 « WA AdHS 3ta, A HARE U HA
74 05 C-rateZ F «¥d A4S 3 & oA HAAFH= 1 Crate® e
W Ads Atk 1 C-rate 712 2% LATO(Lisx3ALTis 2301201 A1 X=0,
0.01, 0.05, 0.1, 0.2)°ll A &= g2 142 mAh/g, 154 mAh/g, 153 mAh/g, 153
mAh/g, 133 mAh/g, 142 mAh/g® &%= HeHAH. A= d =5 LTOY
142.77 mAh/g(at 1 C-rate) 2Tk 2F 9 %% 78t 154.82 mAh/g ¢ &FS IS
T odRey 15 Vo FYelAe  Hadegs dEda Atk
LATO(Lis x3ALTis 25501201 A1 X<0.1) & 4% &4 LTORY &5 S7H7F ¢

e L

rr
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20—gzc T05C [ 5C [ 10C | 1C
29 £% : 100 rpm, COR NI
B9 A7 24 hr, 5] il
dxa €% : 750, 850, 950 T, % 1201 2Ea .

| |
gxg Azt : 36 hr, 'E,' EEa
. . . = 80
BPR=10:1, TiOx(Rutile), 5 “u
Lis-x/3AlxTis-2x/301291 4 X=0.01, § 4. = Al concentration 0.01 and 950°C
51X =] - R I DT = Al concentration 0.01 and 850°C
A=A A FA=80:12:8 ] AI concentration 0.01 and 750°C
o T T T T T |"

0 2 4 6 & 10 12 14 16
Cycle number[n]

180

2

dx38 &% : 750, 850, 950 T,
gxg Azt : 36 hr,

BPR=10:1, TiOz(Rutile),
Lis-x/3AlxTis-2¢/30121 4 X=0.01,

Capacity[mAh/g]
B

120- m Al concentration 0.01 and 950 °C
1 C-rate, = Al concentration 0.01 and 850 :C
g2 A A AR A=80:12:8 o | L omeentEfon O AR |
0 4 8 12 16 20 24 28
Cycle number[n]
(19 3-1-14) Alo] x3t5 E2(Lig «3Al Ti5- zx/solgoﬂ A X=0.01)e] WA 2z

P 9ok o] Alel H7F ® LATO(LisxsALTis 203012004 X=0.01)& &4

A HZAEZ &tk 750, 850, 950 TAIZFA el dAle] X wE &gk
w9 LTOel #lal Aok das &9 & 5 Al Ale] 7b 2
LATO(Lis x3ALTi5 21501201 A1 X=0.01)2] - 850 CT=Z A2 & A5 573
Mo ZA e BEAS HojFa k. o= Ale] #7F deol wet LAT g
o] Qe Wi HE AL gusth A FH &5 LTOY 142.77 mAh/g(at 1
C-rate) .t} °F 9 %5713 15482 mAh/g 9 €3S A4S 4 Aoy 15V
Aol Ao HebAztS Vet 9tk 3 1 C-rate, 30 cycle & FALS
100.64 %2 7FAtE 100 %ol U2 <+ < z

rlo

o
rr

I S -8 ddol 1d

rr
o
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=il iR A R
20—g2C T05C [ 5C [ 10C | 1C
29 £% : 100 rpm, . 160+ Iiiiii III
B9 Az 24 hr, 2 0. "
@A &= : 750, 850, 950 T, % "awco
EA= Ak : 36 hr, > 80+
BPR=10:1, TiOs(Rutile), § 1.
Lis-xisAlTis-2x30121 41 X=0.05, 8 = Al concentration O.BE;JQSWC
GEZA: T A A3 A]=80:12:8 0 = Al concentration 0.05 and 850°C
| = Al concentration 0.05 and 750°C i

0 2 4 6 8 10 12 14 16

Cycle number[n]
180
49 4% : 100 rpm, 170
B9 A7+ 24 hr, 160

dA47 &% : 750, 850, 950 TC,

150 SEEEEEEEENEEENEEEEEEEEEEEEEE

=)
Axe A7k : 36 b, E o] SEEEIEEEERRN SRS S RNETRRNSEE
BPR=10:1, TiOs(Rutile), %‘ 130
Lis-x/3AlxTis-25301291 4] X=0.05, g
Hosfs brax/s1z % 120 m Al concentration 0.05 and 950°C
1 C-rate, o 10 ® Al concentration 0.05 and 850°C
_ _ j m Al concentration 0.05 and 750°C

EA:=AA: =80:12:
GEA A A A EA=80:12:8 100 -
0 4 8 12 16 20 24 28
Cycle number[n]

(19 3-1-15) Ale] 38 =4 (LisxsALTis 2030120014 X=0.05)9] Wd L=

P et 2ol Alel H7F ¥ LATO(LisxsALTis 2300204 X=0055 #A3st &
A HAEES Stk 750, 850, 950 T Al 7tAe] I 2md wmE &%
#= =5 LTOA  ®& A7k Ses 9 & 0 vk
LATOLisx3AlTis0x501201 4 X=0.01)9} #o] 80 CT= <EAeg & 74
O AForAo EAFS HoFa gt =3 1 C-rate, 30 cycle

& 995 %0]% oth

ol
Ho
D)
o
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750 °C 850 °C 950 °C
LisTi5012 96.7 % 97.4 % 96.2 %
Lisx3AlcTis.2x3012

994 % 99.3 % 99.5 %
(x=0.01)
Lisx3AlTis-2x3012

99.3 % 99.3 % 99.3 %
(x=0.05)
Lisx3AlTis5-2x3012

99.2 % 99.3 % 99.2 %
(x=0.1)
Lig3ALTis5.2x3012

98.6 % 99.1 % 99.2 %
(x=0.15)
Lisx3AlTis.2x3012

99.1 % 98.8 % 99.2 %
(x=0.2)

(19 3-1-16) Alo] ¥3¥ E&(Lisw3AlTis203012001 4 X=0, 0.01, 0.05, 0.1,
0.15, 0.2))¢] 1 C-rate, 30 cycle & A&

P 9} Zo] Ale]l H7F B LATOLissAlLTis 00301914 X=0, 0.01, 0.05, 0.1,

0.15, 0.2)2 &A3te] 1 Crateoll A F « B HAEES 3o FA&S AAks] B
kth. 750, 850, 950 T Al 7FAle] dAH P 2% g {FA&S 4 LTORY
=2 99 %ol Fe Hola Ut o] 4 LTORTY Alo] 7l Hol uwz}

ST
£e 452 dehad @ + Aok
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4. Al(Aluminium) 2} Ni(Nickel)e] 7} ¥ LANTO

7h Ad I

(1) Al(Aluminium)¥ Ni(Nickel)e] 7} ¥ LANTO &7

P Az IS 3 A7 == JUNSEIAS] Lithium carbonate(Li2COs, 99%),
Titanium oxide(TiO,, 99%, Rutile)E AF&3tom SwlZ2%= AVANTORAFY
ACETON((CH3):CO)E At&3atitt olddiz 28" =42 oy 2 4
AT LisaAdTis 6BrOw- L5 A X B9 st d 242 74749 o|Fd

ool mpel ALkel Floew LixCOs8 45 3 wtd% F7F A1A At

v
Job
2
n

= 100 rpm, % A]7+S 36 hr, BPR=10:1, 2] WHo 2 23 st}

<
B\
100 Col A& oA aF A= opAlEe] TS F

2ol Ag FAAE AS
=39t Ax®E 39 E Tube Furnace =% Box FurnaceE ©]83to] &7]
A7l 2 C/min, 5 C/min® $& £E& L5 &¢4 750 T, 80T,

950 ColA 36 AzF A2 st A8 E vzl Al5E+ Tube Furnace £+
Box Furnace ol Itl2 HH3] WIS AR oy ddst AAE A7) 93]
=EER ZA3 § Basioit

(2) d=A2E A <99 A=

p Az H dEAI =AA(Super P), Z23A (Poly vinylidene fluoride(PVDF)), &
] (N-methyl-2-pyrrolidone(NMP)) & ZA& ul4to] 7FH 4o F=Ql o)

>

oty

A5 100 rpm, B9 AlZFS 26 hre] £ F 705 Aol

i

T I e
AT,

X

P Dr.bladeE o] &3te] Ystaxt 3= F4 24 3 ZES 3 & 110 C9o AF
QB 12 hr A% &uwj¢l NMP ¢S % vt

P Az W A2 AZE WA o|&se] @14 mm 272 WA F 110 T A
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to

SR E )

HolA 12 hr A&

(1) A1#Ni7F "H7F ® LANTO(Lig 2x3A1Ni Ti54x5012) 8] XRD 4

zA XRDZA
- - ©
= 5 § o ¥
(2]
(3]
) S
st L1 [
5 1 | 1, | X0
‘g ~_ ) : 1 X=(2;05
= 1, | X001
1 , G x=0
29 £% : 100 rpm, 10 20 30 40 50 60 70 80
E9 Az 24 hr, 2 Theta[degree]
dxd % : 850 T,
dxg A7+ . 36 hr, =
BPR=10:1, TiO(Rutile) -
X=0.2
= X=0.15
S X=0.1
E .
2 X=0.05
£
= X=0.01
A X=0
15 16 17 18 19 20 21 22
2 Theta[degree]
Ed9 £% : 100 rpm,
=3 A7 24 hr,
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- bl (=]
T 5 § o ¥
e 8 |e
Q @8
o LT ||
.ﬂ', — N A | X=0.1
2
g M) . A | l X=9‘.1
] P Y
= ] o | L X=0.01
1 N A ln X=0
9xe L% : 950 T 0 20 30 40 5 60 70 80
T ’ 2 Theta[degree
gA7 A7 : 36 hr, [degree]
BPR=10:1, TiO(Rutile)
X=0.2
5 X=0.15
S,
2 X=0.1
g Ji X=0.05
i
= AN X=0.01
A X=0
15 16 17 18 19 20 21 22
2 Theta[degree]

(29 3-1-17) Al Ni 2838 53 (Lisg-2v3ALNixTi5-4¢5012) ] XRDZ

o

» 9ol 2ol Al¥ NiZk #7F @ LANTOZ @4 3te] XRDE A4k Al H
7F ® XRDSF #Zo] Aol wE ol A By dEJoY LTO @ A
oM el 11104 9= o]Fo] Qe Aoz Bt 2 zolyo] e olf&
AeFol olF At HIAEAY] wiitolw 11164 =7t o]so] ® A LTO
A7kl Al#F Nizk = o] Q7] wjZo|tt,
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(2) A1#Ni7F "7F ® LANTO(Lig 2x3A1Niy Ti5 4x3012) 9] SEM &4

B

(¥ 3-1-18) Al Nie] Z3¥ &2 (Lis 2x3ALNixTis 4x5012)= 850 T @A %

SEM=4A. (a) x =0, (b) x=0.01, (c) x= 0.05, (d) x=0.1, (¢) x=0.15, and (f) x=0.2.

P sk ol Alx} Nizk 7} ® LANTOE §Astel SEMS A8t 9 219
ol M Lig203ALNiIy Tis 4x2012(X=0, 0.01, 0.05, 0.1, 0.15, 02) <& v} 850 C= <
Ag g % SEM SAHZAH}E vE @ Aeojn Alx @ LANTOS A7+
06-1.2 umAEe A7|=Z P4 AT}

A , ®) ©

(13 3-1-19) Ale] 23 &2 (LisoxsAlNixTis5 4x3012) 8] =520l & EAg 5
SEMZ4, (A)Lig2x3A1NixTi5-4¢3012(X=0) at 850 C, (B) Lis2x3ALNixTi5 4x3012
(X=0.01) at 850 T, (C) Lis2x3ALNixTi5-4x3012(X=0.01) at 950 C.

P 99} o] Al¥ Ni H7F @ LANTOE 4 3te] SEMS

=3t 9 1o
A= LigoxsAlNix Tis 43012(X=0.01) & w 850, 950 CT= <

A2l @ ¥ SEM =
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4 A3g et d gdelth dXY exl 244E LANTOAE AXE S
¥ 5 Ao
(3) AIZNi7F #H7F ® LANTO(Lis oxsALNixTis 45301208 S« W A3
20—zC 05C 1C
180-
— A é -
O) 1604 O 6 - - | |
% 140- = = 8 B n "
Bl 9 [ ] O - O 0O
2 120{ m X=0 - m
S { = X=0.01 - -
=2 1001 m X=0.05
S 1 o X=041
8041 o X=0.15
1 2 X=02
60 v L] v L] v ] LJ L]
0 1 2 3 4 5 6 7
Cycle number[n]
3.0
—X=0
— X =0.01
25. — X = 0.05
e X = 0.1
= —X=0.15
& 2.0
=
o
= 1.5
1-0 T ] ] )
0 40 80 120 160 200
Capacity[mAh/g]
(¥ 3-1-20) Al¥} Ni7F #H7F ¥ LANTO(Lis-2x3A1NixTi5-4x5012) 8] W3 182



P 9o} ol Al NiZkb #7F ® LANTO(Lig2x3AlNixTis 4x3012001 4 X=0, 0.01,
0.05, 0.1, 0.2& ¢ oW A HAEE ST 850 T2 EAe st =4
S 39l anh A FAFALS oot 2ol FdIA A
, AR 36 AlIZE, EA- ] AR 36 AlZE, BPR=10:1°]t}. &
© A A(PVDF) = 80 : 12 : 8 A4 o=
s

o

i)

B 2

HE

= OfD

S o

CI-

2 :
[0
_OL
£
of

BN
A
rlo
m (
e
i)
k1
FN
N
%)
o
o
D
=
T

£ g W e
s}
Ip

= 100 rpm, EHEATF 24 A T G FulE 32U 9o ZH”HES A o
;A HAIRE T HAZIAE 0.2 Crate® &« WA A sk, A HA
Bl Ul WAz

al -
F4& 05 Crate®Z F«%d AFS 3 F vl HAFH= |
C-rate® A A= A A FA T 1 C-rate Eo "
LATO(Lis x3ALTi5 255012914 X=0, 0.01, 0.05, 0.1, 02914 &= 2> 142
mAh/g, 157 mAh/g, 113 mAh/g, 125 mAh/g, 137 mAh/g, 137 mAh/g®

1o
o
ot

S YU Alx €@ 5 LTOY 14277 mAh/g(at 1 C-rate) 2.tF ¢F 11 %
718k 157.89 mAh/g 9] €4S A5 F e 15V I HeH 9
%}1\‘% ‘/}'E]’]‘H:ﬂ- 9»}];} LANTO(L14*ZX/?A1XN1XT1:)*4X/3012Oﬂ}\:1 X<001) ?——_1 7(%‘?‘ 'fl\“‘/ll

LTOR §% Z7b7k dolupz A& &9 & 5 vk

el s e A

20—2CTUSCT 5C 0T [05CT 1T

9 %X : 100 rpm, 180 ®

2 A2 24 b, Sl RN 1] .

dAqe) L% : 850, 950 T, %

gxe A : 36 hr, £ ™ Cwn

BPR=10:1, TiOs(Rutile), %,’ 120 mEE

Lis-2x/3A1xNixTis-4x/3012 A4 § 1004 mu g

X=0.01, © 804 = Samples synthesized at 850 °C

8= AT A-80:12:8 o] Samples synthesized at90°C |

0 2 4 6 8 10 12 14 16 18
Cycle number|n]
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g A2+ 24 hr, 165+
g5 2% : 850, 950 T, [9000000cesescesssescsscscscsce
EA2 A7t : 36 hr,

BPR=10:1, TiOx(Rutile),
Lis-9x/3A1xNixTis-4x/3012 A

Capacity[mAh/g]
A

X=0.01, |
| o- 1451 m Samples synthesized at 850 °C
rate, ® Samples synthesized at 950 °C
51 2 A = & A A A = : : MW+
FEA:=AA AR A=80:12:8 0 246 81012141618 2022 24 26 28 30
Cycle number[n]
180
4 £% ! 100 rpm, 170

E9 A7 24 hr, 160.]
gxg &% : 850 T, 150
dAg A7k : 36 hr 140 | N EEEEEEEEEEEEEEEEEEEEEEEEEEEEE

lllllllllllllllllllllllll
oo _ ] (T
BPR=10:1, TiOz(Rutile), 130 ENEEEEEEENEEEEEEEEEEEEEEEEENEE

Capacity[mAh/g]

Lig-2x/3A1xNixTis-1x/30121 A ﬁg m X=001
X=0.01, 0.05, 0.1, 0.15, 0.2, ool ® ¥t
_ ® X=0.15
1 C-rate, :g . X=0.2
S UZ‘: 4 : 3] = . . LR P R L S S A LA S R SR A S
TEL=AA:ARA=80:12:8 0246 8101214 16 18 20 22 24 26 28 30
Cycle numbern]
180
€4 £% : 100 rpm, 170
B9 A7+ : 24 hr, 160 | "NNEEEEEEEEEEEEEEEEEEEEEEEEEEE
Qx4 oT - ° ) ]
gﬂj ‘—]E]_ - 950 C, % :z ENEEEEEEENEEEEEEEEEEEEEEEEEEEE
A2 A7+ : 36 hr,  ——
.l..l....
BPR=10:1, TiOs(Rutile), E" 130- “llllllllnnnnll:=::::::=:
Lis-2x/sALNixTis-s2/50121 4 | G :fg SRR R R
X=0.01, 0.05, 0.1, 0.15, 0.2, % 100
3 i
1 C-rate, 90-
SEZA . EHA:EAYA=80:12:8 80

0246 81012141618 20 22 24 26 28 30
Cycle numbern]

(19 3-1-21) Al3} Ni7F #7F ¥ LANTO(Lig 2x3A1Ni Ti54x3012) 2] ¥d 18 =

[K

P ot ol Al¥ Nizb #7F © LANTO(Lis2x3ALNi Tis 453010014 X=0, 0.01,
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0.05, 0.1, 02& st F «¥d HEEE 3tk 850, 950 T F 7FA¢] &
A ko] wE &FiS =5 LTO vs] o)z A& & & 5 A
o} AlZ NiZF #7F ¥ LANTO(Lis-2x3A1Nix Ti5-4x301201 41 X=0.01)¢] 7

T2 dA4g & 4% 53 d50249 545 BT vk ol Al Ni
7F A7 "ol wel LANTOw 25k¢ 249 933 WA He AS ongn
Az @ &5 LTOY 142.77 mAh/g(at 1 C-rate)2t} ¢ 11 %<7kt 16291
mAh/g ¢ §%FE& 48 F AdYem 15V FoAe] Febd9zhs YeEhia
Atk T3 1 C-rate, 30 cycle & fX4& 53 99 %o]dS 7t

5. Al(Aluminium)¥} Zr(Zirconium)e] A7} ¥ LATZO
7b Ad W
(1) Al(Aluminium)¥} Zr(Zirconium)¢] A7} ¥ LATZO A
P A= IS Y3t AFAZE JUNSEIAS] Lithium carbonate(LisCOs, 99%),
Titanium oxide(TiO,, 99%, Rutile)E Alg€3t o EwjzZ= AVANTORAMY
ACETON((CH3):CO)E A&t o]TUAZ AFSH 542 ol =2 AHE

&tk LisaAdTis 5BrO1 Co8 Al %94 sty 242 449 ol d

ol what AAtel FAow LibCOsY A$ 3 wt% F7F AlA FA

v
ok
Y
r
il
=
2

3

1

9 Al 7HS 36 hr, BPR=10:1, 2] #Hog A8sr}

2=
=]
3 oBoA % A% ofHES TUE f
7]

1o
o
o

o
oX
i,

o
—
(]
(@]
(@)
1o,
A,

A S
. Ax" 39-9E Tube Furnace =+ Box FurnaceE ©]&3dle] &

714 2 C/min, 5 CT/min® T £E=Z 55 &34 750 T, 80T,
950 TollA 36 A1zF e 3ttt A& vtx Al&+% Tube Furnace %+
Box Furnace WelA 2o 3] Wdz4& AZHow #dd A5 471 130
EEEE 25 & Hasidt

S (Y
off
-
22
£

2) A=sAxE A S8 A=

P Az ¥ FEAI =AA(Super P), Z25A(Poly vinylidene fluoride(PVDF)), &
] (N-methyl-2-pyrrolidone(NMP)) & FA & vl4to] 71 4o F=th
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=

d

P A4S 100 rpm, EE A7FS 26 hre] B 3 GZulF s$dd FaF
FA T

P DrbladeE o] &3le] dslux st T4 24 & 3EHS 3 T 110 CY
SEoA 12 hr A% &m¢l NMP %S +5% 3ttt

)

Of

(3) A=Az 2 A4 A2t
P Az H AFe AFE AXE olgste] 914 mm 27|E AX F 110 T 2
F oBoA 12 hr AR £F FUE FE 39
P ootz B9l7)e] FRn whadd melAe A%
P A A T A7|FHd EAS By 9ste] Fedd HAEZS 3F9iTh
oo 4d A g B4
(1) A1} Zr7y #7F 8 LATZO(Ligx3ALTi5-5x371rx012) 2] %« Wd A g
z3A YA IYE
fg 02C [05C | 5¢ [ 10C [ 1C
Ed9 £% : 100 rpm, 160: "
=9 A7+ . 24 hr, =] !Il::: EE S
N . 1404 " nlfRE
dH7 L% : 850 T, %120 il
7 [ L
A Azt : 36 hr, E. 100. lig|
| I |
BPR=10:1, TiOz(Rutile), 2 g. R -
. . O X=0.01
Lis-x/3Al,Tis-s5x/3Zr50121 A g 60] | » xo
X=0.1
X=0.01, 0.05, 0.1, 0.15, 0.2, 8 4 X015
_ _ 20 m X=02 LB B |
FE2A:EAA:AEA=80:12:8 0 [
012345678 910111213141516
Cycle numberin]
Ed9 4% : 100 rpm,
23 A3t ;24 hr,
gx38 &% : 950 C,
gxg A7k : 36 hr,
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o] 02C [ 05C[ 5C [foC [ TC
. 1604 "
Sl PEET T
BPR=10:1, TiOz(Rutile), %120_ L LI il
Lis-x/3A1xTis-5x/3Zrx012l A = 100 = E E -
Y
X=0.01, 0.05, 0.1, 0.15, 0.2, 2 8ol ‘
3) m X=0.01 : : :
F2A: A AEA=80:12:8 ® 601 | = X005
© 40 m X=0.1
O m X=0.15
20] | = x02
0'l'l'l'Il'l'l L UL LU
012345678 910111213141516
Cycle numberin]
180
€% £%= : 100 rpm, 170
B9 A3 : 24 hr, —,  160]
dxz 2% : 850 T, 2 150
7_(%3] Aah - 140 HHITUHH UL
A Azt : 36 hr, |ennsnsmssmsnssEEEEEEEEEEEREEEE
BPR=10:1, TiOx(Rutile), > 1;‘0‘::::::::::::::::::::::::::::::
Lig-x/3A1xTis-5x/3Zrx012°1 A g 113- v
X=0.01, 0.05, 0.1, 0.15, 0.2, S 100l | 1oy
1 C-rate, © 0] | . §:8:;5
Ted =AY A=60:12:8 N T N BRR A BB
Cycle numberin]
180
€% £% : 100 rpm, 170-
E9 A7+ . 24 hr, ., 1601
%ﬂﬂ %E : 950 °C, m 150- ENEEEEEEEESEEEEEEEEEEEEEEEENEEE
g4 A7k : 36 hr, % 140 suunsnnssnsnnnsnnnnnnnunannnnn
_ . . . - 130_ EEEEEEEEEEEEEEEEEEEEEEEEEEEEER
BPR=10:1, TiO(Rutile), > 1o TINRRRNRRERRRRRERNRRRRRRNRERE
Lis-x/3A1xTis-5x/3Zrx01291 A | G 110] & X001
X=0.01, 0.05, 0.1, 0.15, 0.2, § 100l | 1Y
1 C-rate, © w10y
GEA: A A A=80:12:8 80

0246 810121416182022242628 30
Cycle number[n]
(19 3-1-22) Al Zr7}F A7F © LATZO(Lig x3AlTi5-5¢371<012) 2] ¥d 18

[K

P ot ol Al Zro]l H7F ¥ LATZOLisysAlTis 5037ZrOm)oll A1 X=0, 0.01,
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0.05, 0.1, 0.25 A3t 5« HZEE sttt 850, 950 T + 7141 9]
Al X0 mE §HF> &5 LTO vl #ol7 d&S 9l

o} Al Zro]l  LATZO(Lis y3ALTis 5x3Zr:012, X=0.01)¢] 79 950
& Ag F AFo2M0 SA4S BT vk o= Al Zro] H
wet LATZ0w= 259 249 93-S WA He AS vt Az
LTO¢] 14277 mAh/g(at 1 C-rate) 2.t} °F 4 %% 7}3+ 149.39 mAh/g <]

A = Ao, 1 C-rate, 30 cycle & A& T3k 99 %ol s 717t}

ok
>
%0

N
o
it

(@)
htt
1A
o, 2
o 4 2 W 2 @

ofo &8
M

6. Al(Aluminium)¥ Mn(Manganese)©] %7} ¥ LATMO

A g

(1) Al(Aluminium)¥ Mn(Manganese)©] 7} ® LATMO 34

P A5 IS 93 AFAEZE JUNSEIALY Lithium carbonate(Li-:COs, 99%),
Titanium oxide(TiO, 99%, Rutile)E AM&-3t o &ujZ= AVANTORAFY
ACETON((CH3):CO)E AF&3tth o]lEda= AEd EHL ofy = Ay
AT Lis ATis BiOn CoF AZT A%e] 3etded 248 717h9) o] %4

2ol wel ALke] Ao LixCOse 4% 3 wtd% F7F AlA F3lt

P I HFE 100 rpm, 3 A|ZFS 36 hr, BPR=10:1, 54 Wy oz A3t &
2ol A FA4E AS 100 T 7F 2EA 35 A= ofAEY THs F
=3tAch Azxd" 999 E Tube Furnace Hi= Box FurnaceE ©]&3le] 7]
w9714 2 C/min, 5 T/ming <&

T2 255 294 750 T, 80T,
950 TollA 36 AlZF A st & z =
Box Furnace oA 2 HHd3] WS Ao A AAE A7) 2138

seew 2% ¥ Raaqr

+ Tube Furnace &+

2) A=A=E f% 89 Ax

P Ax @ =43 A4 (Super P), 23A](Poly Vinylidene fluoride(PVDF)), &
] (N-methyl-2-pyrrolidone(NMP)) & Z=A-& vlHo] 7hH 4o F=3l )

P 3 HWTE 100 rpm, EE A 7FS 26 hre] 24 & GZnE s ZFaF By
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T,
P DrbladeE °o] &3t stz gt 77 =24 $ I"€S 3 ¢ 110 Co ¥
QEoA 12 hr %= E£ujel NMP TS f% it
(3) AFAx L ZAA A=t
P Az © AFS AFE AAE ol gdle]l old mm 27| WA F 110 €] 2
T LA 12 hr A FE FLE F= AT
P ootE E97]e] FRE vpiolA QA AlFskolt
P a4 AR F 714 542 1] flete] . HAES S
g Ad A D B4
(1) A1z} Mne] 7} & LATMO(Lis x3ALTis 5x3MncO12) 2] 5« 23
=%} Ao
200 02C 05C 5C 10C 1C
9 £% : 100 rpm, ::ﬁ' |
27 X7} : 24 hr, B 100 IR 1rs
4743 % : 750, 850 T, % oo0]
g7 A|zk : 36 hr, = 100]
2
BPR=10:1, TiOs(Rutile), £ 8. Prs
Lis-x/3A1xTi5-5x/3Mnx012°1 Al § 604 = Samples synthesized at 750 °C
X=0.01, 0.05, 0.1, 0.15, 0.2, © 404 © SamplessyntheszedatBRNC |
o M=) . . = _ . . 20+
22 =R AFA=80:12:8 e NN NN N P R
012345678 910111213141516
Cycle number [n]

(19 3-1-23) Al¥} Mno] #H7F &

LATMO(Li4fx/3Alei5f5X/3M1’1XO 12) 94 Ho]' ﬁ

Y=

P et 2ol LisysAlTis 5vsMngO012(X=0, 0.01, 0.05, 0.1, 0.2)ol EH& &% 750,
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950  C,  LiTisZrnOwmBrX=005)°  dAH= &= 950 T,
AgyLisTis ZrO1(X=0.05)01 A8 2% 950 C, Li/Tis 2ZrMnOp(X=0.05)0]
I8 €% 950 C, LisaxsZngGaxTis 03012(X=0.05)0 dA g &% 950 T ol A]
o] Fetd H2AEES &tk 1 CrateE 75082 B3-S v <4 LTO142.77
mAh/g)B v} & =Fo] F7F stk

94 ATAS ASAAE B $5E 54 Hehln
A7l AMAE ATAL FH, A0, TP, DAY LR

A

7. AZO ARl W& T AY

o AE

SIREER-

P Az TS ¢ A7 2= JUNSEIAS] Lithium carbonate(Li2COs, 99%),
Titanium oxide(TiO;, 99%, Rutile)E AH&3t o™ &mjzZ= AVANTORALS
ACETON((CH3):CO)E AH&3dtAt. olFdiz Abgd Bd2 oY f2 AY
sttt LisaAdTis B0 Ccs AR 459 g4 A4S 279 olFd

oo mEk Agke] F=lem LipCOsel 49 3 wt% F7F AlA FAh

3|45 100 rpm, £ A1ZHS 36 hr, BPR=10:1, 2] WHoz A} &
2ol AS FAHE AE 100 CTo] 2 LEA 3tF A= ofAES] FHE
o9tk Adx" 399 E Tube Furnace =% Box FurnaceE ©]-&3}o] 37]
714 2 C/min, 5 C/min® < £E&2 255 2#A 750 T, 80T,

950 TeolA 36 Al A skt ExEE vl A=
Box Furnace WollAl ZIti= 3] Yzh& Al om #dst dxE 47 930

zeeg 248 5 wasdc

+ Tube Furnace BT+

(2) d=A2E A <99 A=

Az ¥ GEAT @A (Super P), 24 (Poly vinylidene fluoride(PVDF)), &
] (N-methyl-2-pyrrolidone(NMP)) & A& vl4o] 7hH 4o F=3l )
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(3) ALDAH = o] &

gl 220 CollA 50 nm F7A=
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=
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=

(4) A=A

7l

110 T

ey
T

A ]

2

el @914 mm A7) =

J|

AE o] &

A

Dz

o Ao} o
ﬁ_lT:E ﬁ“l%

= ¥

Eal

>

Ho

spgint.

Al

el
=

i

_56_



A
~

o Ad A o

M

(1) &9 LiuTis0129] AZOFH T = « Hx2 3

20 57CTo5C] 5C [10C [05C ] 7C
180 & , o
160- u . AAA I‘-““
D 140 il PPN EEE
% 120-
5 80-
g 60- m LTO(850) AZO 50 nm
S 40- A LTO(850) AZO 6 nm
20.] m LTO(850)
01— S I S W W 5 S A
0 2 4 6 8 10 12 14 16 18 20

Cycle number{n]

(19 3-1-24) & LTO A= 9ol AZO 3" FAo & W a1g=
P LTO A4 =% 80 CT= dAg g F AZO =W F7d #ste] F %A
HAES 3 Btk §4 FAAL ofgfe o] & 29
100 rpm, EEAIZE 36 AlE EA4 2 AlF 36 AlZF BPR=10:1°]th. £82] &7
&2 ZAA(Super P) : AFA(PVDF) = 80 : 12 : 8 AR B
BOAZE 24 A7 5 R0l 2d Yol ZY€S sk o, A
ARE A HAAZIAE 0.2 C-rate® &« Hd A9S & R
A4 A= 05 C-rate, A HAFE ofF WAZIA= 5 C-rate,
T WHAZFA = 10 C-rate, €A HAFEH oA AA7-4] = 05 C-rate, EIA
HAREE 1 Crate®Z 5« 3d Ad& AA89th AZO 2€ & &4 LTOR
o §go] T7tE e, AZO ZH FA wEtAE Z Aols: Holx| ekgk
th ol AZOFB o ® HEAo] Eol A7] wio] &7 F7F g o=
t}. 1 C-rate 7|22 <4 LTO+= 14277 mAh/g ol AZO 6 nm =
LTO® 7% 164.12 mAh/go &S ek oF 14 %57F stHA ol& &

100 rpm,

12
=3
2
1
ki)
ey

2

8
H
o,
e
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#Z9] 175 mAh/g 7M1 &8-S Helth

(2) Ale]

H7F ® LATO(Lis oAl Ti5 205012) 8] AZOZB 2 F « d A3

Z7A oA R
1 r—gzcTOo5c T 5C T0C
2 £% : 100 rpm, ¢ ' 1c
| |
29 A3t 24 hr, ., 160 =="' oo o
gxE &% : 950 T, 9 nEn
1404
dx g AlZk . 36 hr, %
BPR=10:1, TiOx(Rutile), > 120 an
Lig-x/3AlTis-2x/301291 4 X=0.01, p
\ . g 100- 28
GEQ: AN A FA=80:12:8, S .
. m Al concentration 0.01-950°C
AZO : 60 nm coated 80{| e Al concentration 0.01-950°C-AZO
| | | |
0 2 4 6 8 10 12 14 16
Cycle number[n]
1] 02C [ 05C [ 5C [WC [ 1cC
23 £% ! 100 rpm, L
[ ]
B9 A7k : 24 hr, T 160 " Sleee .o
g3 2x : 950 T, %140 mun EEE
dAg Azk: 36 hr, 5 P
BPR=10:1, TiO2(Rutile), £ 120, .
Lig-wsAlTis-20001201 4] X=0.05, | & ] oo
822 : A A A3A=80:12: o L
2d:=d A AFA=80:12:8, 5] [ ® Al concentration 0.05.950
AZ0O : 60 nm coated 1 e Al_concentrgtion 0.05_-950-AZ(_)
0 2 4 6 8 10 12 14 16

Cycle number[n]

BPR=10:1, TiO2(Rutile),
Lig-x3AlTis-2¢301291 4] X=0.1,
SEA:=AA:AFA=80:12:8,
AZO : 60 nm coated

_58_




180

02C | 05C | 5C | W0C | 1C
1601 @
=) e (XN |
% 140- gtee
E, 120
2 ant
o 100
g. | N . !
8 80- 00O
m Al concentration 0.1-950
601/ e Al concentration 0.1-950-AZO

0 2 4 6 8 10 12 14 16
Cycle number[n]

(9 3-1-25) Ale] #H7} ¥ LATO(Lis-a3AlTis243012)9] AZOAE F W 1=

160

3

o
ol

Capacity[mAh/g]
B

Hm Al concentration 0.01-950°C
144 m Al concentration 0.01-850°C
@® Al concentration 0.01-950°C-AZO
@® Al concentration 0.01-850°C-AZO
140 ] ) v L) v L) v L) v L) v L)
0 4 8 12 16 20 24 28

Cycle number|n]

(L& 3-1-26) Ale] E3rd =& (Lis w3ALTis 203012001 A X=0.01)¢] AZOZE %

1 C-rate, 30 cycle ¥ 1=

P ot #o] Ale] H7F ®© LATO(Lisvs3ALTis0300001 4 X=0.01, 0.05, 0.1)&
AZO 38Y F F «Wd HAEE st 850, 950 T F 7HA9] dA 8 &9
w2 &S v HS uw 850 T2 Exg 8 MEF 49 AZO ¥ ol

el gFgkol S7F skl eyt 1o ghel A @kt shAIRE 950 T= AAeE H

==
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Bottom-up¥ Top-down®¥2]e] d7 &85 o™ Bottom-up¥doz= U
¥4 o2 vapor-liquid-solid (VLS) growth, chemical vapor deposition (CVD),
solid-liquid-solid (SLS), laser ablation ¥ %°] A=d ol WHS Ag&E &
Sg4E54d Ax A 55 3 S AF Aol Jheste] =AY BeldE &
Tk Fe FHo]l AT A AFAHE ALESH7] wiimol 7FFo] nix,
Aol Aot [23,24].

b ool msl, FEET I, A71ske )P 5 Top-down WS MR
gulglol Mmd AW, AR, GUAL FAE AR sfolo] T2E I
A & e 2 gl v [25-28] webd B ATIAE YaTas 7K
AeEe &5 AR G 98 A/HFA AR ATEEN AEe
olgstel WAY HLE ol¥E HF 71wl Hzrgole] Bxste] HelE thi/
wlolax sholojZ AT & ot b BRAA PHOR DHFSL ATE 7

o}

Bottom-up W2lo 2 =3 9o 25 2
g AT Uro] 71&a

Reference Counter . b :
electrede . Electrode bt
platinum
| ] (cathcde
Power FLUGRIDACO
\ Supply .. | @ slicon (@ flugrine @ hydrogen
Siliconwafer Electrical contact basic reaction of porous silicon formation

(29 3-2-1) A71gksbA ol d Mdm(E) 9 oA wbs MAYE(E)
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Cathode reaction
Hy0p + 2H" — 2H,0 + 2h* SiFg?™ , HpO , Hp 1
2H* = H,T + 2h*

~ Anode reaction
Si(s)+ 4h* +4HF —SiF, + 4H*
Siky + 4H+ —H,Sikg

_Overalreaction _
8i + Hp0,+6HF —2H,0+H;SiFg+H, T

<EledrochimicaActa 54, (Z2009). 5148> & Phys Ghem. G, (2008) 112, 4444>

(717 3-2-2) F&E B U AGH 2 oW AR

| dHS T3 AT vjolaRstolo] A

P (19 3-2-1)C #7387 o] A 9% bath REEE HolFa
=3 ¥ AH3o] 1~10 ohm cm®l p-type <100> Weke] ©A=g A
= AF83}e] Thermal wet oxidation 2] 2 & SiO, 3000A S ©

|3 el 28kt

[

P A< photolithographyH 2.2 PR #Ed S 2HAlsta dEHd¥d PRE oA
}iﬂi Ab&-3le] Si0,E ICP(Inductively Coupled Plasma) o] 3 WAooz A
Z}(dry etching) 3} th.

» PR AlA F SiOE ol waaR AREshe] 45w% KOH &9 80Cell 4~5min
&8 FA 7 (wet etching)S AAlste] o IEn|= RS initial pits B3
1l Initial pit ¥4 % BOE(Buffered 0X1de etchant) & AF&3sto] 2o A 184
L= o Hste] ol = SiOE AA st

P SiO; AA F A st JAHS H4Ee7] 9dl FA] electron beam

ion B Aol S Al =& Ti/Aus 3000A 3
2 p-Si YegxA oo FA &
Fol AbgR whaz AH B o] F of

lN

_62_



2um

. Si0, [30004)
s
-

//1.4-“- =it T 5 slch gt widih

==

2um
(a) P2 el (b) dHE

o
=

(29 3-2-3) A% FH vlaz AES

2 o g3to] MEHoR hag F K
ol 4ol ola) W4H initial pit

(2) 5% S AP E S A Y=golo] FA

P =5 Fu AFAHE o] & HYFE Yimolo] FA AP (27 3-2-4)ol A%
2o AR AYPEATE p-type, 1-10Qcm, (100),(110),(111) A& o]
AbgER e AlE Alol== ’

Wafer cleaning and
Ag particle deposition Dipping in HF+H;0;
solution dunng 1hr

Ag particle remove After electroless etching

(1% 3-2-4) 2step A vi=sfolo] o o] A2k &4

P HEE yotolo] FAHS SE AHEE dlolHE p-typeo® 1~10Qme] A F
I <100>,<110>,<111>¢] WFAS 7HA= dlolHE AREsEAt) o 3-8 <ol
HA k7] A dleld Al B A RS oI o] A
I . Ultrasonication in Aceton : 5min

IT. Ultrasonication in Methanol : 5min
M. DI rinsing

b et Bargele) EYS ol %‘*é% 2]

2 oX

(HF + H0)ol 97 sl delze A7 sharh & vhe
0.02Me] sE&E zt+= dAe 9 46Me] vEE Zte B4

Y do oo ottt
oo o
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ol Ag nanoparticle

Hot plate 100ColA A=

o)

4.6M

ko3
T

s

ol &

-

puze]

O

gl

A A

=
=

}+= Ag cluster

—

384

I HNOs, DI waterell Z+7}

9]

7] 4]

7

P U whe] Az /i) gho]of

sE 2w

oAl E ="

=
=

(PVDF)

o

BH

I 110C= A9 g L&A 12

9]

ba, gele xS 9

R

2K

12 (EC:DMC=1:1)& 4]

9]

o} 2032 =14

=
LN

of =

o
1% 3-2-59}

s

(celgard 2000),
b2 A9 A

Zo

-
T

Ad =A
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(19 3-2-5) 2032E}%] A A A Z A

(4) A

P v 2 AW 24 98 SEM(Hitachi-S4800) 2 TEM(Hitachi, HF-3300)<
AVEEE oL, AAFR BAS 9é] X-ray diffraction(Panalytical Empyrean)<
A&t 2Elal AlolE ¥ &5 54 F4E& 98 battery tester (Toyo

O,
ofo
_0|L
£
—
(e}
(e}
=
T
N

2
>
o
(e}
—_
an)
N

1o,
N
X
>
Ll
[
Y
_0|L
e
v

v Ay Ay 9 uF

(1) A vfe]a=zefolo] @ A Yol S35 54 vl
P 137 3-2-6& 90 mA/em®e] HF W=l ol Azt 3

1%l SEM olm|xoln] 7} o]m|x|=

H AP goloje] o], gfo
o] 2 4 Jo] ZAol= 24 m o] X
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W12 Tmim x3

# 3-2-6) H7]18sh4 o) A

e He s d4d€ p-Si vho
A% (Inset: Plo]= =2 9folo]

|32 ¢folo] FxA: (a)
olu]A]), (bh)HHE (Inset: mlo]=Z 2 2}o]o]

o o
=
o
A=)
B

@ e vhestolol 4L 98 AgNO; ¥ 002 M % HF 46Me 53
SUH=dAE G447 F HF 4.6M, H:02 0.44Mell &A1 45 19 3-2-73%
ol AE|F yiestolo] ojgol7t dHS FAD F =dH A AT

sto] folo] Aol FIFsty,  9folo] Ho| Frbel] whEl ERFEo] T AN
S A = U} ol Yxgolo] A Fo] FAH~FW nm FTo|ER 9ol
¢} ¢}o Abololl Van der Waals force7} 2}g3to] EHEo] 2= Ho=wE It
o}

.9 Aol 7bE HZA3LE One step 4L AgNO3 2% % 0.02~0.03M,

HF 2% % 46Me 818 4 9o,

b Slsh o] Alxd Hel violAm/thwslelolE $FBBAL o] g3l Lele)
29 9 9 Ax F 2A4L Adstel 47884 54 Bk A, a9
3287 e WALYEE A £ 2EE Avng AR 5
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b s, ez vl Wl el
of mel wne Ade glenw
G vgel wel 8% % Wk Agel waksherb W Alesnd

o
o

a

p 23 e F& SujolAWHolA 7]&3 niel FdEy (29 3-2-9), & 7%
wheko] <100>,<110>,<111>21 oA = A&, FE2A3 =49 v &S
2:1, 1:1, 1:222 W3A A BT

Wafer cleaning and Metal-assisted Peel off Si hanowires Slurry coating
Ag particle deposition chemical etching by ultrasonication

(29 3-2-9) Hgl&2 Yoolo 5854 Az ZAE

il

(18 3-2-10) =& Sl oA e S8 4% 2 274 & A thmetolo
12
<}

SEMeo] 1] #] (a) <100> ®ak (b) <110> %3k (c) <111> W3k (d) 7)ol A 8%

o7 o3 ARE HoF= SEMo|u| Aoty SEMel YER, a&550 o 4

ﬂl
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He ol &8 45 47 v& 718 B3s z2he A& Soly x¥es 7w
A WeFo R A yxefolojrt FAAES & & Ak E AgE Yo
o7 FAHE 71HE 259E ol&F A, 17 3-2-10(d)ek 2ol FEHE A
= g F Uk

a8 a, 29 3-2-113 7o) XRDS ©]83l9] theta—2theta =73 Ay Eeld
A Zubesfoloj= Al 713 53 A oA peake] FAHHS & F
N, A Fyestolol e TEM 54 A3 @24 AA7E dgsiA gds = A
< selective area electron diffraction (SAED)I¥S FallA % g F A
thoolggt AnE Ea, 47 e WEs ze A VR ERy e A
gZuUregolo)E 73 SAS IgE e As g9 & dATh

(a)

4 1 Si wafer |

i —— SiNWs

(220)

Intensity (a.u.)

(311) 1

] I 422
] “og N KN
T T h h L] A

20 40 50 80
2 Theta (degree)

(b)

(29 3-2-11) (a) A2 71% & dg2y=gtolo] XRD o[nA] (b)
delZu=stolo] TEM on|#] 5 SAED=H
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v e wep 47 g2 S 5EA4S Holv AL #FEE 5 %1, 579
<110> 7]#e] A9 C-rate’t =old 5 5o FolA+= AS A + 9l
t} olE <110> HWdo] zte= EFAC 7¢dtE Aoz thE Wk u] g
<110> W3Fe] Ax7z27F 7] Wi Aoz dadr

Voltage (V)

0.5

0.0+

<100> SINW
<110> SiINW
<111> SINW

T T T
1000 1500 2000
Specific Capacity (mAh/g)

T
0 500

(L# 3-2-12) 7]

(a) Carbon/Si ratio of 0.5 (b) Carbon/Si ratio of 1

! ! . i ] d —— <1005 SiNWs
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111> SiNWs |
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50 1000 150 00 2500 3000
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