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Elucidation of charge-discharge mechanism of graphite and metal/carbon composite
electrodes by HR-TEM
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It was intended to reveal a behavior in the anode materials of lithium ion
secondary battery under the charge-discharge state to design ideal electrode structures. The
charge-discharge process are derived from an intercalation-deintercalation of Li ions into ?raphite
layers for the graphite anode and alloying-dealloying reaction between Li ions and the metal for the
alloy anode expected to provide a higher performance. In this study examined a method of preparing
thin-layer graphite electrodes and metal/carbon composite electrodes, and then the metal/carbon
composites in charged state were observed in nm-order level by high-resolution transmission electron
microscope. The graphite could be controlled to several ten layers, but requires further thinning. For
the alloy anode, the optimal electrode production method was established and it was suggested that the
metal particle with the size of a few nm is a key point for designing high performance electrodes.

Sn)



¥ X C—19. F—19, 2z—19 (3t

1. BRSO &

TRV —FERR DA O & LT, Bl
Xy XU H IR EDEET A A EVEREL~
OHFENEE > TS, ORI NER
WInZ DL, BEEDOEET NA AL L
TEtt - RKER - & A 7 VBt 2R84
% B ORBENER TR TS, Lo
L2l S, EMNEDNRBLS B AN
BEIH kDS 2 AT 5 B E 2 AR 5
BZX, B EDO L DD iamﬁﬁt TR

<, FEIEICHE O ERNEIC BT 2B %R A
BIMENL L 72 < CIE7e B 7800, iﬁvti Dk
IRFBO T TIT 72,

2. WZEDORM

EMEREBET N 2R OG- AlEof L 7
DIFIESEOmD CEERMA 252 5~
<, JLEHTHTHER %H%Ltm“ﬁ%@ﬁﬂ
@%ﬁﬁﬁmRmM);éﬁm iR
7‘5%% éEiJ ANV Fﬁ%/#‘%L&U/\/\T
BRI 5u4ﬁ/&@ﬁf%%%ﬁ%ﬁ
=] %%#é LERHERIE Lz, EEIC
%@Mﬂkbf@ﬂﬁﬁ&@Tﬂdﬁ%@ﬁ
BnD, =R MBHIZ 97 74 -, B—
R F ) F 2—T(CNTs), 27 u—~7 aiifl
PED—R 2 (PorC) & E Lz, 51T, &g
SR DEEREER L, FiEREDA
BARICIT DIEME — D> — D DIEREH] S )
T A2 R B L, UTICESZRT,
(1) EBARMEI ORISR

OERBZF 774 bOAIBL VT 7 7 4 b

B D FE BRIk T A EE R D F

2607, EEcesiE L -

7777 A NOFHRER T IEORMENT,

Q&R T /RFIH—RABEE: axE
LR HIAE NS Sn T/ B+ D CNTs, PorC
DRI IR PR TR O EST,
FEIRRRIC B B BABRDIRREAZ A
EBEDOBNINEICHDEE ST 7 74 b
KO g T Rt/ —R AR D HR-
Egﬁ REATV, TR OfEY] % B
H

2

3. WFgEo ik
H—REBMEIE LT T 774 b, H
JgH—R>F ) F 2—T(SWCNT), Z£ED
—®RrF ) F 2 —T7(MWCNT), PorC OFl
& a2 (X 1), SWCNT X° MWCNT I3,
ELZALFNESRL HR-TEM BZEICHB1T 5 ARl
Wy D R A RIS D T2 o0 LR O T R L &
AWz, 7777 74 MZOWTIL, JEIRKEE
S E R e LT h—R IR, IBAH, BERK
1B A ®ﬂ<1¢%*ﬁnfb 757 2 DOfEBEE
ZHIE LB T 7 74 FoOAIR %2R 7
726 PorC {2 oW T, KHEHE LD T L—TF
Lo TR &SNz FiESET 7L
— MEZ B W TIER L 72 (ESSL, 7, A221
(2004)), ZH 6D —R U MEHCR LT, F
JHIAEEOX Yy T 7 2 ) B—a v, BR
'ﬂﬁ%% i%nq:'ﬁlﬁ L/f\_o

Sn F JRLTF- DB — R B~ DFER T DL
TDOHETITo7=, CNTs (Zxf LCTIiE, FfL
W~TF ki 7 & 19 5 7= OI2B Dk ik
R RV ALEIEE 2 TG/DTA DOFEHRE % ITiC
B LT, EBROBLAME S, WihfbL

i)

llu3@éﬁﬁkﬁ@ﬁ5r$ﬂﬂ&
O A RO HR-TEM & (AIZ&ET /5
mE )

72— BHALNICEL Y SAFE 4 Sn F /KL
FOHEEFEEZHEL 2V I I, slow
combustion % (JPCB, 110, 1587 (2006))% &%
Kﬁokﬁﬂﬁﬁk%ﬂ@%/%ﬁ«mﬁ
A, R & KRB Z R T IARE TR

VA mmbt4ﬁ/ﬁA$®&wb %
B h—iR T BRI SE S D A

ThbH, [AEE, KI &) fFL~EA L7
FHEJACS, 133,10344 2011) 2B 512, HAk
AR LTy — T//)?%]\htﬁ7?<“ﬂ””%ﬁ
ZEEE L, B & o THA L 2 X(EIFAA K
J£:1 Torr (573 K) &5 b5 Z & T —R
VLN A~DF R AT D HETH
5, =D, HEF L7~ SnClL, % NaBH, 12 L ¥
EILLT Sn 2155, Bonifa DELSEK
Kﬁbf%/%LEm%ﬁV*ﬁﬁM%wﬁ
A4 X, &, WEZESIRIER O 502 Rk
ﬁiﬂbﬁ ?% LNT-BEAERIZX LT, EERFE
B E DA E @@ufmthW@%g
@ HR-TEM BIZZ1T\, FIHBEBTIZH HIE
WE OIRRE, F R AL O R A R L7,

4. WFFERLE

1) BEEST7774 oA

QBIRKE L5EM : /7 A BRE AN 2 YR IT 7 AN i
EL-v— 0B LM TH Y, EREIC
XA oK EINEET D L
O, RGBT 772 E 20 iAte 2
ERHRD, 2T, YU oo A RESET
7 L— ME(ESSL, 7, A221 (2004)D Fik %
ICHLTC, 877774 boAIR AT,
[ AL AN =Ryl kI ) e G e Sl M= i
N (Mont), 51 %~ A h(Kn), #A U FA K
(Ko)& FAW= (1),

F 1 K8y o AR E

¥ty BB JEf /mm
Mont A B8 4 IR 0.24
=]
7V 8 difk
1/8
Kol A B8 4 IR 0.29
1%
TV 8 IR
18
Kn A B8 4 IR 0.59
18

OfEERE : 3 MHOR LI LT, 7



x /=)« IRVAT VT b RIATR(REE - 1
fe) 8 AN LESREER L, EARIER
DB BT, Mont TIX A —AR VIFEOD
BAIZLVEBEEDEN Y DR I L=,
Kn,Kol CTIXEHMENRAD LTz, £z, B0
WalRE L% oh—R 0%, Mont & Kol
2B W B RS D HERR IR 7223, Kn TiX
TENT 7 AMEEDOHBHERTE, WU
BOTHMERMAZL AFEL TWZ(H 2),
i, BREIESCEBENOEWZED D L
HERI S DN, IERERFRAR D A\ I3 FH 2 D1
MR VETHD, LLRNG, YagE»N
REL-EB T T 774 bOAIEIZIL Mont
BT A ENBWI ERDo T,

Mont & I —R U ROEIE T D2 LT,
BtREo 75T 774 NeERT 2 TFEEZR
F LTz, LLARNS, BEOBRLFHMTE
DL ERZTHDIE, 5%, E5IC
BEWEENS R EE T 7 A b AR
TAHVLENRD S,
) . [D)) :

% 2. (a) Mont 1% 25 7 7 14 1, (b)Kol i
¥7 7774 F, (¢)Kn HHEI—HR D
TEM f4& (Scale bar: 2 nm)

(2) Sn/Carbon H&EDVER
OWEFEEE & KARE D el N, W5 S IR ARA &
(77K) & 0 HeFRimAE, MRS =S BEE O PorC
=R UMELE LTHW, AETE & SARE
12X 5 SnCl, 7/ fE b OMFLIN ~DOFHEEF 7154
IR L=, MRAETETIL, PorC O EHIIZ#K
+ nm OFEEAHEEFEINTEY, MILHA~D
HELA+STH -2, HERIREEIL, EXIE
FREICH KIS TR Y, KR EER
2B T DY A 7 NVEERITFEFITENS O
Tholz, —J, ZAMETITE nm @ SnCl,
AN ~RIRAIZHE R T A2 FE R k-, o
F U, AL TIREE S OB L0 HEFL
D7y X TR N E I HILN A~
HET 5 Z SRS, KUHEE TR OHE
HIZ LY SnCL EZITHAILN~MRA LT/
FEmOMENHKE LB L LN

@SnCl, KIGTEE~DF ) A4 b0
SnCliF=0 1 T/R§ & 9 12 NaBH, DB Lk
IZED Sn b72BZ ERMBLINLTWA,
SnC12+NaBH4—> Sn+2NaC1+B2H6+H2 (1)
I T, KAHEIZ L Y & 57z SnCly/Carbon
#4172 NaBH,/Ethanol A& T2 1T -
72 LIALZH S, SnCly/Porc EAMIZEB W
T, B E T2 Sn 35 5407 % nm @ SnO,
F 5SS, SnClyMWCNT Tl Sn &
SnO, B E LN D EN T T, 31z
BEAEIKD TEM 14 % 779, PorC [ZB W TIiE
2-5nm FEEE DR A, MWCNT TliF = —
TONMEMINZHERN TETNDHZ &N
G3IND . & 2T, SnO, #gE D HEREMF L7z
LA, HEFL SnCL A2 nm A X
Thr5hH, RIEBETHETTELSIC
Sn0, L 725 Z N notz, —J7, Al
EEZTEE, SnOy i —T g VRIS

O HMEE FF5Z LT, &8 Sh kv bE
BREAHBHZLENREERD, £ 2T, PorC O
BICBE LTI, ¥—% v h%& Sn0, & LT
SnO,/PorC AR DIERG 2 A LTz, =
T, BEEOFEICH R THEEICES R A2
B AN L, A 2 VD M)
FEXD 2 E Nk [EFRR O,

)

0inm _
H&@&mﬂmc@ﬁmﬁA!:Mk@)
2 ON(b)Sn,SnO,/MWNT & A (FH A X :
MWCNT SMANZ A A% L 72 SnO,) D TEM 4

@F/EMickEC T uyx IR .
SnClL/SWCNT &R TIL, RIGHEA R 5H
LM OKRKRFE R O W SEI2 30T SnCl, &
SnO, DIFLEMNHER S iz, 4 |Z HR-TEM
# % ~d, SWCNT & MWCNT & FHEICF =
— 7 Ol &AM RS m A ERK L TN D 2
EWGIND, IBIT, TEOVIEELZEE L
72 HR-TEM (2 X W RRETR L T-HEEKDOT
22— 7 ORIl & SMIlD Sn DIREERERE A5,
F 2 —T OIMINZAFET 5 F / Fidb X SnO,
ThH Y, NAITIIANE DO FRFT DR A5 T
TN SnCL ZHfEFF L CW A AJREME N RIZ S N
72X 4b), T 25, SWCNT BNHT HEk7Ze
¥onm OZEMIE, ISTEPED BT % ST
IR D & {773 % (self-blocking effect)fHE
EHELTWDLZERNhoT-,

4. K= #Z#E L7z SnCL/SWCNT @ (a)
HR-TEM & (A:F = — 7 P % USRI O0 f
b R TR AR D YT O (b)HR-
TEM/EELS « v B> 7'

(3) FHEIREIZH 5 EMEDO HR-TEM #£2
SnO,/MWCNT #AE RO E BT ENE
AT, 2™ A I DB OEMIREEICE
7 5 HR-TEM/EELS HIE%#{T~>7~, Z Z T,
185 O ERACFE R E AN T 3 5 A A
(PVDF)Ti%, TEM BlEICHBWTHEEL 2D
728, SWCNT Z M7=, X4 1 F B b
&K FENL(0.4V,0.01 V)IZHIT D EELS = v
v MR Rd, MWCNT OAMVEEZ & % 20 nm
FREED SnO, fkfIZE R T 5 &, 04V IZEBW



TIE Sn-Li D AEAL UG 3G b 2% i D F THEd
Z0, N ETHITL TWRWZ 085035,
0.01V CEBMIKEEZREF L2 O TIX, #
FPNEBIZ W T S Li DMEEL TWAH Z &
5, Sn-Li B&AV SIS ANl b 2% 1 72 0 FT 7k 4
<, MERNEICE CTHOEITL WD B X
BB, ZIT, NI IKOEERIEWE N
KRE~NTDICHEE L TR WEITEEBRA
JCERIE, XRD JIEN S HRE STV,
L2xL72728 5, HR-TEM B2 L » TiEWHE
1DOICERTHZET, BENEHLRVWE
NZREAIC R 2 LR, AR LD

EEFREABMEBEOMREE oI BRESES
7=, IEWE O F 7 kL b D VB % FH
RT DT ENHkT, A%, Bam BEORKE
Bl U CH R B 21T\, MEREFBLIC
HR s A X, ZERESEORE 2N D
L RIRFIZ in-situ \(Z L DB~ REBIET
W<,

a)
20| 2.0f
1" discharge
~ 2™ charge
g 15| ~
- E
$ P
ERY S_ 10
E 3
g H
8o 172 mAh/g & os S 956 mAh/g
(0.4V) ™ (0.01V)
0.0 00 \\\—-0
0 100 200 300 400 500 200 ) 00 00 [
Capacity (mAhg 5,.) Capacity (mAh/g s.)
Liz.s-3.58n Lis.aSn

0.4 V/o.0o1v
spectrum image

." 20[nm|

X 5.2 A 7LD 04V E 00l VETD

(a)FE B Hh# & (b) EELS ~ v £ 74

5. ERFEEKRE

GdesEamsc) GGEo120 1)

@D H. Tabuchi, T. Nakamura, K. Urita, I.

Moriguchi, “Charge-Discharge Property of
Si and SiOx Nanoparticles Produced in
Regulated Carbon Nanospace.” Chem. Lett,,
44, 23 (2015) [ & % A ] DOI
10.1246/c1.140862.

@  M.Kobylko, M. Kociak, Y. Sato, K. Urita, A.
M. Bonnot, A. Kasumov, Y. Kasumov, K.
Suenaga, C. Colliex, “Ballistic-and

Quantum-Conductor Carbon Nanotubes: A

Reference Experiment Put to the Test.” Phys.

Rev. B, 90, 195431 (2014) [# %t A] DOI:

10.1103/PhysRevB.90.195431.

S. Oro, K. Urita, I. Moriguchi, “Enhanced

Charge-Discharge  Properties of SnO,

Nanocrystallits in  Confined Carbon
Nanospace.” Chem. Commun., 50, 7143
2014y [ & ® A ] DOL
10.1039/C4CC02716G.

K. B. Hatzell, E. Iwama, A. Ferris, B. Daffos,
K. Urita, T. Tzedakis, F. Chauvet, P. —L.
Taberna, Y. Gogotsi, P. Simon, “Capacitive
Deionization Concept Based on Suspension
Electrodes without  Ton  Exchange
Membranes.” Electrochem. Commun., 43,18
014y [ & ®B A 1 DOL
10.1016/j.elecom.2014.03.003.

T. Ohkubo, M, Ushio, K. Urita, I. Moriguchi,
B. Ahmmad, A. Itadani, Y. Kuroda,
“Nanospace-Enhanced Photoreduction for
(D Oxide

Visible-Light

the Synthesis of Copper

Nanoparticles under
Irradiation.” J. Colloid Interface Sci., 421,
165 (2014 [ & % #H ] DOL
10.1016/j.jcis.2014.01.035.

*K. Urita, N. Ide, K. Isobe, H. Furukawa, I.
Moriguchi, “Enhanced Electric Double-
Layer Capacitance by Desolvatoin of
Lithium Ions in Confined Nanospaces of
Microporous Carbon.” ACS Nano, 8, 3614
(2014) [#£#tA] DOI: 10.1021/nn500169k.

T. Fujimori, A. M. Gémezz, Z. Zhu, H.
Muramatsu, R. Futamura, K. Urita, M.
Terrones, T. Hayashi, M. Endo, S. Y. Hong,
Y. C. Choi, D. Tomanek, K. Kaneko,
“Conducting Linear Chains of Sulphur
Inside Carbon Nanotubes.” Nat. Commun., 4,
2162 (2013) [ & # A ] DOIL
10.1038/ncomms3162.

S. Aono, T. Tsurudo, K. Urita, I. Moriguchi,
“Direct Synthesis of Novel Homogeneous

Nanocomposites of Li,MnSiO, and Carbon

as a Potential Li-Ion Battery Cathode



(222

@

JNH 5 5%

Material.” Chem. Commun., 49,2939 (2013)
[#7¢H] DOI: 10.1039/C3CC40673C.
M. Nishi, T. Ohkubo, K. Tsurusaki, A.
Itadani, B. Ahmmad, K. Urita, I. Moriguchi,
S. Kitta, Y. Kuroda, “Highly Compressed
Nanosolution Restricted in Cylindrical
Carbon Nanospaces.” Nanoscale, 5, 2080
013 [ & ®W A 1 DOL
10.1039/C2NR33681B.
T. Kubo, H. Sakamoto, T. Fujimori, T. Itoh,
T. Ohba, H. Kanoh, M. M. Escandell, J. M.
R. Fernandez, M. Casco, F. R. Reinoso, K.
Urita, I. Moriguchi, M. Endo, K. Kaneko,
“Diffusion-Barrier-Free ~ Porous Carbon
Monoliths as a New Form of Activated
Carbon.” ChemSusChem, 5, 2271 (2012) [#
#E4A ] DOI: 10.1002/cssc.201200234.
S. Aono, K. Urita, H. Yamada, I. Moriguchi,
Electrochemical Property of LiMnPO,
Nanocrystallite-embedded Porous Carbons
as a Cathode Material of Li-Ion Battery.”
Solid State lonics, 225, 556 (2012) [ 74 ]
DOI: 10.1016/j.ss1.2012.02.057.
F. Khoerunnisa, T. Fujimori, T. Itoh, K. Urita,
T. Hayashi, H. Kanoh, T. Ohba, S. Y. Hong,
Y. C. Choi, S. J. Santosa, M. Endo, K.
Kaneko, “Enhanced CO, Adsorptivity of
Partially Charged Single Walled Carbon
Blue
C, 116,

DOI:

Nanotubes by Methylene
Chem.

gt A ]

Encapsulation.” J. Phys.
11216 (2012) [ &

10.1021/p303630m.
&) Gt 9 1)

Porous structures of carbon

electrodes to enhance the EDL capacitance, 4™

CBNM 2015/3/16-18, "7 /WA haR U ¥

v (RERRE).

)I&EH%%’%, EDLC $5ME % f] E S 25 L 4L
SAEMOT /22, 5 28 [[] B AR

EFRMTER AL, 2014/10/23-2,  ALifEE

R (AL FLIR ).
JRH S22, #il§) S 47z 7/ 22[# 0 EDLC #¢
PE~DRE, 2014 FFBRILFKERS
2014/9/27-28, LB KT (LigiE mtm)
JNH 2%, BB S =2 AL
— RN MEO R ERET, 5 4 [BUUN
HFET I v 7 7+ —7 5,2014/9/24-25,
Rl 7 V—A7 A KTV (Rl Elk).
JX FH == 4% Advantage to Specific Carbon
Microporous Structures for Electric
Double-layer Capacitance, The 65th Annual
Meeting of the International Society of
Electrochemistry, 2014/8/31-9/5, w — 4 >~
X (AA R).
JNH=ERE, Z LMD — R MR O/ AL
FEMRECIRAE & EDLC H3tk, % 53 RIS
s, 2012/11/14-16, BV b AGR > —R
— 7 (fE AR R ).
JNH =%, Distortion of Solvated Structures
by Microporous of Carbon
Materilas, PRIME2012, 2012/10/7-12, 7/
JLI(NT A,
JK S A

nanoparticles doped on carbon nanotubes

Structures

Structural analysis of Sn

electrodes on Li alloying-dealloying process,
CARBON2012, 2012/7/18-24, 7 7 7 7
(R—Z ~ R).

JHH 525,

carbon nanotube to introdued nanoparticles

Protection effect of single-walled

against external environment , 3" CBNM,
2012/5/26-29, fEMKF: - ABANA T2 R
BT NVEHREFHTAORERIEZE
AB).

(ME) Gt o )

(PEXRMPEHE) G 0 1)
6. W7ok

(O EE

JNHE  3E% (URITA, Koki)
R R« T2AR5ER: -

Bh#
TFFZ T 40567666



