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Figure 1-1 Ragone plots for various energy storage devices.
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FT 4 v 7 FOSTEMTORETCISE ST, 77 T T 4 v 7 OGRS HE
FEDNEL . FERAIC OB EITIC WG BL F & 2o T 5,

ERALTFF ¥ 3 LR e B LR T S 203 AT RE 72 SRR O FI LT ER_EE Xy
N REFEE ZREMEIY %mb\ﬂjﬁ%ﬁ)@#/)Tﬂ%X cE LCHEHEILTW

o BRALF X v 3v Z LT, TOZ X — LA L L CERILFEM e R Bl & F)
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TV, AWZETIE, REE, mitihEmng
FaRBET D,

~5,

H[4]. 10° W kg Z#8 %2 5 @\ ST — 5 L 10 Wh Kgh L D= 3L F—5 2 -
DM PR RO KRR R BRI LT v /3
WEITIIAME THE L+ D EXULFEF ¥ /33 F HIEmAEHZ SV Tk

/ Cathode Anode Electrolyte \
m - Activated carbon - Activated carbon -Aqueous
g (H,S0O,, KOH etc.)
@) -Graphite *Graphite -Organic
(TEABF,/PC etc.)
-Nano carbon -Nano carbon *lonic liquid
(CNT, CNF etc.) (CNT, CNF etc.)
s
"6” *Activated carbon *Lithium titanate *Aqueous
o Z (H,SO, , KOH etc.)
S g * Polythiophene - Graphite - Organic
=h *Activated carbon (TEABF,/PC,
g LiPF,/EC+DEC etc.)
=
D *Metal oxide *RuO,/Activated carbon| | -Aqueous
9 (RuO,, MnO,, NiO etc.)|| -Conductive polymer (H,S0, , KOH etc.)
S 3 *CNT Organic
Q o
. £ || -Conductive polymer *Conductive polymer (TEABF,/AN etc.)
=) (Polyacethylene, (Quinoxaline etc.)
\U’ & Polyaniline etc.) / \ / \ }Jj

Tetraethyl Ammonium Tetrafluoroborate (TEABF,), Propylene carbonate (PC), Acetonitrile (AN) , Ethylene carbonate (EC), Diethyl carbonate (DEC)

Figure 1-2 Various compositions of electrochemical capacitors.

1-3 BRALZFES ¥ /N & FIEWA B

Z O TITBERALEFF ¥ 3 F HIEBAEHZ SOW TR %, Table 1-1 ([ZfRER 2 —R
VRMEE, EEMEE S TR BRI O EVER R R A R T, 2L OKMEHI D
WTCIRIALL R 2 12~ D,

Table 1-1 Qualitative features of representative cathode materials for electrochemical capacitors.

Carbon Metal oxides Conductive polymer
(Double layer) (Redox) (redox)

Capacity
Cycle stability © A~O X~A
Power density © A~QO A~QO
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1-3-1 I —H > RbE

BRO_EEEFHAT LA RMEHIER EE X v N X T TR, M T Y
R Y N HDOEM, HoHWiEAameE LTHEM S5, Figure 1-3I2EX HEx v/ v
DFBEA T = A LETT, A—RFMECIIHET 7 77 B _EHE 2R AL,
L2 S D WL Z R DR W DI KA 2 A 7 V2 R D | mE 722 SRR
MARETH D, UL, BLRITEZFITT 5 EMA R & Il L T 3L F— LR,
ER_EBICEE SN AR EITFHERE C (capacitance / F) TR I i,

C=[z/ds (1.1)

(e IXEMROFEER, | ITBEBR _EEOE X, S IFBEMEREME) TERIND, LIZn>T,
EARALDTZDITITHRERE O R E B A NS Z ENRAIRE 72D, BIEEMmS
L LTiE, £92,000m? gt DI ERE, 3~10 um OBk %2 A L, ESMmIET, ~0.1
S em™ D WV EACE BN & R T MU R TR RS O H ATV B, BRERALEIC XY 2 nm
LLFD X 7 mflifLRo2~50 nm D A VLA BN S, REEZ K E < LIIEVERRL <0
TEVERARAE DS BI%E S, 100F gt FREDOABENER SN TWA[L], LasL., Figure 1-10

Ragone plotiZ/R STV D K D12, BR HEHE ¥ v U AL IRERIZ R TR L —5
FEPMERNZ ENRORERMETHY , =RV X —FE R ERSHBOBETHY, Bid
A EALDTZDITHERENET ) I — R MBI R ST D, BIzIE, I—RrTF/ Fa
— ZIHIEMER D1000fF50 < OBRBEELZ R L, oA VLA %< H L TEY, 100~200
Fg' BEOERELTT I ENRE SN TVAE]HT], Micik, # VKR—F 2T —R 8],

=R F ) T 7 AR3—[9)7 EOIFFITRKERHREEE AL, 1»O% DA VHILEF
DHDMPFFERIGR L 75TV D,

I —
| Discharge
()@ O @ O
DIt oo I X oo ©
@A CIG) v ®q
BIA ® ®
0|0 Gk Charge o (C] Q
0@, ° ® (1)
eléarolyte anion cation

Figure 1-3 Charge/discharge mechanism in electric double layer capacitor.
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1-3-2 EEME T FAHE

Al 2R ERA VIR ST RO KV B AT & BT FTRE Ao B M E y THER S 2 < R S e, EERUE
FX v XU X HEMMEE LTSRS LTV D, o R REEN &S I3 Z ' A
O SINTEY  EHEER L RO NN NG IR T 5, EEME D T OME 4
IFREETES FHNED O | (BER IS B IS FRUED O ZNEIER S L, & DRI EE
(N R¥ Y v 7 EQDMEEL TV D, ma FHOEMITHFI L TRy REy v 3N E
<Y, n—> ©oTEg— 0 &R5D, ®LFEKREFEEEL T, LML, —&
B 7R EIEE D T D4 F8IE 10° - 10° Th D70, RO LR W E 2R3 [7], 20
Koy MEEEZAT D o EREENE S S 2 ER LICHE L, Eio = x L —UE
fMEZELESEDL L, BREOZRINVXF—HENTrE\ETORZTNEX L0, HEMEES T
DFRALIR TESOS TR FEALHPH T Z 5, Table 1-2 ICL Ry 7 2% v 80 & EibrE
ELTHRE SN TCWAEEMNES F27rT, 7a b MEERET IS TREEZ R T O
L. KRR OEBMRIZBNTHRHEEZ R T LORH Y . KBERATERY 7= 0% 7
BAEE, AHSEARGR TIIR Y F4 7 = VERBRR S, IEMEREmZ K& < EAS 200
75 300 F gl BEOEERDBHRE SN TWD, LinL, N ~—MEHIFMEY A 7 /I
O WA LRI R K D iES b, BESEBHEE 2> T0D,

Table 1-2 Conductive polymer electrode materials for electrochemical capacitors.

Materials Electrolytes Capacitance / F g™ [ref]
Polyaniline/AC H,S0, aq. 270 [10]
1,5-diaminoanthraquinone PVA-H3PO, 184 [11]
polyfluorophenylthiophene Et,;NBF,/AN 244 [12]
poly (3-methylthiophene) Et,;NBF,/AN 135 [13]
polyaniline Polymer/LiCIO, 250 [14]
1-3-3 (LR 44Kt

& B IR LW R B OPRBIFIEIE Trasatti 512 &K - THAE U [15]. BHNIBAIEIC LD F
4 HR FICEREE S v R O bV T = 7 AR RUOTI KOV T =7 A Ll
EJEM L OB AR LY EM Ru-M-O/TI(M 1Z88) 3% 4 & STz, LaL., Sol-gel #£iC
X THEE L =AMLV T =7 A a-RuO, nH,0 23 720 F gt & D KE ¥ ERBEL 52 5
Z LN SHUTRIRER[30]. EffiZe LT =7 A& V2R, MO, MoOs, V,0s 72 &R 1
e L THIE S LTV 5 [171-[29], BRALZ X v 3> % A& R L Em R E L T2 EN
5L LT,
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O B EEEEZ AT 5

QAN R DIRICIRIEA A P RETH D

ORALETTITME 5 IR ZRFRERRE 23 720

@RRALETTICEN T 1 b o BRI B IR ABEES 115
OFEMBIZIEME L 720

Otk TH 5

RMENRFETONDM4],  LATIC, REFREBIEMETH D RuO,. MnO, & AWFFETxI4 &
9% (Ni, Co, Mn)O, {IZ DWW Tt d 5,

1-3-3-1 B{bAV T = U AR 6

AL 7 =7 A3 b IRENRERILT X v N2 HOIEWHECh 5, Figure 1-4 123
WAEEZ A9 5 RuO, DfEibEEZ R~ T, BIbLT =7 AR B EMOITEK - BT
DEALE TN K> TThivd 2 L BIRE I TV 5 [31],

Ru()x (OH)y toH " +e” < Ruox—é‘ (OH)y+6 (1.2)

KF RUO, 1. EWVETFHEME(~10 S cmM)[32]. AFIKEZ L= 1 b ok S A [33]
A L. B EET 768 F gt (213 mAh gh) & U 9 KA EE[30] & 60000 [H] %, 0 5 i i [34]
DEE SN TOLENTEBXILFEFT Y U MBI CH D, L Laen s RuO, X, FEHEN
Dl @aAx b ThY . REMEOBRRESEBIIITHI TV D,

e —
e S
\

AA A A 4
AMBQO— Interlayer H*

\AAA A A

s N

]
W
>
>

)
)
)

}

et

G-

)

| N
| N

Figure 1-4 Schematic of layer-structured hydrous RuO,.
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1-3-3-2 fb~ T bkt

MnO; i% RuO, DB L THIfF S, £ < OAFZER 72 STV 5, Figure 1-5 IZEIR
Wiz AT 25/3—3% 4 MY MnO, DFEfEEEZ T, MnOy I, KOBMAENT 2 flin b
4l E TOMBLEAZFIR L= KA BGERK T 616 mAh gH)2 B S5, MnO,IE 3 ffi & 4
DB DERLE TN I T, ZEE LT MR s S T 5[18], £72, EIREN
BETHY, BRAMNNSIEIA N THLRLEERFSATHD, £O—FH T, MnO;,
D EREFNETZ DIRNE T HENME(~10° S em™)[35] KW A A L FEEAME(6 x 10 em? sT)[36].
3NN E 2 i ~DIEIC SR DR MEIEZ EME[3TIC & 0 SRS HIR STV 5, Bk
~ U SREMOFFER I, BB b ORERK, REIEEIAE, M OVEE AR 3 I AE S a2
Thod, Bk~ TN TIL, 1-4 THRREF 7 — s 7 a2 &2F)H L&
PRI & HIAE 25 F H C & 5 [38],

Toupin O IXHMEEMIKF TD MnO, REMMELOIAIRTICL D27 7 7T 4 v 7 KIS &
LT, —OoDEEAD= XA%%%LTwéﬁﬂ

—OHDOEFEA D =ALL, IEWERECTOT VA Y &JFAF 4 C (LT, . K, Cs'
YDA IZL DD TH D, MIGRIZLLTFO X 512725,

MnO, +C* +e~ — CMnO, (1.3)

TOHDOZEBA = AL, T b H)YRH F A (CHYDEBEHBNEEA~DOHFFEAIC LD L
DTH5D, FISITLLTDO X 51275,

MnO, +H" +e- — MnOOH (1.4)

MnO, +C" +e — MnOOC (1.5)

IR DIRA T = X BB T EH, M &M ORI TORLIER TSN E EN TV D,
Flo. TNV ERRPICBT A8~ T DORITISEA T =ALE LT, LD LS
ﬁ2&5®ﬁmﬂF?éMTm5Mmma

1 BB TIE, MBI 2 B A SN BT IMNOLICZ T IE S L, Mt s B MY A~ iR
TUIE L & Do 5 2 BEBE & LT MO/ AR S N AFAE T DK F-28H & OH T 43 L
BATHMEZ R O7ZDIZ, H'BIMOIZHiA S4, OHIXEMIR I T 5, KISRUTLLT
DX D,
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MnO, +H,0+e" — MnOOH+ OH" (1.6)

& LM M OB LB TERUG 435 UL & 72534, B4 1349308 mAh g & 72 %, Toupin
513, MO HIBHEIZ 511 T345 mAN g & 1 5 K& R DB A8, K& i 7 C
540 mA g R LA B DR T & 2 LTV [0 ThuE ik L7 & 9 72
WE BN A A EEIED T DI IEE OREIEET T LsbE IS LA

I TH D, Ho T, MNO,DEMEFER FI2id, R\ VE = BN LR A A R % 4
5 &5 R AR LA T B,

1-3-3-3 @R (Ni, Co, Mn)E&{k4

Figure 1-6 (ZJ& K Li(NiyzCoysMny3)0, DFER[X A 7”4, Li(NiyzCoysMny)On 1L Y F 7 A A
A R ABEMAE E LT < OBFEN 72 ST 5[43]-[51], Co 23MFET 5 72012, ~107
S em® B L EAL & LTI E EEER A A LT\ 5 [43][44],  Li(NiyzCoysMnys)0,
I3V T, Ni, Co, Mn IZZ 41 NiZ*, Co**, Mn*" & L TIEL TV 5, JERI~D Li DffiA
B & 5 NiZ*/Ni* 2 X % 150-190 mAh g? (2.5-4.4 V vs. LI/LIND B RN EWY A 7 VLS E
HETHLND,

Li(Ni*15C0%"15Mn*115)O,

1.7
<> Li, 5(Ni*"15C0* 1sMn*13)0, +2/3Li" +2/3e’ (1)

F7-. BEEOD v AT ENME 46V vs. LiLiTE T EFIE., Co¥ICo™ Dig{big e G
BRI TE ANV A 7 NVEEMITIET T 5,

Li, 5(Ni*"15C0*1sMn*"113)O,

4+ 4+ 4+ s+ - (18)
<> (Ni""15C0""1sMn""13)O, +1/3Li" +1/3e

Li A 7> OFABBECIOTIE, Mn A 4 3@ g e B 5E7 M ORED £ T
TIETHZEBRHMLNTWS, MR v —2 75 —EAEZ RS0, LiMn0, 2k
TIE M AR BRI NS0T 5 & D3 S 40T 5 [52]-[54], Li(NiyzCo1sMny)0;
DENYA 7 NVEZEWITIY—2 T T —ERZFHO MnT AR L2V 2 LITER LTV 5,
Z OMERRIFESILTF v S X HEMME L L ToOHMEIT < KB R TOEMEFME
7w b UATEFFEIIB O E T TR o T,
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Interlayer Kt —

MnO, layer %

Figure 1-5 Schematic of layer-structured birnessite MnO,.

Interlayer Li* (or H*)

1.2213 nm
& "
(Niy3Co4/3Mn )0, layer ( i i
vv
ICSD No. 162295 0.28541 nm

Space group: R3m A~

a=Db=0.28541 nm
c=1.2213 nm

Figure 1-6 Schematic of layer-structured Li(Niy3C01/3Mny/3)Os.
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1-4F7—h
1-4-1 #%3%

AT TIXEBBAESE RO TE L LT/ > — b &FIHT 5, Figure 1-7 ([ IRLE
WoF 7 — MEOEAK Z/RT, F/ > — MNIBIRbEDEERHEET 22 LIk ED
DR S nm, HiEEL 100 nm 2> S 4kum ZF> "kt DT SR Th D, AR THWD
~ VAV = N, FHUEET ) v— FORAE, BREICESRW S A N AU EA v
H =N —REHLZLICE-oTERFEEZITH. RN, & OHEDOEIREEEY DA
F 2 R SOEMEZ DWW T ORFZENE AN T T & 72 [65]-[59], BRI AD 5> 2WE L L
Tk, Fabhr, B4 AL, TAXALT VBT LA F U EMAx ThH D, BIREE
YIOJERIZ A DWEIZ L - C, ZO/EHEMIEE T 5591601, F£7=. mmWA A4 &g
A X =L —2a S8/ LICE>THRANBOF A &I LB EMAEIER %
PRI EL D $A\V i [ R 2 SR RIS BRI E TR 5 2 LI Ko TR L%
BT ZENTES, BEHEECLIZLIEAWSNEDIET b I TFAT VBT LA F
(TBANTH Y, BEINAX Y = A4 THDIEIREELEYE TBAOH KIFHRIZHEA
THZEILE-T, BHITEE~D TBA ' OA 2 —H L—3 3 VINA[RETH 5, Figure 1-8
IZERIZ H % 52 MnO, ®Jgf H\Zx4 5, TBATOEEZ Y 9 2815 L DET VX%
RT, AT URBROBRENCAFET 272 b &, KERE LTINA D TBA'OE/LLHIC K
> TA & —F L—1 = (intercalation), B (exfoliation), 4 A E7 ¢ » 7 ¥ (osmotic
swelling)®® 3 SOBGNIL Z Y 9 5[38][61], T KT T FNT LV E=T LA F L DB KIBFEID
GRICE DA ARET v 7 EX, BEIZT NI T TFAT BT LA AT TR
B, T RITTFAT VEZULL AV EFURK I EHEATL2HLTH D, JEHIEEREX
BN T e hOEAIZ 073 nm, T NI T TFAT =T LA A ORATE 1.25 nm, A
AET 4 v VAR LEBAIEBEZ 3T mIZRs EmESnTW5, BIRESELA
VOREHBEZ L > T/ o— NEeak LG a. HRWEORERA 42 PR F Tl m
TAMMAVZEEHDL Z LICE > TERBENE Z 20T, BbEOREROTZDHIT
T = MIBEFAICHEL TWD, TOREBICHA T ThDHT A MM AU ENREY
BL LI E o TER P HEEZ RS> TWD, ThbbiBEOan A RoHck LFEEk, -
J L — FOBFICIIIB CEENFEL TS, T/ Y — AL T 7 o F AT — 2
KO BB CERBICLOEHEXENRENE, /v —MIarAf F& L THERFPIZHE
T2,
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in HCI aq.

q

in TBAOH agq. \

Interlayer H*
*TBAOH : TetraButhylAmmonium hydroxide

Figure 1-7 Schematic of exfoliation of layer-structured compounds.

100

50 L  Osmotic swelling

Exfoliation

+E 10 ]
+
<C
v}
= 5 .
2 Intercalation
No reaction
0.1 1
0 1
Abundance

Figure 1-8 Reaction diagram for a system of Hp 13MnO, + 0.7 H,O and TBAOH solution. [61]
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1-4-2 F 72— N & VO T oA 1 i 48

T = bERWEEREER LI25E . OROEMMEHI T, WEBEHRIOK
W, MOSHEEOEK, BGOSR ENHfEEND, £, TR —T /A
AN B D B EHINERIT L A EOLEMKRIROWENER ST i, v
—hMIzanAf FMREKRE LTHONALTH, EkiZaa A RRFEOBEANATRRIZR D T
Jv—hanA ROFEED LB O FiEORAIX % Figure 1-91277 7,

T v —hanAf NRERICE, B HELNMZ2 Caet RoBOZEERERT &
JU— MR LIERE T D, OIS FREE VD, TR R ORGSR
% L HBERT OB AW £ 0 b EERABSCZILEEZ RT Z &N E, Fx DI L—7T
X2 OMEEFIH LT, @ik e/ B & LT ORI 234 T X 72[62][63].

F = IO EEAERT L2 TE, WS ODRDFERBRINTWD, B
F~FEnmEEOBETHIUE, B EICT ) — MEBRKEHFL, Ay a—hcko
TIERTE 5[64], T/ v — FRUBRE, T72bbEIBnmOBER A (Eil4 5 HikE L
TIE. Langmuir-Blodgett#:[65] & & FE M B C BRIV IE[66] 3 HE SN T\ 5, BIE Tk, +
J — NMEETRIZE Y e FmiEER 2N 2 5 & FETEEA - & — FOSEEN
SIEREICR EN D, THEREICH > TEMLTHE, EREICERESEDZ LIk
ST, T/ = MBEPLRDBEBEZER T LN TE S, —F, %HFTIE, EICHE
XEHERET ) — MNBEBIRICRIET D 2 LIck > T, AICHE LT v— b E ik
WICHBET D, EBRRT /o= TEbhb L, SEFHEEICL>TERULEDT
U= hOMEEYT D0, = NEN L D BHEREEERT 5 2 LN TE D, Fiz,
T = FREXIFAICHEEL T DHEEZFIH L, BRIKENEIC L > THEREZHR S
%HZEMNTEB[67), Fig.lbloF ¥ T /7 v— N OEE & BEXUKENC X D HERE O
R, BRIKENETIZA TV —DF AN h Y —Ric, AICHEBELLETFZ VBT
— T ) —RICBEIT 5720, 7/ v— FOFEE L ITRRY, Ay A —TF AT
TSN D, BRIKENIRE Y 2R E N M EE 7 | EICRERE AT 2N TE S,
AL CILEMBAIE S TR & LT, BRIKENE L B E2RMH L, FHETid)
¥— MT X B ET VN R FE B S ORI EERKENE 2 W o, SBAT CILEMARER Eo
72 b OFRABAE I HI B T B & U C R & iz,
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Y
£
=58 N7
Thin films Organic/inorganic
composite materials

N
¢ -

Nanotubes

Carbon composites
Nanosheets

Restacked materials Interlayer modification

Figure 1-9 Schematic of various materials obtained via nanosheet process.

CABTING o
reassembly of
intercalztion compound

EXFOLIATION
dissociation in
- Supporting electrolytes o

o TBA+*
[H, ?Tiqogr T

ELECTROPHORETIC
DEPOSITION -
depositicn of negatively”
charged nanasheats to anode

Figure 1-10 Schematic of restacking and electrophoretic deposition of titanate nanosheets[67].



1-5 AHFED H Y

ET RV mH . Bt A 7 OVERE, SR E RS 2 TEET A A
~OHIREREE > TV D, KERFROESTFF ¥ VX OREE, @bzl > T,
RENBREET A ATHDL I F UL A VEBMICAONLZRE TOMELZ ML, =
NOOERENW -T2 LRI EN D, BERILTF v /S 2 EMO T 3L —5E,
TEFEOm B2, M, HEZEMNR EOEMIEYE B IRORER EE . ZORM%
B K IRFEHE T & 5 7O OBMBHIEE OHIHN LA TH Y . D7D OIEE 2152 LEEN
bbH, Bt~ RN, 21205 4 il E TOMAEITCHOGIZ L2 REENHIFFTE,
e, B Tholed, BEXILTFX v /"X OEMMEIE L THEE SN TS, —FH T,
MnOs O FEMFFEILZE DIRWEAAREME, A PRk, 326 2 fli~DiE Jt SR O
W& Z2 EVEIC X 0 BAEFERHIR SN TV D, ~ B REMOFER FIZiE, MEAR
ROEEMECHEE L EMEDN L& ZORMEZ R RIBII T X 57200 [ EBEARMGIAR ]
BBMEATH D, AFIETIE, EXILFF v XU HREE&E M ESLEERBER~ T~
R EMORRGHREEIOMEAL BN L Lz, BV A XORRD~ W) ) v— b
LR orMEEEE L FR L ZoMiE, EMfELFE T2 T /= oA X
PSS, RN EMREIC S 2 2B L ~T-, £7o. J&R Hi(NiysCoysMni3)02 D
7a N AT KD FMERMEETAAND Z LI LY | REER L EBMMEHER ~DIEEH 215
7z £ LT, (Ni1zCo1sMnu3)02F / > — b B MO, BREHERmIC LY, E
DR B~ AT, IO ORRE S LICREES M mZEMEIR~ T %
Mt DR EHEE 2157,
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2-1 %5

B2FETIX, 7/ v— a2 & AW - BRI E HIEIC X D Rk E~ofh
HEGLIZLEAME Lz, AiETRRZX )] MMV/w/ﬁMﬂi BT F v 3
y&)ﬂ%@ﬁﬁﬁﬂk L CTENTFERHIfFFESNTEY, 2 ORI T\5, Table

LIZHE SN TV Db~ v T OREE T, Bib~ o T ROEMIZIBNT, HIEE
ﬁfimmmmg&mmWMWﬁf@ﬁf@ﬁ A 2 B 308 mAh gt & [RIFREE D25 AN
HENTVDR, BIRICEBWTRRE R 70mAh g B ED/ NS BREELIVELNRY, Zh
1%, MnO, DARVE FEEME[L]RARNA A AALHME[7] D7D Th 5, BRIZIBW T, Ih K
XRFEEEDITIRI A F UYL SR & B HE/ SR E PR L 5 72 B
OHIENVUETH D, T/ v — MIANA—FY A M MnO, % D RILE4 D fa kB TE S
5[8]-11], T/ v— FiF#K 10 nm 2 S8um O A XL Fiom OE X 2RO — Mk
DO CTan A RIREIRE L TEOND, Z D7, f5E[8][13]. Langmuir-Blodgett #:[14].
Layer-by-layer {£[15]. & 5KENE[16][17]55 D 24k 7 EEARMGIAE 1 A O FIEN G C & 5,
F =T RAE#EMA LB RN W T, U F U AL A B R E12][13]
RERAEFEF v S ZAEBI[L7] & LT, EIL-EARE S S ST D, BRI
it L, 7/ v— e tv R X5 E R8O AR IZIX, /v — FORE
F 7o BARFEIEZ B T L, Z O BN EEEEIC ED X ) ICEBEZ T 20 EH L
MZTHMERD D,

55 2 TR MRS LD 2 WIS MK P T MnO, F /2 & — I i R o> FE AR
PEZ R L7z, MnO, -/ ¥ — MEREBIIM Y A XD HEIR D MnO, T/ v— F OERKIKE
WCEDERIL, £ LT, MnO, 7}/ v — N OREN R EBWFFEZH O ML, 7/ > —h
AR, F/o— FOREBBEICLY, /v — FNOBBBEN DX D ICHEBEEZ TS
MEWRGINCT D702, Fx OETM, EXULFRIE 21T 7,

Table 2-1 Various MnQ; electrodes and their capacities.

Tvpe of Capaci Oxide Electric
Composition yp P ?’ loading Electrolyte | conductivity | Ref
electrode (mAh g1) > i
(mg cm™) (Qcm™)
Mn#* Theoretical -
MnO, Mn3+ 308 calculation i 10 1
MnO, Film 345 0.005 3 M NacCl - 2
MnO, Film 193 0.018 0.1 M Na,SO, - 3
MnO, powder 38 = 1 M NaCl = 4
MnO, powder 69 - 2 M NaCl - 5
RuO, powder 213 27 5M H,SO, 102 6,7
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2-2 EBk
2-2-1 BELD B
2-2-1-1 g A AD R D MnO, T/ ¥ — RDOERK

JEIREE ZFFD K- X—RH A~ MnO, DEFIFEIZ LY MnO, 7/ > — F&1572[9], K
— WA~ MnO, 1Z[EFETAR L7Z[18], KMnO, Z ek T L. HE 5h, 800°CT7h
BERR 24T o 72, 13 bR ZMUKGEF. Mol Atk 80C THZEHMEL K AN—xH A |
MnO, #4472, K-23—FH A k MnO, % 1 M s+ CT5 AMMKE S®, BHO K& HICRZ
Bl 7o, BUSIE 19 D K S—=FH Ak MnO, 2% LT 1 MHCI % 100 ml ®#I&T{T>7-, £
7. IM HCl IZ—HEIZH LW DIZRZR LTz, Fon/=7 e o RZRHRH N—x %A b
MNnO) %, MEEWT R 7 7 F LT =0 A(TBAKER LY & KIS EH, MnO, F/ 3 —
k&4 7=, TN TBAMNO, = 1:1 OEEGTRAL LERIEE 5 L,

O MOy T/ o — MNBRIEIE 2 thBEPE T Bl 2 2 & T A XEIREZ T 72, W
A RFINOFAIX % Figure 2-1 12779, £9, FLEAYEKEZ2 2500 rpm C 25 4y [ Lo B4
T, B¥EA LR E 5T, 15 D7z BB A2 @ (5000 rpm) T 25 sl L, R
Ir & LTREY A R/ E T 2 — b (small-NS) & 537-, F 41 2500 rpm D3 L4y HfE TS 6
MTZ TR 2 KIS PR B S, (R (1500 rpm) TiE oyl L, 2D B E L TR A XD K
XUy Mn0, F 7 — h(large-NS) % #537=,

Py AR AL D il A 54T 13 Bruker D8 ADVANCE % FV 7= X I (XRD)HIEIZ & 0 17>
foo Fio, EEMECEMEE (SEM) 12X W BRRBOBEBIR 21T, BFoiicT)/
— ML ICP FHSITIC L W RDT, BoizT /o — b OIIRIZIF 17158
485 (AFM) SEIKO SPI3800N.(Z L 0 #l52 L 7=,

Supernatant
Before “® ~°
centrifucation — S — s
5000rpm e ° o
Centrifugation e %
.‘. : .\‘ Supernatant Small-NS

2500rpm ..ﬂ/
: <
25min '
$
g 2ps Supernatant
-

_ ° [ [ "
Redisperse of ’ 1500rom @
deposits @ P <@

‘. ’

MnO, Unreacted hd
nanosheets particles Large-NS

Figure 2-1 Schematic of multi-step centrifugations of MnO, nanosheets.

27



2-2-1-2 MnO, F 7 ¥ — MEBHEIED ARk

BRIUKENAIZ LD . MO,/ o — MEE MR A ERL L 72, Figure 2-1 |[ZFERIKENEIC K
% RRIE ORI 7R 97, MnOy 7/ S — BRI O )% % 150 mg dm™® (23K L 72 #% . TBAOH
Wiz T2 2 & TREBIED pH & 12 [ZHHE L7, Z OREIEZ 30 /R A E AL L
7et%. Figure 2-2 |T/ R 3@E 2 HWERIKEN 21T o 72, ITO stz 7 / — R & L. PUSI Fitk
71— R& L, FEmEESE 20 mm, JKEIEE 5V CEKIKEIZTTV, ITO Bk EIZ MnO,
T — MNEEER A ST, EEOEE BT EXVKBIRM A A2 D 2 L T Lz, HEiK
IXlemx2emBEORE I h v b L ERARNCT & b T30 MBS RS 21T -7,
155 72 FIE 80°C T 2 h ELZ2H M L 72, XRD & OX, SEM, £ %R E ML (STEM)
(2 &0 R OEBIZE 21T o 1o, UBHO A Al 1E AR AT 13 Bruker D8 ADVANCE % flV M/
X FRET(XRD)HIEIC £ 0 1772, EFHE B A 37 S-4500 & UNA 37 SU 8000) F UM
T H S B - BAMEE(SI Nano Technology SMI 2050)1C & W Bt DR EBIZR 21T - 7=, £7-.
{B2E#A I SEIKO SPS3100 % AV 72 ICP & e mtric L v sk 7=,

2-2-2 BRULFRIE

BRALFIE T Figure 2-3 1074 & 9 2 =&t L2 W TIT - 7=, /BRI L7~ MnO2 7/
v— MERBERE A (ERM, Pt A > > o Zxtii, Ag/AgCl 25 & Uiz, EffKE LT,
1M Na2S04 &, flix ® pH (25 L7- 1 M NaOH & 1 M NaeSOs DIRGIAK & AVWiz, &
B FERBR L O A 7 U v 7R Z o A2 R U —(CV)RBRIZ & 0 BRI 21T - 72,
RIS IERBRIL 1-5 pAem? TIT 572, CV BRI SHE 3-600 mV s TIT - 72,
BRALFREIZIL, Solartron 1470E, Hokuto Denko HZ-3000 X O* BioLogic VMP3 % H
Ay

TRV —HEER) EHEEPIE, BEE C ., ENEEE V., FHER Lee . TH
TEENVEITEE Vie & LT CVRBOMERNS, E=CVAR, P=LyeVae X VHEM LTz, 22
T Vare 055V & LTz, 72, LwvelIRIEHEL vE LT Lve= CvIZE VRO,
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Figure 2-2 Schematic of electrophoretic deposition of MnO, nanosheets.
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Figure 2-3 Schematic of 3-electrodes cell used for electrochemical measurements.
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2-3FER L EBE
2-3-1 MnO,F 7 ¥ — r DY A XBIR

Figure 2-41Z (@)K S—F% %A FMnO,DICSDT —# . (b)K-S—F%H A FMnO, & (¢)1 A A2
HR, H- X =4 1 EMnO,OXRDEIERE R % 7~ t, SRS I B3k 50018, 0020 O
WEHTE — 27 MR S S—F P M E RO~ U A Bl U 7 AHEAHOER AR S
Nice Flo, A F 23tk b REOR EE 2 k> TWD Z L30T,

Figure 2-51Z(@)K-/N— WA MR, (D)H-/N—3H 4 MKROSEMBIZHG 2~ T, T
DRLF b 1-5 pmBBEDHAR ORI ThH -7, HEYE L TWIREDRE 23— 41 MY
NIV T LPFEI, A AL B RO EE R o TV e Z L AR L
77

Figure 2-6 &% Bt st Oy BlECHH A X578 L7= MnO, 7 > — b D AFM BIESRE R 2R,
JE X 4-8 nm g 1um FEE DK X 2285 A XD 2 — b (large-NS) & /& & 2-4 nm, 15 50-100
nm F2E D/ S22 A ZDF ) v— F(small-NS) 235 54172, MnO2 1359 0.72 nm @ dgoy %5
JKHHEWFEZRF>Z &5, large-NS [XE2{L¥)E 6-12 J&. small-NS |34 3-6 JE7 572 > T
HEEZBND,

(c) H-birnessite MnO,

>
@©
N
*? (b) K-birnessite MnO,
8 L A
e (a) K-birnessite MnO,,
£ (JCPDS data)
001 002
. I L A .

10 20 30 40 50 60
260/ degree (Cu-Ka)

Figure 2-4 XRD patterns for (a) ICSD data for K-birnessite MnO,,
(b) K-birnessite MnO,, and (c) H-birnessite MnO,.
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{ (a) K-birnessite MnO,, |8

Tl

(b) H-birnessite MNnO '

| 4.3nm

1.2um

Figure 2-6 AFM images of (a) Small-NS and (b) Large-NS. Lower images are cross sectional

analysis by white lines indicated in upper images.
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2-3-2 MnO, 7/ ¥— MNMEREIR DRl E
2-3-2-1 XRD | EfE R

Figure 2-7 (ZPKEhRERE] 5 2 CIERL L 7= small-NS FEE IO B B4 ~3, 1TO Ffk Bl —Fk
27— RO LT, TKENEERE] 5 RIS OREO b O b, [FEkZR T/ v— Mg
DG BT, VKENVREH OB W CTITEZNIE W T 223, TRENREH 0 &\ 5
W ERBRNoTomZE LTV, MnO, 7/ v — EREETHD Z &b, KEIREEZ <
THIZONTFT/ o— FORBEMHMZ O THD EEZLND,

Figure 2-8 |ZEBXWKENETIER L7=F 7 o — MO XRD HIERE R 2 ~7, L 5
STl OESUKEN CIERE L 72, Large-NS FEEHEIL/ L7 D /3—3 1 NI MnO, [FEk, &
WAEEIZH KT 5 001 HOFLNEIPTE—2 278 L7z, Large-NS FEE#ERIL/ L7 O L9 7
B 7o @& 2 A LD Z EARE ST, —J5, small-NS FJE i ¢l i il ok
® 001 EOEHTE—27 NFL A ERLT, JBHmOREOHAMEMRNELN - fEEZ L
TW5AZ ENRRENT,

® |TO
A Birnessite

(c) Small-NS film

AR
g (b) Large-NS film
= 001 A002 o
@ . .
Q A
=
(a) K-birnessite
001 A002 MnO, powders
A

10 15 20 25 30 35 40 45 50
20/ degree (Cu-Ka)

Figure 2-7 XRD patterns for (a) K-birnessite MnO, powders, (b) Large-NS film and
(c) Small-NS film.
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Figure 2-8 Photograph of Small-NS film prepared by EPD for 5 minutes.

2-3-2-2 REBEFER

Figure 2-9, Figure 2-10 {Z 5 /r O EXKIKEN CTIERL L 7=, large-NS F&/& i, small-NS F&
JEEILD SEM 12 L 2 REBILERE R Z N EH0rd, Large-NS F & X L a0 W o 7
UVVEIE 7R ERR S DAL TN, JERE S, AFM TEIZE S b O L EERIZ, large'NS
LHHLNDEpm A —F —DRERT— MROK A OFEE B S 7z, XRD JIE TR
EHMOEFE—7 BN b 8T 5, REICKERLOL LR, BRifefEE
WETHDHZ L 2R LT, —J7, small-NS FEEHEE 1T, RIS MMAE< S
ATz, JERMG D . AFM THIZE S 72 O & ARk 7238 10 nm F2E ORU Nk 7 A3 ELME O FE
BLTEY, BREZSATHETHRAONT, UG ROBAPEMRNZ & 2R
+ 2 XRD HlIERE R L b—ET 2,
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Figure 2-9 SEM images of the surfaces of large-NS.

34



Figure 2-10 SEM images of the surfaces of small-NS.
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2-3-2-3 W BIEHRER

Figure 2-11 |ZEEAUKENIF] 5 40 CTIERL L 7= large-NS F&J@ i, small-NS &)@ i E 1
BEPSERIC K AW BlaskE R A~ T, BRI T oK b 3 K% 270-300 nm fRETH -7,
Large-NS FeJ@ &I, Zum O > — MR ORI HEA ) — IR L7 sy 7 o @ik b~
I D XD R ERE A A LTz, XRD HIE CTHRWE G OB E— 7 875
NicZ &b —879 5, —H T, small-NS FEfE I Cix, %% 10-100 nm F2ED > — FR 7
YHENIHE L, 2ERE % <G ATV, @I ROBRENMEN Z & Z2oRi24 5 XRD HIE
EREL—HT 5,

Film

Substratev

Figure 2-11 Cross-sectional images of (a) Large-NS film and (b) Small-NS film.
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2-3-2-4 F ) V— b A XDOBNC L 2BEEBEDEWVICE T ELE

XRD HI7E & SEM BIEZEOFERN D | large-NS FEE L L 7 120V — e FlE S & % |
small-NS FEfEEEIL2EM %2 2 < SN E e BEEE 2 A LTV, Large-NS (X, ZDJE
S LB L CRELRBY A XA L TEY . large-NS )= # 5N T large-NS B2 7 7 > 5 /v
T — VA NEIEL EEZBND, TDH, g T /v — O E~OFAIE 2
large-NS DFEEMAAIRETH 72 L B X LD, —F7, small-NS OE{Y A X|ZE S & bz LT
bEVREL AL, = FREIZHT D — MEHBOEIEN large-NS LV $£<e>TWn
o Y NEIZBL 77 TNV T — VA S EHEEL T, v— MaElcB T2 7 7Ty
— VA INIHEE D F I ~DOIEA NI =8, small-NS FlJE D X 5 72 R 7 i
DELNT-EEZ LD,

2-3-2 5 HEENDER LEE

Figure 2-12 {2k EYIRE[H & large-NS, small-NS f&J@ HEIE o AL mAE H 7= D) 2 o — MNEE
BOFRERT, EH0o0F 7 v— befWERS, 7 v— MEEEITR L EERK
BRI RG] LTI L T e, BRIKENEIC K > T/ v — FREBEOHIEN TR TH
LMol ICPICK VRO LN HAmfESH =Y DF /> — MaEg &, XRD Hl
ERERDLRDOND~ U AT /> — MERBIED dooy & AV TIRIEZ B H Uiz, Hik b
RIS LT D ERE L, BERR E LT XRD T 54172 do &2 VY, JCPDS
T—HPDELIY HHEMEES T OB{EHOFEEZ m, ICP IZ XV E& L7z AL fE &
TODEEEZMETDHE, BEELIX

M
L=d001xﬁ (2.1)

ELTHRBEND, KB &HH SRR OBIFR % Figure 2-13 127”89, 2-3-2-3 O Wi
B CROIIEE & i U CTEAMO H D EN T O, ICP OREFRER &, ZIcHS<
BEEOE NS DFEEDOZYUMEEZ AL TND Z AR ST,

37



Figure 2-12 Deposition amount of MnO, nanosheets as a function of deposition time.
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Figure 2-13 Film thickness as a function of deposition time.
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2-3-3 MnO,F / ¥ — FMEBEROEBEI(LF R
2331 YAV I HRNEET T A
2-3-3-1-1 KD R

A7V v IR E AR —RBRIC L > T MnO, 7/ > — b IO E LA L4
Al Z=1T > 72,

Figure 2-14 (Z—fi¥f72 MnO, / > — MEREEBEDOY A 7 U v 7 RV Z £ 7T A(CV) %
R, MEEOE TN large-NS 1.0 ug cm?, small-NS FE/E#5:1.2 ug cm™
Tholz, WTFHOMEIEL HICFABEZ CV B ELTZ, M IMn* OfR{LiE TICEK T 57
WE—27 80V & 02 VICEESNT, £72, 0.2 VOELERICE Y —E Mn* 55 Mn?*
SORBITCFICHEE TND Z EPNRBI T, T/ — A X2BEb LT, Rk EL
BICEN TG L TEY , B H A XOEWIC LD SDEWNTIR SN - T,

4t Sweep rate : 5mV s

Current Density / uA cm™
V)

SR _
4, , ITO substrate -

. 17 ——Large-NS (1.0 pg cm?, 12 nm) |
6+ v - - - Small-NS (1.2 pg cm?, 14 nm) -

-02 00 02 04 06 08 10
Potential / V(vs.Ag/AgCl)

Figure 2-14 Cyclic voltammograms for ITO substrate, Large-NS film and Small-NS film at a sweep

rate of 5 mV s™. Film thicknesses were calculated by using theoretical mass density of single crystal.
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2-3-3-1-2 BRI D pH IC K 2 &

~ U AVEEF v — NEBIZBW T, IEWEOEHE N U WRERNESM 2k E
T H72DIT, BRSO pH AR FE A FH~7-, Figure 2-15 | _?ﬂﬁ?rﬂ’\]foﬁ?@?ﬁ)E{’Eﬁiéh
= —fRE 7R L~ v T D pH-EEALIX A [19]. Figure 2-16 (Z¥:72 % pH %A 2 BRI
F1F % small-NS B #ED CV £, pH OHANI A MEBAMIZ SIS E— 27 8 7 L
Too ZAUZHRN A FORITHE ) AR TTICEMOZELIZ LD b D TH D EBEZHND
[20], E&fbfk O LIZICiR R ORNTIS T 2 BR{biE oo s -1

O+ne” =R (2.2)
DOIALIEILENMIL, RV A RO

RT, a
E=E°+—I=
nF  ag (2:3)

THERINDS, 22T, EUTEEREICENMN. RIZEMEEE. TITHEEE. Fiz7r o957
—E, a TR ONETCERDIEEZ R T, E- T, Bk~ Toro7a b oRzIiZ &
2 A RS

MnO, + H" +e = MnOOH (2.4)
IZBWT, R A ORI

a, -a .,
E=-E°+ RFT In M (2.5)

a'MnOOH

tRIND, v brOEEITT e FORBETELTE, FEEEROIERIT 1 THhoHZ L
M5, R 25C°(T=298.15K) & 9% &

E= E°+—2'303RT IoglO[H*]
F (2.6)

= E°—0.059pH

L7 | SUSEALE pH I FE L T2 T 5, Figure 2-17 (23RO BN AL & BALZE LD
HEREO L2 RT, R A RORD L FHEINDEME(LE FFERERNZRL, v
T ) — FOBRICENT S, R Z FORNS FREN D KISEAD pH KIENE
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MV SEDEBEZ BD, BROEMENE RV A FOXNG PRI D EMEITIE
THBE BN, 2T A FORTHE B2 B EEEN 2O LT, CV IZ
BWTEN SN D ROSBAITHEEM CldenZ IR EE26h5, —ic, &
MRIZ3 T 2 RS R E W E | RSB & EEEMOTIVEIRE L 25, ROSERHULE
MG IR E SBEIND, TN TOREZ [R—REM T 21X, BOSEN &
BALOTHNLED BN TZ0 FRUSEN D pHARIFEMER RV A FORINHH 2 B 5 EBAL
Blb L e B B2 bND, SEIOMEIZENENIRL L EMTIT o272, BRI
BOSHERFNRZ2 Y | BN & BOSEMO TN EMFIC R > TV b D EEZBND,
CLEMNS, Bt~ BT o— hOBMIZEBW T Figure 2-15 @O pH-EZXKIZ Z S
2 RS EEAL D pHARTEMEA Y TIZE Y . pH10 THIUE . Mn™IMn* R CO RSB Z2EITAE L.
Mn** DERH2E Ureu &Ik L7z, DA OJIE Tk pH10 O g5 SLrE AR 2 AV T1T - 72,

Mn, = 10° M
Cr=10"M
1.23V -
MnO,
1.0V— MnO,2 (aq)
0.5V Mnganaite
< ¥Y-MnOOH (s)
= H,0 _
GC) OV A 2 Mn2+(aq) hausmann”e—&
° el Mn,O, (s)
o H2 Tl . o “‘h“‘-\____._--
-0.5V “*‘»HH"SA o=l o
S<Teo x| &
So|sT| X~
-1.0 V- 80|80
= || E
=
Mn (s) ""*"---h\\\
T T T T T
0 2 4 6 8 10 12 14

Figure 2-15 pH-potential diagram for Mn-related compounds [19].
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Figure 2-16 Cyclic voltammograms of small-NS films in 1M Na,SO4 ag. (pH 6.2) and mixture of

1M Na,SO4 ag. and 1M NaCl ag. with regulated pH of 10 and 12. The sweep rate and potential
range were 5 mV s and -0.3-0.5 \V vs Ag/AgCl, respectively.
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Figure 2-17 Comparison of experimental and theoretical reaction potial changes.
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2-3-3-2 FefkE R

Figure 2-18 |Zffi~x DEIREEICIT 5, #E 1.9 ug cm™ @ small-NS Fif & w5 o & i 75
AR Z R T, BRI 2-3-2-5 1OR Lo FIECRE Lz, BEERKRIZIWT 0 V TS,
FEEMARIZIBNT, 0.2 VDI AR B EHEE N R o7z, Ziid, CV TR LT
Mn#/Mn*OSCHYE T 5 LB 2 b, BREH COBLX _HEOREL, 44+ OR
N XD R CIREARA 7 B AR DAL, BACEHENIT R S v, BRIEYEN
DA F L OFASIEPEE TS EEZBND, BIEE 1, 2, and 5 pA cm? (281 5K
BABEITFENFN99, 76,57 mAh g TH Y . Mn*IMn* DT 31T 2 B KA 80 32, 25,
19 WIHY T2 RENZNE NS LT,

2-3-3-3 %A 7 VR

Figure 2-18 {Z MnO, 7~/ > — MNEEHEE DY A 7 VR~ T, REOFEIITTA 27V
v JHRNE A Y RIS ERMEE RS L TR b D EaEa vz, Large-NS
Tl N & small-NS FEJE 5 & large-NS FEE ML — 1 7 L TENEN 127 mAh g™,
110 mAh gt & WS FEA R LT, 25 %4 7 L B TERZI 75mAh g, 81 mAhgt &1 H
KEEHER L T, BREKTOIRKZ TR 572 DIZHIER OO XRD JIE &Y SEM
B AIT o7, BT EREMG 23 LEE AT VOS2 97U large-NS F& @ i % V7=, Figure
2-20 |2 large-NS FEJg#E D (@)1 [ H O s, (b)1 BIH OFEEHE, (€)25 A 27 L% D XRD
RYE =R, 1 B HORMEICB O THEIEZITBIE SN2 o7, 25 YA 7114,
MO RRAITRT L 91T, 19°ONEICH 2B e — 7 MRS, 2o —7
B RAEE 2 A2 Mn(IIOOH & Mn(IV)(OH), D @& Sk 0 & — 7 A7 O IS ALE L
THY, MnOOH & Mn(OH), D OEMLIETNL E T\ D Z EAURIB S N7z, XRD JIEHE
R DITARTEMEZR M0, FE~DFZALZEO K E A IR S Ve h - 7=, Figure 2-21
2 CV RBrL O large-NS F &5 1 O SEM #5242/~ CVRBRANICA SN0 &
[R5 um FREE DT/ o— M3 L7 IR e RE DB ST, SEM BIEOFRER NG & |
B IR OB IR S R v o T, BE- T BRI O F 72 R IR EIE D SR s 5 D
PR 72 RIS X D OGO K TH L B2 b D, BRUKINETER LT/ v—
NEEHEEL, 9907 7 T AT — L A ST TRERICEFE LTV D70, EIC RO AR &
OEMMPEL LI EEZBND,

43



[ 5 upAcm?

T T
2 uA cm?

1 pA cm2
(530 mA gb) i

8 0.g| (2650mAg?) (1060 mA g
>

<

>

< 0.6

o

=

>

~ 0.3

©

5

5 0.0

o

0 300
-

Figure 2-18 Charge and discharge curves of small-NS film (1.9 ug cm™, film thickness: 23 nm) at
current densities of 1, 2, and 5 wA cm™. The film thickness was calculated by using the theoretical

mass density of a single crystal.
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Figure 2-19 Cycle stabilities for Large-NS film and Small-NS film at a sweep rate of 5 mV s™. Film

thicknesses were calculated by using theoretical mass density of single crystal.

44



Intensity (a.u.)

® |ITO
A Birnessite

(c) Afte

r 25 cycles

AN

A ® (b) After 1st charge
[ ]

(a) After 1st discharge

10 20 30

40

20/ degree (Cu-Ka)

50

Figure 2-20 XRD patterns for Large-NS films after (a) 1* discharge, (b) 1* charge and (c) 25 cycles.
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Figure 2-21 SEM images of the surfaces of large-NS films after cyclic voltammetry measurements.
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2-3-3-4 L— N
2-3-3-4-1 BFE L H /1Rt

Figure 2-22 & Figure 2-23 [C B 72 @ &% Ff> MnO, 7/ o — MEREEFO L — Rk
%, MnO, B & DD 72 4 (Figure 2-22). BALIRS HE 3 mV s 2 small-NS )&
#5370 mAh g, large-NS FE/E % 330 mAh gt & W H KX ABENELNT-, b
DEEIT Mn® & M ORBIE TS TE SN R KA EBB mAh g LW b R& oz,
ZOZEiE, MnO, T/ v— hOIEMERE L L IEIERTO MnO, RIS L, —#F Mn*/Mn**
DOEALRTRIENRE TS Z E 2R LTS, AEIIRIIEHED EFITHEWED LS,
small-NS Ff & 5 1 2 s 7 5 L 600 mV s HFIC WV TH 140 mAh gt L) K& e B4k
FiL7-, BiEs% 22-24 ugem? [N &5 L A &I3A L7 (Figure 2-23), Small-NS %
J& R AR S DR 3 mV s, 600 mV s ERIC E4EH 80 mAh gt & 30 mAh gt &V D R
7 L77, Large-NS Ff @ i 27 51 3 3 mV 5™, 600 mV s™ IEF(Z #4124 60 mAh g™ & 6 mAh
gl WO EEA R LT, Small-NS @ il | 2R g B AN 545 DR EEIRRLT large-NS FiJ=
LD RERFEEZHERF L Tz,

Figure 2-24 IZZ B DEMD T T 71 v b E7RT, MnO, ffE £ D/ 72\ 54(0.57-0.59
g cm”) small-NS FEJE R & large-NS FEE I, H%E 2.0 kWke', 1.8 kW kg FfIZ%
24200 Wh kg, 180 Wh kg &, FIREE/ART R VX —#E A R L7z, Small-NS F/E ik
13, 150 kW kg &9 @ H /B EREC S, 76 Whkg' &5 K& 72 m RL X — B A HERF L
T, FEERE 2.2 pgem™ O small-NS BUEMEIL, @B 045 kW ke, 31 kW kg FF
IZZE 160 Wh kg, 56 Wh kg & WV ) BEREEHER L Tz, 2O OMEIE, Zhi 5234
BLTWDEI—RUT ) 77 A4 3= L OEERITBIT 5 MnO, & FIFEEOfE(0.83 kW kg™,
57.7kW kg B ZF 4 115.6 Whkg' ,80.2 Whkg) TH 5[21], MnO, F/ 2 — ik jeifis
BT B EFEEME, BE 30 nm LA T OBEICBW TN —R U EAER & BRI
Thol-tE2bN5, —FTHEREN 2.4 ug cm” O large-NS Ff@H#IEIC BT, B4
BN THAHICHBED ST 6.2kW R, 11 Whkg! LVEDLNRDN -T2, ZORERIL,
A F U AEE OB BV OEFEN large-NS FEEHIIZI 1T 5 RSHEEIRIZ 2> T
WHZ EERBELTND,
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10 100
Sweep rate / mV s*

Figure 2-22 Rate capabilities for large-NS film (0.59 pg cm?, film thickness: 6.9 nm) and small-NS

film (0.57 pug cm™, film thickness: 7.1 nm). Film thicknesses were calculated by using theoretical

mass density of single crystal.
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N
o
o

Small-NS

Mass density: 2.2 pg cm-2
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- Mass density: 2.4 ug cm2
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Figure 2-23 Rate capabilities for large-NS film (2.4 ug cm, film thickness: 27 nm) and small-NS

film (2.2 ug cm?, film thickness: 29 nm). Film thicknesses were calculated by using theoretical mass

density of single crystal.
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Figure 2-24Ragone plots of small-NS film (0.57 ug cm’, film thickness: 6.9 nm), large-NS film
(0.59 nugcm?, film thickness: 7.1 nm), small-NS film (2.2 pg cm?, film thickness: 27 nm), and

large-NS film (2.4 pg cm?, film thickness: 29 nm). The film thicknesses were calculated using the
theoretical mass density of a single crystal

2-3-3-4-2 FEIHEEC XDV A 27 Y vy I RNVEZES T LD

IO DOHETOENEMIT 572012, LVFEMRY A 7 U v 7 RNVEET T KON %
1772, Figure 2-25 T Efi a8 EE 100-600 mV st HEo> small-NS /& 5 & large-NS &
JEDYA 7V 7 RNEET T DaRmT, BIGETTERINRESRE O L7z,
Small-NS FfJ i CITER e — 27 OBEENIT L A ER BN o728, large-NS g s
TILAF S E OB LNV EARICER E — 2 OBBER R E L rolz, ZD OREFRIE.
small-NS F& & #1512 361 D BOSHEPIS large-NS &g i L » &/ S W2 L AR LTV 5,
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Figure 2-25 Cyclic voltammograms for (a) small-NS film (0.57 ug cm™, film thickness: 7.1 nm) and

(b) large-NS film (0.59 ug cm™, film thickness: 6.9 nm) Film thicknesses were calculated by using

theoretical mass density of single crystal.
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2-3-3-5 FEOEEEKFM

Figure 2-26 (2) / v — MEE & & BAimfEH 7=V OFEOEALOBROEAK 2=, =
DOBNZFNT, A & JIE R Z A5 A TZEROME X I IHENEEH - OFEIZHAFIT 5 (MC
cm?/ug cm? = me pug? o< mAh gt), BARBIIC IZ AT TS 72 0 O EEIT, T v— MEfE &,
FTROLBREICHA L THmT 5, L, ERICTS / v— MNEEEZHNSE5 & A
I PEHARIUE O SO EHEIN T 5 72012, Z ORI T A X 139875, Figure 2-27
| large-NS & # 5 > . Figure 2-28 (2 small-NS FlJE i D ffE & & HATfifk H 7= 0 OF &
BALDOBRZ R, Large-NS A I Tld, X 13 SN EVED L, =
DOFEFRIL large-NS FEEEMIZ I TiE, B EOHEII APV ISETIARE CHER LT
HZEERLTWD, —F T, small-NS fEfE#EIc W T, HE XHE VL L2 o7z,
Small-NS F g 5 T, 20 pg em™? LA CI3 A BN fE 5 SO O Z A h Sz &
ZRLTWD, BRRICHT D RIGSOFEMIIONTIZ 0 THRRLR, K& L SH~DE
DU FE DB BENREE & A 4 L ALHE OWEB BRSNS T 5, Small-NS FEE#
& large-NS FEJE HIREOAEIE DIV K D RIS ~DE G DOZAETREL RV, HD
WIEABE A flE A LT 5 small-NS FEf@ o s AR Th o Z LN RIS,
L2 LSEBRIZIE small-NS FERE IR 5 2MEN - FERSE STV D 2 &0 DB IAG 13T
NOERBIZBNTH 0 ThDHEZZLND A>T, 2D DICRHLOE VT small-NS
B L large-NS FEEEILOMAIEEOE I LV | BN TOA A L ILHaEEE I #E
NELETEDTHDLEEZLND,

A

Increased
reaction

Ideal resistance

behavior

mC cm-2

- Slope = mC pug?
oc mAh gt
>

ng cm2

Figure 2-26 Schematic of relationship between capacities per unit area and amount of active

material.
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Figure 2-27 Relationship between capacities per unit area and amount of active material for large-NS
film.

v 1.2 T

e L o 6mVst(-0.2-09V)

2 1.0} &

% OF o 5mVs’(-0.30.6V) °
= 0.8}

é‘ | (]

2 0.6

o

S 04f O®

o

S 0.2}

o |9 Small-NS
»n 0.0+ O

o 5 10 15 20
Amount of active material / ng cm?

Figure 2-28 Relationship between capacities per unit area and amount of active material for
small-NS film.
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2-3-3-6 CV v'— 7 &\t &L {5 EE D BIRICE S RIGEFRBERDOEE

MnO, 7/ 3 — MEREEIRIZ 31T 5 SOSAEIERE L Y, L— MFEDE WO JFR A g4
Lz, B—7% mk%%@ﬁ@%%%ﬁ«tmw IBWTHBIE SN 2ENIL, 1) B
RECTOIET 7 77— ER_EHBARRICELDHS, 2) EMEHR O L REDLD
BB ENEFRIC i5775%~%@%5:n%%fﬁ%«®4ﬁ/®ﬁﬂﬁﬁ k577
FT—HIRFED3DNIRT oD, KYD 2 OORE TOBBDOHFLIL51THZ LR T
TP ZOFRITBAARSHELPOSEMIZ L BT, kDX I ITRSND[22],

i=CyVv (2.7)

T, N IXEREE, CGEHRREOFHFICLIRE, vIXEREETHD, LzBN-T,
%ﬁﬁ&@%ﬁmcvm%mfmﬁ%®&%kLfﬁ%héo#ﬁf\ﬂwﬁwﬁ%EAm
FBARIRZB N TX, DR EDOKISEBIL L ¥ —7 BiiE2 AT 5, MnO, 7/ > — Mg
D CV OEIRE — 7 12BN T, V7 OGO HGRERE~OWEDFTFE LI L TT o &
REWEZD, RAOHGITEHETE S,

Figure 2-29 (Z MO, D73V 7 i DALAIX] % 753, MnO, D BUSMZ 38 T W E B Ehi e (B
PRI > O AR [~ O SUSFEDJEB L O, BN T O A A P SE) & B BB R
(BREICBIT 2EIRZ)DEENTND, BRBEISISIZIBN T, SR D i X
T T8 MO, 12 T IE S0 Mn* 75 Mn¥ OB e E = v . B e LT F e hro
FEASOENEZ 2, BUSHEMBESOSBRIC LV BEEINLGE, VA7) v IR
BT AIBITLHE— 7 BIREE |, 1LBARDIHE v I3 5[23], —FH. RISHA A
CHEBOBRRIC K VFEEINDGAE, VA7V v IRV EET T KBTS — 7 EiEE

o I XEAARE EEE DTGBV B[22], - Tl E VOl Ty hE s DL,
%ﬁ%@ﬁﬁ@@@%ﬁ%@@%wl A FIEBEEDOGGEE R 0512725,

Figure 2-30 IZ 1, & v D7 1 v SO E L fgpEEE v ORRZRT, CVICHIT HlE
LEFEE % 1, & LTHWZ, Large-NS flE OS54, EAR5EE 0.3 mV st iz Th
X132 07 THY . FBHLEEOHINIEN 0.3 TR T L7z, 24, large-NS F& )& i
D7 FAEERATSTHY . EIZT 8 b AERIC Ko T large-NS FEE HEIE D RS
HENTWDEZEERLTWD, —FF, HEAEWRSEE 100 mV st 2B TH
small-NS I OE X 13 L7 0.8 TH V|, @id s 300 mV st FHC B & 1% 0.6 &4
FFLTWe, ZhoOR5HRIE, small-NS FEJE#EN TOA A HREY large-NS Fe e il
BT DA A APLHE Y b < small-NS FEEERIZ I TA A UAEBIC £ 2 RO ESE S
MU WENWIHEZRLTWD, 2O 7 1 b AREMEDE X small-NS F& & # % & large-NS
FEE IR OMMREE OBV LY 7o bENTVnDH EEZ LN,

53



lon diffusion into

: active materials
Charge transfer to

active materials

Carbon helps
charge transfer
Current as conductive B 0\ -
collector additives. ViV

Oxide layers

Mass transfer to
the surface of
active materials
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Figure 2-29 Schematic insertion reaction model for layer structured materials in alkaline aqueous

solutions.
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08+r @ () by charge transfer
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< _
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% Large-NS (2.4 pgcm-2)
2 Film thick 1 29 .
0.2 M thicrness nm Rate-determined
by ion diffusion
0.0 ———

10 o ”I”1I00
Sweep rate / mV s

Figure 2-30 Slope of peak current densities versus sweep rates in a logarithm scale as a function of

sweep rate.
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2-3-3-7 ERRMAIAE S & ERRSEOFHEBEICE T 55 &

2-3-2 ITBWT, large-NS FEEENES L 7 (T WE)— RS 2 A LT\ o —4,
small-NS & X250 &2 B T R E R BEMEZ A L TWD Z EnREn, £,
2-3-3-4-2 |ZF\ T, small-NS FEE M AY large-NS FEE@ L L 0 & 1 A U HEBEICER TV
5T EDIRENTZ, THD ORIIEE & FBIIC OV T DOBEREZT o T,

Figure 2-31 (Z small-NS FEf@ D 3 kel 2R3, Z D412 nm EICBIZ X /- STEM
\Z X DMl EME 2 BT 2 2 LIC K W RS 47, Small-NS FifE L 50-100 nm D Z
VHERNCFEE LI ) = R bR RO N E e E LU e, EREITR X
% 3040%FEEThH 5 L I D,

Figure 2-32 (Z large-NS, small-NS FEE#IENICE 1T 2 7' 1 b AR OBERIX 2 7w~d, IR
HEBIEmICB T, 7B VBB X D 72 F 4 2 OPHGHEE 1L 2 AT 72 7R xt L
TIHOR, BICTEE R HEOA L AEEILEN - & BEHE SR TWA[24], Lo T,
large-NS FEE#EED K 5127/ o — E BB —ICFEfE L 7o 7R Ic B8V T B ONERIC R
BT AT e bt v— RO o T, BIHATREWVIREEEZ BB 5 0
Wb, DFEV, BT AL OFEBENEA~ED D | JEICTE 2T 0 O WLNT OIEEARED
SWNWEERZLND, —, ZERTOBME I LicA A ALENATRETHY . X — D
B A R/ NS W eIz, small-NS fEEEER o7 m b AL ENEE 2 b,
SF D, small-NS FEEHERIZI\ T large-NS FEEERR L D H RE FENHG LN OIL,
22 2 < BURERBMEE DO TH L EEZBND,

Figure 2-31 3-D image of small-NS film obtained by reconstruction of cross-sectional STEM images

taken every 2 nm.
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Figure 2-32 Schematics of proton diffusion in large-NS film and small-NS film.
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2-3A4FE2EDE LD

KETIL, 2 EHO R B A X &> Mn0, T/ > — hOBEKIKENC LY MnO, T/ &
— MNEEEREAER L, 2 ofE, BT Z TV, 7 v— FORY A X v
— b OFEREEE DN BRI G 2 D EE T, K1 um O R X e A X & FED
F — R OB (large-NS FEEMIED I3 L2 O X 5 ) — A fiEfE G 2 A LT,
—J5. 50-100 nm O HLELHY/ N S 72 A X 0T 2— b OFEE IR (small-NS FE/E 15
1225 A % < S Te RIYE R EREE 247 LTV -, Small-NS g3 g & 0.57 g
em” (KT 6.9 nm), FR5LEE 3 mV s 2, 370 mAhg! LW ) REARFELZRL, Th
1. Toupin & 235 L TV % MnO, D F$EEM(345 mAh g ) & FIREDERTH H[2], £7-.
Mn*/Mn™ OB G f A A £ (308 mAh gY&ZMA TEY | IZIFRTO MnO, NG L, —H#
Mn® Mn® DREREE TWD Z ERRB I N, DWT I OMEIEIZ I T b | s [ EE R,
P BRI, REERED Lz, L LR, small-NS RSB L &5 AR,
JE EHIINRHC large-NS FEREHE L 0 & RKERZHERE Lo, A%< GO AR E L HEHE
TN D g A A U PEBIC S L, small-NS FEJE I B R B2 H 725 L
T2 ENB BN E 5Tz, Large-NS FHEHER TIL, HIEN TOA 4 LN BNV TZDIZE
Fr g DHEERE . FEE SR ISR B Lc, 222 &t R E 72 AR IE )Y small-NS 5
JEEED BATF 72 BRI G- LIc 2 E R b E o T,
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3-1¥EE

Figure 3-11(Z Mn @ 2 fifi 4 fifA] D S DAL 2 77§, HEEEMESARIZ BV T 24D Mn 1X
Mn(OH), 2 D E R DR FE TEETE 5 7-0[1],[2]. MnO, X, Mn?*IMn* il TD 2 BEF KT
XV, RUO, BT DRI RLRTCHRENYIFFSND, L Lans, KWE-EEME
[B]° AR WA A UALHRE[4], A B R AR~ DRI ZALIC L 5% LA RV [5] [6]5I12 X0 .
2 BEAFRC L B BEBEOADFIRITIZE > TOARW, & Z TABIE Tk (Ni, Co, Mn)iz1L:
WINZIEHR LTc, ZOMBHIY F U LA 4 EMABWMELE L TEZ ORI TE
Y [7]-[16]. Li fF ABLEEZ L % Ni*/Ni** 12 L % 150-190 mAh g™ (2.5-4.4 V vs. Li/Li") D% &
DEWY A 7 VEEMETHE LIV, Co 1T L 2EEEON _E[7],[8]%F OEIL /- Bt
INTWD, —F, BEXRILTFF v XU Z HEMMELE L ToOHREITR, KEKRZRTOE
FREFEEC T 1 B ATRRFFEIT G & Te o> T o 7,

93 ECIL, TRIE M KIS AR E AT R E DS B S D JE IR He(Ni, Co, Mn)21k
MoO7a N AKX D REREZIN, REERLEEEM~DIEH LG L2 AL
L7z, BEIRREE 2 A5 Li(NiysCoysMnys)0, & sol-gel 1% K& ONEpEikIz X © &Rk L 7=(sol-gel
LNCM, co-pre LNCM), HEferh Tl Li A 4> %71 b U &Z# L, Hy(NiyzsCoysMnys)O,
(sol-gel HNCM, co-pre HNCM) % 157=, HNCM O MK IS H CoEMmRE, & OFERE
N Z ] DN T D 72O 2 OREIETHE, BRL TR 21T > 72,

Mn(I1)(OH), Mn(l1)OOH Mn(IV)O,

4

Irreversible phase change into
spinel structure.

v' Spinel structure (Mn?*Mn3+,0,)
Mn3;O, v Electrochemically inactive
v/ Main reason for capacity decay

Figure 3-1 Schematic reaction scheme of MnO, in an alkaline aqueous solution.
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3-2 £
3-2-1 Sol-gel #EIZ & B @R Hy(NiyzCo13Mny3)0, DERL

JE A 245 Li(NiysCoysMnys)0, (LNCM) % sol-gel 12 & W &Rk LT-[9], ARk~
n—F v — k% Figure 3-2 \Z/R"T, @B F A UBENEH 0.1 MIZRD X oI Lz,
(CH3COO0),Li-2H,0, (CH3sCOO);Ni-4H,0, (CH3;CO0),Co-4H,0 } U (CH5CO0),Mn-4H,0 O
IREKEEIE(E /LI T LiNi:Co:Mn = 3111 & S H#TM 2 72, ENATRBA A7 =
VE=12 270D KO CHHE UTs 7 = KRR . FERBMEK ISR 2 192~ L7z, pH
N T~9 2725 X 912 NHOH KIE 2 Mz 7=, 70~80°C \Z-b 7/ Va4 Lz, Bohi-
7V % 110°C THLME L7=, & D1 .500 °C T5 FEHEHER L7 .850 °C T 16 h BEk L . sol-gel
LNCM Z757=, 1M #Ee C sol-gel LNCM % 5 HA##E. A 4o WIS 21T -7, g
(35 B UWERRIC A LT, A 4 U Stk Oy R % . W] A, Sk PEE L 7= 80 °C T
2 BRI EZERR L, A A AR T H 5 Hy(NiysCoysMnys)O, (sol-gel HNCM) A 157,

3-2-2 FILIEIT X B BIK Hi(NiysCo1/3MN13)0, DEFL

LNCM %33t L 0 &Rk L7Z[10], Ak 7 v —F ¥ — k% Figure 3-2 ([ZR”9, @@
F A UPRENREF 2.0 M (2725 NiSO,. CoSO4 & T MnSO4 D IRA KA (Ni:Co:Mn = 1:1:1)
Zoo TV IRPHACT CHAGEANIC R L7 SORERR TN 2 7o, RIRFIZ pH FEEAI & LT 2M
NaOH ZK¥EiHE & % L — R Al & LT NHOH KigiE % . (Ni, Co, Mn D& FH):NH,OH = 1:1 & 72
B E Tz Tz, R LI2R X7 v 2R T, 80 °C T 12 MR & el 7=, ik
OM® pH 1T 12 k72D X HIC#HE NaOH KERZBEBM L=, B o5z
(Niy3C013Mny3) (OH), KL F-1XW 51 A, #MikPeED#, 80 °C T 2 I EZ2iz g L=, D
% b MEm bl T LIOH-H0 Z 12 TIRA . BERk L7z, BERRIZZZ5SH TY1TV Y, 480°C TS5 Ky
MBERK L 727, 1000 °C T 10 h BEA L. LNCM ¥3K % 7=, 1M HE#E+H < LNCM % 5 H[##
PR AT RS BTV o 7o, HEERIT A AT LWERRIZ AT LTz, A A L 28tk DR
. WE A, FiKTEE L7t 80 °C T 2 By EZEMEBEL, A AV KWHMIEKTH D
H,(Niy3C013Mny/3)0, (co-preHNCM) % 1572,

3-2-3 fiE - MLEFH

By AR BEE D il A AT 1 Bruker D8 ADVANCE % F V7= X R EIHT(XRD)HEIEIZ &L 0 17>
7o AEBAEIEMEE(H ST S-4500 & O H A7 SU 8000)12 & 0 My RikEl o E#s 21T - 72,
F 7. FAZIHTIX SEIKO SPS3100 % H M7 ICP FL53 H A Hric K v 17 o 72,
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3-2-4 J&IR Hy(Niy3Co13Mny3)0, DESRALZFHKe MR

EEACFHRE L, Figure 2-3127R L2 =&t L 2 AW TITo 72, BRIEWE(LNCM D 5
WIEHNCM), EEBhAIO T v F Lo 7T v 7 F L CREEAIOPTFERZ B EHS51TRA L,
TiAvya RIZEET DI LT, LNCMJ:HNCM@aaFﬁk L7z, BT TEYEROEE
BEEMNSmg em? & Ae B K 9 IS LT, BRALFEIEISIZ/ERL L 72 LNCM U EHNCM i
TERIfR, PtA v o = Z%i, Hg/HgO % Z:fffi & L ::a§$’ﬁﬁ/V€»ﬁﬁb\f_o EifR L LT,
1M KOH/K (pH13.7). 2M KOH (pH 14.1) % 18 M KOH/K VA& (pH 14.8) % TEfiftiic & L
iz DEMETHA 27V w7 RAVLE A R —(CV)RER, CERTEKERREI T2, B
{LZI1E 1%, Solartron 1470E., Hokuto Denko HZ-3000 % U'BioLogic VMP3% iV CT4T - 7=,
A = APNEIX, 10 mHz-100 kHz O J& I Z#ibH . B EREIEL0 mV O 5 F CTHIE %
f1-7=,

3-2-5 X BRI T i (XANES) HIl 28

R IRIED B 72 % co-pre HNCM @ Ni, Co. Mn @ L BRI GIZDUNT X BRI I i T A i
(XANES)HITE 24T > 7=, IE 1L LA RF SRV ¥ — B —A T 1 > 2 (BL2)IZ T, Ni-L edge
@ 820-920 eV, Co-L edge @ 740-830, Mn-L edge @ 620690 eV DT /L X —#iH TIT - 7=,
HIEE— FITEBHERIC L 5 2E FINETEY)IC TiThiv,

| Sol-gel method | | Co-precipitation method |

NiSO,aq., CoSO, aq., MnSO, aq.
(Mixed in stoichiometric ratio)

>
>
Adjusted pH to 11

<>

(Niy3C01/3Mny5)(OH),
Dried in a vacuum (80°C) 1day

Citric acid
(Citric acid : Metal o5 =2:1)

> ] .
Li(CH;COO)ag., Ni(CH;COO), aq.,
Co(CH3C00), aq., Mn(CH;COO0), aq.

NH,0Hag. | adjusted pH to 7-9

™ A\ 70~80C

<
lall h>) Mixed in stoichiometric ratio
<

! - LiOH-H,O
Calcination
(500°C, 5 h — 850°C, 16 h in air) Calcination
(480°C, 5 h = 1000°C, 10 h in air)

]
Co-precipitation Li(Ni,;3C0,,3Mn,;3)0,
(Co-pre LNCM)

(Sol-gel Li(Niy3C0,/5Mn,5)0,
(Sol-gel LNCM)
3

]

| Proton exchange in HCI ag. (5 times) I

¥
Sol-gel H(Ni;;3C0,,3Mn, )0,
(Sol-gel HNCM)

1
1
1
1
1
]
1
1
1
1
1
1
1
1
1
1
1
]
1
1
1
1
| Dried in avacuum (110°C) 1day | |
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Co-precipitation H(Ni,;;C0,,;Mn,,5)O,
(Co-pre HNCM)

Figure 3-2 Flowcharts of synthesis of LNCM and HNCM via sol-gel method and co-precipitation

method.
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3-3fEREBE
3-3-1 J&IR Hy(NiysC0o13Mn1/3)O, DA E
3-3-1-1 Sol-gel ¥ THERL L 72 Hy(NiyzCo13Mn13)0, DS

Figure 3-31Z(a) Sol-gel LNCM, (b) 7' k> AZHifk Sol-gel HNCM®DXRD X% — > J U¥(c)
AR AE 2T D C0304 & (d) Li(NiyzC0oysMnys)0,DICSDT — 4 % 7§, KHI/R STz
EZFFRRIZICPIZ K W R 7=, LINCMDOXRD/NE — 1%, B — 2713550 & O O kil X <
ICSDT —# & —EH L Tz, #EsaOBHMENMENS OO, LNCMO NS L &5 %
BND, LU, A A A3 4% Dsol-gel HNCM TIERER Sy 78 A B R LR 1228 (k LT
7o ICPOFRRIMTHRE RS . A A 2 AZHART O BEPE CLIMLR M MIIA A B DA LR LA -
TWidote, £, NI, ComnRORL Wk E > TRy | EBEEA 4
DR T B HEZR L 7=, Figure 3-4IZLNCM & & "R /LA 2 A3 5 Co04 D fti b i i 4 74,
Mn30,°C030,% D A BRI, B LMEN OER SR EHICBE) L7z b U EE
ZLTW5S, MR VRNICITEBEBEA 4 DEET D, Lif T A FOXRMENZ L,
BERSBOMMb T T2 &, o, MOBAMENMRNZ L5, BROEREE
A F L OEM~OBENRESITE D BAPEOSRN A B UAE ~ & 2L LTz
HLorEZ N5, Figure 3-5Zsol-gel LNCM & sol-gel HNCMOSEM#I 2244 % 71:9", LNCM,
HNCM & 123007 5 600nmELE D L ATkl - TH Y . —EBICEEEN R INTZ, 44
B DAREREA T AV —DEITA NN oT, TNHDORERKL Y A AR
BASOGIZ LD A ERNAEE~OEITR SNTZR, TEALT7+r o —0ORE BT E T
WIRWT & Z R LT,

(a) Sol-gel LNCM
Lig 45(Nig30C0g 37MNg 35)0,

M“”‘ (b) Sol-gel HNCM
/L’M H,Lig 15(Nig 27C00 40MNg 35)O,

Intensity (a.u.)

= . 98 8 §& = §
=l N | mﬂ:\l LY o L# (c) Coz0,
(ICSD data)
8 s 8 |18 48 S i
° i 1H - W (d)Li(Ni;;Co,5Mn,5)0,
. . . . . (ICSD data)
10 20 30 40 50 60 70

20/ degree (Cu-Ko)

Figure 3-3 XRD patterns for (a) sol-gel LNCM, (b) sol-gel HNCM (c) ICSD data for Co304 with
spinel structure, along with (d) ICSD data for Li(Niy;3C013Mny;3)0o.
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Figure 3-5 SEM images of sol-gel LNCM and HNCM.
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Figure 3-6 XRD patterns for (a) co-pre LNCM and (b) co-pre HNCM along with (c) ICSD data for
Li(NiyzCo13Mny3)0,.
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Figure 3-7 SEM images of co-pre LNCM and co-pre HNCM.
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Figure 3-8 Cyclic voltammograms for co-pre LNCM and co-pre HNCM in 8 M KOH aqueous

solution. The sweep rate was 0.1 mV s
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Figure 3-9 Cyclic voltammograms for co-pre LNCM, co-pre HNCM and sol-gel HNCM in 8 M

KOH aqueous solution. The sweep rate was 5 mV s™
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Figure 3-10 Cyclic voltammograms for co-pre HNCM in 1M, 2M and 8 M KOH aqueous solution.

The sweep rate was 0.1 mV/ s
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Figure 3-11 Charge/discharge curves for co-pre HNCM and sol-gel HNCM in 8 M KOH aqueous

solution at a current density of 300 mA g™.
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Figure 3-12 Cycle stabilities for co-pre LNCM in 8 M KOH, co-pre HNCM in 1 M KOH and 8 M
KOH, and sol-gel HNCM in 8 M KOH at a current density of 300 mA g™*. The potential ranges were
-0.85t0 0.55 and -1 to 0.45 V for 1 and 8 M KOH, respectively.
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Figure 3-13 Charge/discharge curves for co-pre LNCM in 8 M KOH, co-pre HNCM in1 M and 8 M
KOH, and sol-gel HNCM in 8 M KOH at a current density of 300 mA g™*. The potential ranges were
-0.85t0 0.55 and -1 to 0.45 V for 1 and 8 M KOH, respectively.
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Figure 3-14 Rate capabilities for co-pre HNCM and sol-gel HNCM in 8 M KOH aqueous solution.
The potential range was -1-0.45 V vs. Hg/HgO.
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Figure 3-15 Rate capabilities for co-pre HNCM in 1, 2, and 8 M KOH aqueous solutions. The
potential ranges were -0.85-0.55 V vs. Hg/HgO for 1 and 2 M KOH aqueous solutions , and -1-0.45
V vs. Hg/HgO for 8 M KOH aqueous solution.
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Figure 3-16 Charge/discharge curves for co-pre HNCM in 1, 2, and 8 M KOH aqueous solutions at

various current densities.
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Figure 3-17 Schematic AC impedance plot and reaction resistance.
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Figure 3-18 Impedance plots for charged co-pre HNCM in 1, 2, and 8 M KOH aqueous solution.The

frequency range was 100 KHz to 10 mHz. The potential amplitude was 10 mV.
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ﬁﬁﬁ%ﬁ/@fﬂﬁbt@f%é&%z%ﬂé AL MEKTREORIGT A N EAZE
. BALEEETDHERNARNDOAMND,

Et:EO_FEInM (3 6)
F  6-C,, '

LERIND, ENIEMERLETENMNEZ KT, EEICITISREEN L DENMNBERH D =
D, HEROY A FEARIZG LY /NS D, Thag l L, ERRT O OHEE
MN—TETHDLEINETD .

E +n7=E°+ miLﬁl
F 6-C,.-

3.7
DRV IS, TS ZHEH LT,

0,

Fn
1-6,)exp| —~ |+ 6,
(L-6)e (RTj+t

o, =
(3.8)

DRSNS, ZHIIRIGEBEEIC XL 2EMBRICE > T, KROBEBKTHEOY A ~EAH
R, THROLIEWENOA A VRELD BBV A N EARTHEKTLTLEIZ L%
%waé 8M KOH F1 D k512, EAEIREN+2IEm < RHEREEDKE WIGE

i, REREED DICHLERKIGEELEDN/NS L, ZUC X2 BERBDIT/NS ol t
%z%hbo—i71MKm4fi R NI NS < 72 B 720, FRICKEIRE
FERFIZ R & 7o SROSBEE N LB L 720 | BARRIC L W IEWE OA A4 REME IR
BENETLTLEY, NERFRELMEONRDST-EBZDLND, %%ﬂ&r@mw
TN, EERARBAICB W THRTH D Z EARENT,
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i A

Increased i

Figure 3-19 Current density (1) as a function of overpotential (7 ) according to Butler-Volmer

equation.

3-3-6 FHMEITH S BROMEE - MREL
3-3-6-1 B DA

Figure 3-20 |{Z 8M KOH 1, 100 4 7 VllE# DOENLDOFEZ RS, HERDOE/LANIC
IXEBAOREN A S, £ Pt EMOREICEEAOWED L 5> bR RN
7o DX H72BI5IE 8M KOH F1CTdD co-pre HNCM ThH b KL< A B4, IM KOH H1 T
co-pre HNCM. 8M KOH H1C® sol-gel HNCM [Z>W CiEdh £V A bi7en->7-, ICPIZ X
DTN S Z OUEEII Mn & Co MBS TR Y, NiITEEN TR o7, R
TV H VR T, Mn?*, Co** 1% AL Mn(OH)3', Co(OH)5", Co(OH), > %5 IR e TR %
ZEDHE SN TWAH[19],[20], HFERFOIR TR KV EMRIZET L7 Mn & Co 23,
FEHCBRF OB X 0 BBOREIIHTH L, L L L TEBIOHE LD LB X
515, Figure 2-15 & Figure 3-21 (2779 Mn O Co @ pH-BALK N S, {EWE OEHILE
IR D pH OFFFE L | IE BN 2 S /e BALICRO H Z L THMfI TE D LB b D,

3-3-6-2 XRD -« ICP IZ X 2 #EfE1E - MRELoBE

HNCM®D S sAe & Ji~ % 72 D12, FEIE R OXRDRIE & OHLA 38T 217 - 72, Figure
3-22|Z FEfix AT Dco-pre HNCM, 8 M KOHH'C 1 [a]1H D Ji%7E % L 7=co-pre HNCM, K * 1 [H]
H D% 2 Fe 8 L 7zco-pre HNCM DOXRDHEFE R 277, ICPIZ X W R 7= Z i 6 Db
FHLEk I X Table 3-1127~" 3, 1[E1 B O RER I & Rk4 B E K2t Me(OH), (Me= Ni, Co, Mn)?D[a]
Fre—r BB L, £OBROFEIZ L HMe(OH), &' — 7 DD S ER Sz, BIEIZXD
HNCMOD JgtdE kO B — 7 1 ZIHK LTe Dy, RIERZIC A ERAVFHDXRD/ N Z — (TR
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ENoTl, TNHDORERNS, BIEME~D7 1 koo nf )i ABLEEZ X - TEg
{EBICIEDE E TWD Z ERRB Sz, By, KEgbwg ofEEiiE» 2L L T

5L H 5 b DD, MO, TR LD & 9 22 B2 A LI HIH] STz, NikTCo
WX o TRIEENZEL SN TS EBEADBND, 7o, ICPHAGHTRI RO, FEE

i oL, K202 ki3/hE <, Li', KINZIHNCMOEEITIZE A EEE LTV &

RS ST,

Figure 3-20 Cell image after electrochemical measurements.

Eh (V)

-1.0 {o(OH)y
H |
Co(OH)® | Co(orhy

_1.5 1 1 1 ] 1 1 1
-2 0 2 4 6 8 10 12 14 16

Figure 3-21 pH-potential diagram for Co-related compounds [19].
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®
(a) As-prepared o Acetylene black
A PTFE

(b) 1st discharge

Intensity(a.u.)

(c) Charged ® HNCM

O Layer-structured Me(OH),
. (Me = Ni, Co, Mn)

10 | 20 | 30 40
20/ deg(Cu-Ka)

Figure 3-22 XRD patterns for (a) as-prepared HNCM, (b) HNCM after the first discharge and (c)
charged HNCM after the first discharge in 8 M KOH aqueous solution.

Table 3-1 Chemical compositions measured by ICP for (a) as-prepared HNCM, (b) HNCM after 1st
discharge and (c) charged HNCM  after 1st discharge in 8 M KOH aqueous solution.

Electrodes Chemical compositions
As-prepared H,Lij 51 (Nig 3,C0¢ 33Mng 55) O,
1st discharge HyKolosLiO.ZLt(Ni0.31C00_33Mn0.36)02

Charged after 15t discharge H, K g5L10.21(Nig 31C0p 33MNg 35) O,

3-3-6-3 SEM IZ X BRI F OB DBIE

1M KOH /K& H . 8M KOH H CESALFHIE 21T > 72 % D co-pre HNCM ¢ SEM #1344 %
Figure 3-23 & Figure 3-24 |2 FNZFHr7, IM, 8M & HIZHum FLE O 1E - 72k 123
Bl s, BRALFERZ T - Ok, A X iz ohiehrotz, —FH T, W
FTHOEMET T HBLACFERER O HICOOEINABIE Sz, TREICHE S BREE
B DPESRHEMNC X D BB L W BANEL, OVENICESTZEE 2605, FT-,
8M KOH H1CHIE L7k T DI FDH A=V N REWVWL IR BN, FTHEICHED
T S DI K 2 SOSEILOBMN A B FTOFRRTH 5 Z &R ST,
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in 1M KOH

in 1M KOH

in 1M KOH

Acetylene
black

Figure 3-23 SEM images of co-pre HNCM after electrochemical measurements in a 1M KOH

aqueous solution.
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A

Acetylene
black

Figure 3-24 SEM images of co-pre HNCM after electrochemical measurements in an 8M KOH

aqueous solution.
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3-3-7 X BRI 5 1 (XANES) 5347

HNCM DF2{LiE T 2R~ 572D, FEx OLIREED co-pre HNCM F1 Ni, Co. Mn
DA S X BRI S (XANES)JITELC & Y @7, Figure 3-25 (ZF % DBLARED
HNCM 1 (a) Ni, (b) Co. (c) Mn OH#LFE(L X 4172 XANES L-WIUi A< 2 kL% 7~9  HNCM
MFEEEND L Ni ORIGEITE =R LF—MIc 7 F L, Co, Mn ORI $ 7T M
BT RAX—MNCT 7 R LTz, FRERED Ni D A2 kuiE NS o E L 0 ¢ 5o oL
F—ll~>7 F LTV, UL, K£BIZL > THNCM 1o Ni 2, Nit'E Tt shi=Z
EETFELTND, Z£D% HNCM % 200 mAh g-1 &E$ %5 &, Ni. Co, Mn 4T ORI
PEZF A~ 7 K LTz, ZNHDOE—27 7 M, Ni, Co, Mn &2 TDI53E 7 HNCM
(ZRTDMLETIUSICEG LTS Z 2R LTV D,

Discharged Cha/rged Dischgrged Chjtrged Discha\rged Crlarged

N N bild

(a) Ni

iNi(llNO, Mn(ID)CI
2

Normalized intensity / (a. u.)

850 860 775 780 785 640 645 650
Energy / eV Energy / eV Energy / eV

Figure 3-25 Normalized L-edge XANES spectra for (a) Ni, (b) Co, and (c) Mn in HNCM with
various oxidation states. NiO and LiNiO, are the standard samples for Ni** and Ni**, CoO and
LiCoO2 are the standard samples for Co®" and Co*, MnCl,, Mn,03 and MnO, are the standard

samples for Mn?*, Mn®*, and Mn*", respectively.
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Figure 3-26Zff « OERLILEEDOHNCMH DONi, Co, MnOflifz <4, Zi 5 Okl
XANESZ Y MDA —T T 4T 4 Ik VEELE, BETREHE LT, NiYD
FRAEZ AT RV FEBEAR B ONIDIEfE RIS D b2 ed, Z 2 Tl RERED
NiDAT A 4 & E LTIV TS, LNCMIZEW T, Ni, Co, MniZZ L Z4Ni%, Co™,
Mn* & UTHEIET B & i4E & 41TV 5 [13]-[15], As-prepared DHNCMOAIiEE = 4 & D4
EEIZE—KL T\, BEIC LY NIOMSIX2MA S MEIZIEM L, Z D% O KEDHIH
By CROMMICI LT, Z D%, Co& MO R O HEAT IR S LT LT,
3-3-2, 3-3-3T/R L7z L D1z, CVRRSL A HARIC 35\ CCoD SR BN IR T A it 138182 S
Nihot-, ZOZLiE, BLRSICBWTMNY RN Z B> -ETFO—Maedf+5 2 &
TCO*MBILENTVWD Z L &R LTWD,

Discharged | | I | | A |
(200 mAh g3)| T QA A
| \ \
(140 mAh g |0 YO AN
I \ \
(7omAh g?) |t o A
v \ \
N \ \
Charged 0=-—[] o) PaN
(0.45V, 1h) IR A A
As-prepared |07 Ni Co O Mn &

20 3.0 40 26 2.7 2.8 3.8 39 4.0
Average valence
Figure 3-26 Valence of metal ions in HNCM with various oxidation states. Each sample was

prepared by charging it at 0.45 V for 1 h then discharging 0 mAh g™, 70 mAh g*, 140 mAh g™, and
200 mAh g™, respectively.

3-3-8 EFIREBIZE I KB N EE

HNCM®DFE FIREEIC H-S % . HNCM OB LE THEBENIC OV T DEL 41T - 7-, Koyama
SIEH—FERERIC L 0 15 5 72 LiNiysCosMnys) 0, AR FE B FE A S L TV A[14], 20
FHEIZE VB LN TV ALNCMOE FIRAEE A Figure 3-27(277$, Ni, Co, < L TMniZLNCM
HFITONI® (o 6g0). CO™* (tog’ &) MN™ (t’ ) & L CHEAE L., Feibl (5 i (HOMO)IENi-g,
ol . HAKZZHE (LUMO)IIMNn-tygfliE Th 5, LNCMDO 7' m b o RHIZ L W G657
HNCMIZ, LNCM & Ak Dk E & B bE 2 A2 2 &6 LNCM & [FRRZ R e L
EHLTWAZ ERTPHEND, ZOBEBFREICESE, BHEZEHO TREITo 7,
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Figure 3-281ZNiD i DA & 779, HNCMDSFEFE & 415 & | Ni-eglilid »» b B 123 8>
. NP BN ~OBERISNIE Z B EEZ bRD, U F 7 LA 4 BHADLNCMO T
BISICEBWT, NIFORILIC L 0 A TENPIIE BICNIMICEB b SN L HRESN TN D
[33][34]. ZHuiE. Ni** (tle )Y —2 « T T —FHLEZFHFOLHTHSH, HNCMOCVIZE
TNIZINP O FSEBAL TOBACER ML S, NiZINIY O SUSEN TOmMLETRITELE S
NRnoTz, TOZENG, Y—r « T 7 —BREZRET D DN ONIE & Nif ~ R4k
THZETNIYNERL TS Z ENTREND, TOEOKEICE Y NITIINITITRT S
nsEEZLND,

Figure 3-29(2Co & MnD s DR 279, Nin*IETSNZH &, LUMOTH 5
Mn-t 5E (CFE T 2 2 TR D 2 & TMn MBI SN D B X bRD, Zh b OB IR
RERHAIZIE S PRIIAF R THONZERFE R L —B L T\D, IHIZ, BHAAAE
REETIAET DM (1 6. MNOOHZE) SHNCM TR A B L iR EE (g ) THAFET 5
ZERTREND, mAYUREOMPIY— - T —FAHL B Y A 2
BB X0 | BRI R A MAE T 2 & AV 5TV H[301-[32], M AME 2 vtk
TMR* BT END Z &2, HNCMA B2 A 7 M EIC 5 L T B aTREMED B 5,
DX T T —EBERT HHEAICODH BT OV TH Y UL E L EEZ BN D,
CO*™ IFHNCMH T 2 B R Bty 60) & L THFET B, KA B AREEDCO™ (tyy 6g))IE Y —
VT T —FE RO, CoeUHICE T EZITMD Z LIC K H{EA B L REEDCO DCo™
ORI DI W ERTREND, - T, Cok MNODERBENC L - T, Mn*
DIETE L R A B ARBEDCO™ (o, e )M ERK L7ZATEEME S E 2 B b, Zh bR
ICE D, CVRMEBHRICE VT, Co™ DRTBAM CORSEBRMDBRS NP oTz B X
Lbivd,

I EDORERND, HNCMO RS A 1 = A KL L Cal#ipy e H O ABLEEIZ X 5.
Hya(Ni**15C0* 11sMn**13)0, & (Ni**15C0%" 13MN** 1) (OH), [l DA LR TG A B 2 b b, JE
PRAEE (N, Co, Mn)ER LT\ T, Nik ConMEE L EIZ, CommEBMEIZ, £ L TNk
MNARERICHFE L TWD EBEZOND, MEREME, @B FEEEN RN DFHENT
DONi, MR O HAMNT K 2 K BACMokL 76 25 o BRI E 82 X - TR 72 2 E
etk o BN S5, JEIRKEEH,(NI, Co, M) b3 A B R ESILFF v 3 # HE
WMEICoHD Z ERH LN T2,
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12+ 5
NI up I I Mn- tzg o-t,, Ni-e
_'_ _'_ - 0-2 Ni- tzl_ Mn-e,
_f_l_ _H_ _T_l_ g2 | — (HOMO)
3 =
Cos* g
P by 0
HHH 3
v
8 L Co—t2g. \ n-ey
Mn4+ Ni-t,, -, Co-¢g, Mn-tzg
Fermi energy gg(— |
- - 5 down L 1 ! i FI (LUMO)
_f_ _f_ _f_ -10 -8 -6 -4 -2 0 2 4
Energy, £/ eV
Figure 3-27 Calculated density of state of LNCM.
N4+ Low spin Ni3* N|2+
e - 4
9 < : > < : > =
ty H-H-H- HHH i
(Jahn Teller distortion) As-prepared
Disproportion reaction
Figure 3-28 Schematic reaction mechanism of Ni in HNCM.
. _Co3_+ ™ Low spin Co2*

= <oy

As-prepared

@ Charge
transfer

(Jahn Teller distortion)

High spin Co2%*

Mn4+ Low spin Mn3+§ 4
by +—++ o L e
As-prepared % High spin Mn3* Mn2*
A -

(Jahn Teller distortion)

Figure 3-29 Schematic reaction mechanism of Co and Mn in HNCM.
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3-3-9 Fu MR A FDOELE

Li(Niy3C013Mny3)0; & LiNiOy IZ[F— DG A& 2 L T\ 5728, LiNIO2 & T8 Ni(OH),
DOFE IG5 . LNCM 2 OVHNCM D7 1k U BFEY A b D#&%2% 17> 7=, Figure 3-30 (2
LiNiO, & Ni(OH), Dt it 2 7~k 3°, LINIO, T Li 4 A XERICB W T, B, Bk
{b¥fE ONRRIAFAET D720, BRER T 2 Ik LT 1 HOEIE T LaERICIZFET
72, — T, NiOHRIZB W T 7 e b 3B REE L TR0, mEFRT 1EIC
ML T1IEOT e ML TS, J%’FHEJ 2V F U LA F U BFET D LNCM Tl 3
DOHPNZY F LA T UPFET D7D, BFEEFHEOT v b Ut A N & AR T
B2 OhD, —H, 42”%%%@%0) HNCM (23 Tid, Ni(OH), & Rk ICERFRIT
B RELT AT r hURNITH S NS B2 b5,

F 72, Ni(OH), TIZ LiNiO, & b L CER{EME DS ab N CTHATEE) L Tvd, HNCM O
FHEIZBNTH Z DO XD REOHENTAA~OVATBEENE L TWAHAREERSH 5, FT-,
FEHCEEIZAE D ¢ B M ~OMifE b 0FE THET 5 £ B2 b, Thd OfEiEIEDELD T
FCEIAE D RLF~DH A=V %G| & Z LTV D ATREMED RIE S 4172,

ICSD No. 169978 ICSD No. 169978

Figure 3-30 Crystal structures of LiNiO, and Ni(OH),.
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3-3-10 K DET VAL

HNCM (22T, BEH[35][36] % &5 [ ZEMS L DT T VAL « L— MR OFH %
oz, EBERAMERBIZIBNT, EWEEERPONE~LIELBT 270 hrDT7 Ty
JAFI—ETHDLEEZOND, BIRILEMIZIB N T, A4 T ATH NI 5
7o, WEWEEZMELRE L, 2 RITOILEG B EZ AW TERENICBIT 57 e oo
JEBEET AL Lz, BT VHEICL VRO L— M2 BRI & 45 2 & Tk
ﬁ%ﬁ%ﬁ&%oto_m%TwTi BT ENSOCIRPUIC X D RS RO 8 4 ZJE T
TN HIITITEMBESUCHESI & b/ SV 8 M KOH I CofE R & Flv iz,
me&m®i5r HNCM ZHtEE LCET L LTz, FbZE r=0 & L THOYERT

WZriflizl D, HEOYREr=r & Uiz, IEWENORZt[s], ME riZkiTs 7 e b
/Y);%EZ% C(r, ) [molem®| &5 &, 2 kDB RRNIL TOL S IcEk S5,

(3.9)

@ DaC 18C
ot or? rar

FHTDT T v 7 AN—FMHEE [mol cmB3)THY . FLTHOTT w7 XT0 THHND
BRI TO LS IcEEN 5,

oC
D= =F
or - 0 (3.10)
oC
> =0
or r:0 (3.11)

FIIRIEE LT 01280 T, IEWENO T 1 b A REZER Co &5,

C(r,0)=C, (3.12)

BREELZ I[AQY, BEZplgem®], 77 FF—EK% FI[Cmol' &+ % &, Fold.

2. . .
F, = pty L1 _ phyl (3.13)
2 LF  2F
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L%,

HEPKET T DI, BANH LN UOKEINT FIREM ERoT2EETHDH, RV
YA RDRNS, BALITT O P URBEICESTRESNDLEDT, ZOLEDT 1 bRk
ZEHC molem®| & BT 5, IEWENDO 71 b RN IR o 7, FREE Qq [C)
NLULFORXL VIG5,

C,-Cy))F
o,

FEEIIEZ, EWENTO Y 0 s BREARNFEET D720, IEWEEEHO T 0 b RE
N Cy & 7o TS t=ty THEDNK T L., FORORE Q[ClIE

Q=it, (3. 15)

ERIND, INODOAFRKITITIEFRBZA L TVWDLTED, ZhEa T A =2 LTE
fb&H, Lﬁ@iéﬁ%#?#ﬁﬁ%ﬁ%%<:kf ERFRERE T4y T 47T DT
ENTE D, REOFHBEIIMME CIER < ZENRtRIC X 02 RO, ZHnitEo
EaillEe-37S Appendlx ?%%Z L7,

Figure 3-32 (Z 8M KOH H1C?D HNCM D L — itk & 3HRAE DO il 2 7R3, K148 rp=
1500 nm, fr K78 Qu=260 mA g, JEBIRE D=25x10 Mt em? st & U CEME L7-, BHERERIT
FRRAE R L RIS L < — B L7m, BIF1813 SEM BlE/ b 24 i T - 7=, £ 7. Ni(OH),
@Mﬁ%@&bflwlm“mw&&&@@@ﬁ%émfkwpn JEHAR B OE S 2% T

HY. ZOFTINHEOZLENRENTZ, ZOET MBI AR ERK FOERIZIEEIC
ié%ﬁ@%ﬁﬁ?@éﬁ\%%@%%F%ﬁﬁ&m%@%mbmy7a LHEBLEE

N5, 8M KOH TOHIETIZZIN O DI TH DL EEZ NN, FNbDHEL
ETHRRIZER L TWVAE E L TWAE T2, JEBUREZ R/ NI JFED - TV B afgEMEN
bDHT, FEEITIE D=3~5x10 M em® ST OILEURE A A L TWA Z ENREZ LD,

S
~_ 0 AN

_ pa’Li pr
° 2mLF 2F

N~

Figure 3-31 Schematic proton diffusion model in HNCM.
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> 250+ ® —a__g ]
—u— Experimental @
E 200+ —e— Calculation i
P
g 150+ 1
% Co-pre HNCM in 8M KOH
S 100+ -
o Q=260 mAh g*
= r,=1500 nm
&) n 0 4
@ 50 D=25%x 10 cm2s?
o
U) 1 1
100 1000
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Figure 3-32 Comparison of rate capability for HNCM between calculation and experimental results.

3-3-11 RAER BT EMBRMEHRR ~Dfaét

LI EORERE b L ICRE RS L EVEEMMEHER~Df#E LT, RO X I IZBEZ LN
%o Al & L 72 Li(NiysCoysMnys)O, 13 Li(NiysMnyp)0, & LiCoO, @ [E R % .
Li(Ni121)COyMN112(14))0, D y=113 D& & EZ B D, Z D 0<y<1/3 D—H DL EWIRFIZIS
W, y=1/3 O LR Li OFFABEEC X 2B iR e ¥ B o523 & 5 [13],[38]-[41].
L7232 T oA A 28 #14% D Hy(Niyz(a-y)CoyMnyp(1.)) 02 BEARIZ 351 VT % y=1/3 D5 (HNCM)
& Rk BR LR T 55 Eh @\ MR IEZEME N IR C & 5, Figure 3-33 |12 R & & & EVEB AR~
DFe#H RN T, Ho(Nivzay)CoyMnypay)02 (128 T, Co DRk Z M ST &
BWVEEEENE SN D, 2 BT S Ni, Mn OFEIEORANT X0 K RE B
T 5, 1E> T, 0<y<l/3 OHiFA TOEGHEZAL ORI Lo T, @VEERE M, KA &
E AT EEMEE R OBBIEMEAER TE 5 LB 2615,

Hy(Niq;,Mn4,5)0, Hy(Niyp4.,)CO,MN 454110, Hy(Niq;3C04/3Mn43)0,
(HNCM)
y=0 0<y<1/3 y=13

~106S cm-! High electric conductivity by C> ~103S cm-t

Maximum capacity : Maximum capacity :
600 mAh g1 Large capacity of Ni?*/Ni**, MnZ*/Mn** 500 mAh g1

Figure 3-33 Guideline for electrodes with a large capacity, high stability, and high electric
conductivity.
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BA4EIEDELY

ARETIE, 747 VKR TORPRAE Hy(Nij3C013Mn;3)0, DERALFEF ¥ /32 Z [
B PEZ 72, Sol-gel IEROMEIRIEIC LV, EIRMEEEZ AT 5 LiNij3Co,5Mny;3)0,
(sol-gel LNCM K TF co-pre LNCM)Z &k L, HfRH TR Li A A4 271 b el
H,(Ni,5Co,,3Mn, 3)O, (sol-gel HNCM & TX co-pre HNCM) %4572, Sol-gel HNCM TlEA A %8
BT fE D A B R NAEES~OFIE LN R S 7203, co-pre HNCM TIIMRZE LT 25 Z &7 A
FURHRE D Z L ITREh LTz, Co-pre HNCM [X BAf7e o 7 VR & L— MERPEZ R
L7z, 5RO 8 M KOH 1, SR 50 mA g 12\ T 290 mAh g, KEHAE 1500
mA g IZFBVTH 225 mAh g WS REAFEL R LIz, T, BEEEHY T)F
U A T BRI IEET D = R R Th D, HNCM (T ARy 727 a b o offi A BHEE
IZE 2T His(Ni'15C0° 15Mn*13)0, & (NiP75C0°" 1 sMn*"13)(OH), D] COmLIR TR %
LTW5EEZBND, HNCM IZEWT, Ni & Co ML E(IC, Co AmEEEIc,
LTCNi & MNn BPRERICHFGELTWD EEX HND, HNCM LRV A 7 VR, BAT
72— MEME L NIPNIY, Co*/Co’ & Mn? /Mt DIT L B KA B AR, FERERIL
Xy NV H B THD 2 ERF LML o7,
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4-1 %EE

ATEE TR Hy(Ni, Co, Mn)E2 (b8 G 7 BT v~ Z BB T D Z L35
e otz, AIEIZBW T, HdNivsMnysCows)O2: (HNCM)IiZ 8 M KOH /KiEikH < 290
mAh gl L W) REENEOLNTZZ L E/R LTz, —J, HNCM i Ni2+/Ni4t, Co2*/Co3+&
Mn2/Mn* DGR TSI L Y | K THI 500 mAh g1 &) REEDSHIFRF SR D, AilE
THONTRBIITORKFED 6 FIFLEIZHIZD | ZOMREL TR TE IV
W, B d RER, E IS BRI S NS K D OGO LETH D,
F2EIZBW TR A XD/ S 72 MnOy T/ — b & W T RS 7 Rl i 1 73 TR AR I 0
m BICEZhTH D Z EARENTZ, (Ni, Co, MN)ERLMIZB W T H/h A X)) v— % F
M U7 BRI EHIEIC K 0 . BOSHREROHERC, A A AARBERFLO KR L 5 E
e B IrECE B,

ARFTIX, Hy(Ni, Co, Mn)ER LW EMRIZT / > — N A& L, EssrEm a2
Flee T — NEEEERIL, HBERTOM AR L R L T RE Rk RREEA L, VT UL
A A BB 2] ES LT v v X HEM[3]-[5] & L TENFHEE R T 2 e
WA STV D, Z D728, Hy(Ni, Co, Mn)ERILIZ I\ T b BRI O M) LI TE 5,
F 7 v— FEEBAE S LT, 50-100 nm £ D/ Y A(NiysMnsCos)Oz igF / o — b D
FAEE K (as-prepared S-NS-NCM) & a2 R — /L 2 U K Wi L7=F 7 > — FEREEIR
(S-NS-NCM), KT 50-600 nm F&E DK YA A (NiysMnusCo13)O2 it )/ > — b FREE K
(L-NS-NCM)ZERL U 7z, BEREFEORL AV A X MFLATEE Ot IE N R 57/ v —
b FEFEJE R OIS 1 & BERRARIE O HBRIZ K 0 | RS G S BRI G 2 D R
ATz,

H,(Ni;;3C04/3Mn4;3)0, (Niy3Coq;3Mn45)0, Nanosheet-restacked
(HNCM) nanosheets materials

Figure 4-1 Schematic of delamination and restacking of nanosheets.
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4-2 £
4-2-1 (Niy3Co13Mn13)0, F /) ¥ — N BRI DB

IpbiE CIrERL U 7 @Ik 1E 2 FF > Hy(NiysMnysCoy3)0, (co-pre HNCM) O J& Iz L v
(NiysMny3C013)0, F 7 >— K (NCM-NS) % #57[6], HNCM [ 3-2-2 & [RAEED FIATA AR
L7z HNCM ZEEWNWT T A F AT »E =0 A(TMAVKEEEY & FOG SH. NCM-NS
1377, I TMA:(NiysMnysCoys)0,= 1:1 OFEIE TRA L, 1EME#R Lz, S
W, 30 S OBE AL S 1 BIZERIJFE CIT o 72, A XD/N& 72 ) 7 2— b (small-NS)
L K& 72 7 v— M(large-NS)i%. #1241 10000 rpm, 4500 rpm Dz LAy B EE L E LT
372, £ B A7z small-NS F 7213 large-NS Z £ L7223 5, IMHCI KR Z D> < Vi F L
7o HEUTEPBIROGRERE . W5 ITEE, #AKPe%, 80°C T 2 REFEZZRE L, small-NS
FIfE)E K (as-prepared S-NS-NCM) & large-NS FFFEEIA(L-NS-NSM) &2 1572, £7=. H oLz
as-prepared S-NS-NCM % = % / —/ L1 200 rpm C 1 BEEE R — L I v &2475 Z L2k
ki 11k U 7= A (4 % 1572 (S-NS-NCM),

B oz T /v — b OFSIRILIR T [E 71 BEMEE (AFM) SEIKO SPI3800N.(Z X W %2 L 7=, #»
KBk S S A2 4T 1Z Bruker, D8 ADVANCE % U 7= X #REHT(XRD)HIEIZ L 0 1T - 7=,
A FE T BEMEE( H 57 S-4500 & ONH 7. SU 8000)iZ & 0 By K ekt o1& B2 217 - 7=, Wi
BT H NI NA T 7 YA = A XVision210DB % W72 IR A 74 > v — A SEM(FIB-SEM) >~
AT B EVIToT, FTo, MEHTIX SEIKO SPS3100 % VM7= ICP 5L ATz L 0
1To70, HeFmfER L OWIFLIATEIZ. Micromeritics, TriStar 3000 analyzer & AV 7= %3 4 A
BT X0 T &7 o 72,

4-2-2 (Niy3Co13Mn13)02F 7 v— FNBERERAEDESILERIE

HNCM, NS-NCM} O'S-NS-NCM D FEMR(13-2-412 7~ L 7= FIETIERL L 72, EXALFRIEIC
IZFigure 2-3127~ L7 Z &Mt L2 v, /B U 7= B A MEF M, PtA v 3 = & %8, Hg/HgO
oM E Uiz, EKRE LT, IM KOHKEEHR (pH13.7) % ik & L. &7 %ifH-0.6-0.55
V vs. H/HgOIZ B W TR 21T - 72, s EE0I MV ST TH A 7 U v 7 WL Z A h Y —
(CV)ikBrz . B £50-1500 mA g ' CEBIRTMERREZIT > 72, A v E— & 2 2
ElEx, 50MAgIT055VE THE, 24 hoiRk1EE & 5721 . 10 mHz—100 kHz o JE i
EIERIR1I0 MV O S CHIE AT 72, BRALFHIEX, Solartron 1470E, Hokuto Denko
HZ-3000 % U'BioLogic VMP3% H\\TiT o 72, A&UiA » B —4 » A EIEBioLogic VMP3%
A=,

99



4-3 fERLEBE
4-3-1 (Niy3C013Mny3)0,F / ¥ — b DEEBE

F ) v— b A X% AFM BRI K > TR L 7=, Figure 4-2 |Z large-NS & small-NS @
AFM BIZ5E R % 774, Large-NS [3/E & 2-3 nm., 1§ 50-600 nm 2% T&H - 7=, Small-NS %
1-2 nm, 1§ 50-100 nm F&JE T - 72, Hy(NiysMnysCoys)0, 134 0.47 nm D doos F 6 i 81 s %
FFoZ L6, large-NS, small-NS (X2 ENELYER 46 fE, 24 JBFEEN D 72> T
HEEZBND,

4-3-2 (Niy3C013Mny3)0, F 7 ¥ — N BRERE KR DS
4-3-2-1 XRD HIERE R

Figure 4-3(Zco-pre HNCM, L-NS-NCM. as-prepared S-NS-NCM, S-NS-NCM® XRDiHIE fi
RaRT, KPR LIAEFRUBIZICPIZ L W kT, 3-3-12THilk 7= L H iz, 774k
Dco-pre HNCMIZBIWFEEE G RO e — 27 28 L TR Y | Al efbEfgE 2 A L <
Wiz, 2L 7 {RDco-pre HNCM & i LT, L-NS-NCM & as-prepared S-NS-NCMZ 7 & — R
AT e —27 2R Lz, & 512, S-NS-NCMTidgtki& iz sk 2 el v — 7 13IEH 1259 >
olc, ZNHDOFRERIE, T/ v — MEFER, FFIZS-NS-NCMITHLAIPE DR A E 7o fd
EHLTWDHZ LR L TWD, ICPORIER RIS, JBRIOLIA A BEORD AL
72o HNCM, L-NS-NCM., as-prepared SNS-NCM o J&:fRA# i o FL i i [ T 3 5 dogs DAL
AEH0.474 nm, 0.471 nm, 0468 nmT& v, FERIKIZI W CIERIEERED B LTz,
ZiuE, BREIOTa koL TA A ERORE VLTROBICE S EEZ LD,

4-3-2-2 SEM BIE&HE R
4-3-2-2-1 R FREBILE

SEMBIZIZ LV | KT DENT 41 ¥ —% T, Figure 4-41ZL-NS-NCM® . Figure 4-5
|Zas-prepared S-NS-NCM®, % L T, Figure 4-6/ZS-NS-NCMDSEM# 224k 2o~ 4, 3-3-1-2
\ZHB# L 7= & 9 12co-preHNCMIE500 nm7s 52 umiLE D L AT 7k Cdh - 72, L-NS-NCM
13120 pmERE D K & 70ki 1T Y . R iXlarge-NS & 412 H350-600 nmEL E O HCIR D
K-S ELHEICHERS L Cu 7z, As-preared S-NS-NCM(X3-50 umfEE DK & ki ThH - 7=,
Z DORE RIAIE, 50-100 nmEREE dsmall-NS & b Bkl - TRk STz, R
— /LI MZ LY . S-NS-NCMITHRL -4 X 23500 nm72> 53 um & | co-pre HNCM & [RIFEFELLT
F TSN Tz, S-NS-NCMiZ, small-NS23EEEE L TIERE L 72 & i 550-100 nmfz
JE DRI DAL S LT,
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|1.1 nm

70 nm

Figure 4-2 AFM images of (a) large-NS and (b) small-NS.

(d) S-NS-NCM

M

Mgt s (c) As-prepared S-NS-NCM

(b) L-NS-NCM

Intensity (a.u.)

ol dos =0.474nm “8’ 3 § g
. )\
10 20 30 40 50

20/ degree (Cu-Ka)

Figure 4-3 XRD patterns of (a) HNCM, (b) L-NS-NCM, (c) as-prepared S-NS-NCM and (d)
S-NS-NCM. The chemical compositions shown in the figure were obtained by ICP measurements.
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L-NS-NCM

L-NS-NCM

L-NS-NCM ¢

Figure 4-4 SEM images of L-NS-NCM
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As-prepared S-NS-NCM

As-prepared S-NS-NCM

As-prepared S-NS-NCM

Figure 4-5 SEM images of as-prepared S-NS-NCM
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S-NS-NCM

S-NS-NCM

Figure 4-6 SEM images of S-NS-NCM
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4-3-2-2-2 R T-Wrim Bl e

Figure 4-7 |Z S-NS-NCM & L-NS-NCM DO SEM #8135 4 7k, Wrifil% FIBIEIZ X D
¥ L72.S-NS-NCM & L-NS-NCM [ZEH 6 6% < DZER A 5 ATV o, L-NS-NCM D54,
P10 {23 > 7= large-NS [Fl LB EVNCER D & 5 L 9 IZHEE LT\ e, B 1T IRAE
EaHMERF LT e, — 5T, S-NS-NCM (% small-NS 7> & 72 2 RYE 72 il fEiiE 24 LT
72 S-NS-NCM 1@ small-NS [Fl L DOFfEfE 2 & H#EE J71E L-NS-NCM H D large-NS L ¥ & 55
WX oI b,

L-NS-NCM

S-NS-NCM

Figure 4-7 Cross-sectional SEM images of L-NS-NCM and S-NS-NCM.

4-3-2-3 BET HIE

T AWFEVEZ Lo TR DR TAE, MILEREZ RO 72, b2, R mfE & ORI L
K% % Table 4-1127" 9", L-NS-NCMiZ L ZHFENS-NCM, 8 m* g™, HIFLIEFE0.02 cm’ g TH
ST, ZNHOMEIL, 2NV 7 Dco-pre HNCM & ZIERIFRE CThH -7z, —FH T, as-prepared
S-NS-NCM & S-NS-NCMiFZZnZH 80 m’ gt .56 m* gl 9 kK& Rt RERE A L THY,
HMFLARE $0.22em> gty 0.14cmP gl K& 2 TH - 7=, Small-NSZ W= 5412 b R H i
LA N R E <L 7=,

Table 4-1 Particle size, specific surface area, and pore volume of each particle.

Electrodes Particle size Specific surface area Pore volume
(pm) (m2g?) (cmég)
HNCM 0.5-2 6 0.02
L-NS-NCM 1-20 8 0.02
As-prepared 3-50 80 0.22
S-NS-NCM
S-NS-NCM 0.5-3 56 0.14
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4-3-2-4A PHIEED X &

XRDMIZE, SEMBLEE, BETHIE DGR G| A BRI EOEW SR A b,
V7 Dco-pre HNCM Tl b g A BRIAIC R g L 722 A L Cnie, — 4.
S-NS-NCMIFELHEIC T/ o — P FERE LT @2 A L THR Y . L-NS-NCMIEZZ 4L 5 D H1fH]
By 72155 T o 72, L-NS-NCMiZco-pre HNCM & [RIFLE D/ S 7p bh R il & fFLIARE 24 L
T e, ZHAUFRS < B E R ENE ., RE P04 X, EESEEZ AL TE
D R A large-NSIZE O HEICER T B2 65, —FH T, S-NS-NCMiZsmall-NS
OGRS NI ABE L REREEZ A L TRV, KREbRimfE & MILAREEZ A LT,

As-prepared S-NS-NCM & S-NS-NCM DO FHIMEE DIFEVMNILL F O X D IZELE L, R
HAIDOBEFEZIBWNT, r— MILIAIELMEICESE T 2 2 e PR IND, —FH., BEDN
WKL TN DFREORE S5 &, R FREICT /> — MY —IZFEE T 5 &
7D EPREND, - T, As-prepared S-NS-NCM D Z i Cldsmall-NS23 FLEE A — 12
BEL., NETIET/ v— MR RYEICEE L b EEx bbb, —FH. ZOR %K
— L IVIZ X DT S & NS-NCMZE 1 O Hi BRI 0 v Rl e i A3 S, R 1
WNEBICTEE L CW I R E RSB E 2 A Lo nEmeE LTELD Z ERELLND,
> T, S-NS-NCMITZARHE B @Gz A L T\ D LB HID,
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4-3-3 (Niy3Co13Mny13)0, F 7 ¥ — BB E O ESILFERE
4-3-3-L YA TV IRNEET T A

Figure 4-8 |Z Co-pre HNCM & S-NS-NCM @ 1M KOH 1, ##5[#E 0.1 mV s TOH
A2V IRNEET T L%ETT, Copre HNCM & S-NS-NCM &5 50EME . 121
—OBMLIRICENM TERE— 7 DMl S, L L—J T, S-NS-NCM i co-pre HNCM
FOHRELL T — R —28EiEZ7rm L, SSNS-NCM THRUMEFIME ST s Z &
VN3 ézrwto H3ETHA-L 51, HNCM O 7 v h VIEK P CORGE, 71 oo
BB X

H,,;(Ni**Co**Mn*")O, +5/3H" +5/3e~ = (Ni**Co**Mn*")(OH), 4.1)

TRENIMBILETHKSTH DL EEZBND, CV IZBIT D RISEMM[T]-[9]& 3-3-7 THRL
7= XANES JIE Dk F22 6, Figure 4-8 D4 E— 27 1 Ni*'INi**, Co*'/Co®*, Mn*/Mn**
ThHLEZBND, S-NS-NCM IZEWTH co-pre HNCM & [AIEEIZ, Co**/Co™ D ERL
TOBLTERITIZE AL LBZREN -T2, ZDZ &5, S-NS-NCM (25T E Co*
Mn*IMR?* D RSB TEIT SN TN A 2 L AVRE Sz, 3-3-2-1 Thik~72 & 912, LNCM
DB D U F 7 hA A v ORiFFE SIS TIE NiTINIP*, Co™ICo™ O JUG D Z273
B2 5EENTEHEY[10]-[12]. D CV THE Sz Co*ICo™, Mn*™IMn** D RS I K IR
RO IS TH 5,

o
N

— Co2?"*— Co%" — Ni2*— Ni%*

o
[ —

Mn3+— Mn4*

o
o
T

O
=
T

i Co-pre HNCM NiZ+ — Ni4+ |

Current density / A g'1

O
N

B S-NS-NCM Mn2+: Mn3*t<— Mn#4*

08 04 00 04
Potential / V (vs.Hg/HgO)

Figure 4-8 Cyclic voltammograms for co-pre HNCM and S-NS-NCM.
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4-3-3-2 FefikEE kR

Figure 4-9 |Z co-pre HNCM, L-NS-NCM, S-NS-NCM O E % E 300 mA g1 iZE) 5
FEEM#RZ 7Y, L-NS-NCM & S-NS-NCM (% co-pre HNCM LV & REARE LR L
oo WTNOKEHBRICBNTYH, 2BOT7 T b—2HRICEE SN, mEMAOTZ k
— 28 NiY* NP2 BB O 7T =28 Mn* /M DB TICFNEIS LT D EEX S
b, FRERREHEHRO T T h—EAMDOZIL L-NS-NCM & S-NS-NCM 2B\ T,
LTCWe, Z0Z &, F/v— MEMIZE TSI ORD 2R/ LT\ 5,

o 0.4] Piotd P ]
% | - ’ -7

B) 02 v - = . ’, i’ _ - - T
T i .-

Ui OO T L - ” - |
\>/ i /7 - 7
i 0.2y, S-NS-NCM ]
= -0.4 ]
-g L-NS-NCM j .
g -0.6 “ :
O J
aogl  ANMOONN, N\

0 100 200 300

Specific capacitiy / mAh g™

Figure 4-9 Charge/discharge curves for co-pre HNCM, L-NS-NCM, and S-NS-NCM at a current
density of 300 mA g™ in a 1 M KOH aqueous solution.

4-3-3-3 Niy3C013MNny13)02 T/ ¥ — FEREBED V-1 7 VR
4-3-3-3-1 BRI D pHIZ L 2 %

Figure 4-10 |Z L-NS-NCM @ 1M, 2M }x O} 8M KOH #1 COH A 7 VEEZE77$, 1M KOH
HCLL-NS-NCM [ZFEFIZLE Lo A 7 VRt 2 s LT, — 05 @iREE O 2M K U 8M KOH
KRR TIX, FTRE A 7 Vo, FEPRE D L, 3-3-3-1 TRLEZLHITA
V7 @ co-pre HNCM (2B W T H ERE O KOH F CldBx LN £ LT,/ v — MEMOD
EERE <, BATWDRMEMIGTZT T, HICELLI G bIEE L L TLE -7
EEZoND, DBEORIETIL, RbOREERYTA 7 /VEENRSE L2 IM KOH H THIlE %
1To7=,
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lo 1M KOH (pH 13.7)
~ 200t
o .=llllll..lllll......
< o
c 190¢ °
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> A ®e 2M KOH (pH 14.1)
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Figure 4-10 Cycle stabilities of L-NS-NCM in 1, 2, and 8 M KOH aqueous solutions at a current
density of 300 mA g*. The potential range was -1-0.45 V for 8 M KOH aqueous solution and
-0.85-0.55 V for 1 and 2 M KOH aqueous solutions, respectively.

4-3-3-3-2 ERHIEEIC K 5 ik

Figure 4-11 {Z co-pre HNCM, L-NS-NCM, S-NS-NCM DO 7 VMt % 779, HNCM &
FRIE CV I EH% DB A V72, HNCM & L-NS-NCM IZFEFZ BAF 72 A 7 VR ZoR L,
FNENE—H A 2L T171, 183 mAhg? L RIFREDORELZ R LT-, $£7-. 100 %A 7 114
2BV THENZEH 140, 186 mAh gt Z#ERF LTz, —J7. S-NS-NCM |35 —¥ 1 7 v
T312mAhgt & REREREERLIZA, D 50 %4 7 L TRMARRIE T 282 Lz,

Figure 4-12 |ZH 1 7 VIZE S S-NS-NCM DR E AR O LA L 2 ~T, B, (KEA
DATIUZBNT O REFO DR SN, H— A 7T, @EMTH 100 mAh g*, KERL
A TH) 200 mAh gt R EE DR MG H AL TV = DIZx LT 30 A 27 4% Tl AL TF 70
mAh g™, (KA TH 140 mAh g OERERIEF LR, F UEIA T RRICARRD LT,
FIERFDOT T M —BMDOZENKEL 72> TE Y KISTMBARKE L o Tu,

B LWEME FUW T HNCM & L-NS-NCM @ X D EWFEHEY A 7 VR 21T - 72,
Figure 4-13 (ZFEHRA B 1000 mA g™, FE(7#H-0.60-0.55 V vs. Hg/HgO TOREHEL L 741 ~
MR Z R, HNCMZE —H A Z LA T 98 mAh gl DR REEZ R L2, W1 01~
JLOMIT 60 mAh g-1 FREE E THRED L, ZO®%REORRELHMERF L2, L-NS-NCM /X 70
mAh g™ (WIS D 87%) &\ 5 254k % 1000 41 27 /L% T R L Tuhie,
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300 AL S-NS-NCM |

A L-NS-NCM
'A |
-ooootgxoooooooooo..g
fan

| III-l-l-llzl:.....--_
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0 20 40 60 80 100
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o

Figure 4-11 Cycle stabilities of co-pre HNCM, L-NS-NCM and S-NS-NCM in a 1 M KOH aqueous
solution at a current density of 300 mA g™*. The potential range was -0.85-0.55 V vs. Hg/HgO.

© O o
o N b

Potential / V(vs.Hg/HgO)

1st

-0.8 100th 30th

0 100 200 300
Specific capacitiy / mAh g™

Figure 4-12 Charge/discharge curves of S-NS-NCM at 1st, 10th, 30th and 100th cycles in 1M KOH
agueous solution at a current density of 300 mA g™.
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Figure 4-13 Normalized cycle stabilities of HNCM and L-NS-NCM at a ccurrent density of
1000 mA g-1. The potential range was —0.6-0.55 V vs. Hg/HgO.

4-3-3-3-3 VA 7 VBIEH OREERLAM

A 7 VIE R O B O ETH 2 XRD #JIE & SEM Bl221C K W 1757, Figure 4-14 |2
BRALFHERTO co-pre HNCM, 100 ¥ 7 LHIEH O L-NS-NCM, as-prepared S-NS-NCM,
S Y S-NS-NCM @ XRD JIERE R Z~T, filiLto¥ 71t HNCM O b fE i & — 7
b= BEEIh, AVRAUEEEEbh s — 7 IR I N0 oT,
S-NS-NCM Tifif@tgtimsk s Bbhs v —7 bElE SNz, A 7 stk ) FEEKTO
JRERIZ A ERAAR~OZEAL TIEZe <, MRl EBEDEIC L Db D TH D Z &R
STz,

Figure 4-15 (ZFE&AL2FHIE % O as-prepared S-NS-NCM 0> SEM #1234 % 7=~4, F~%+pum
FEORE R ABE Sz, BRALFER &R RIZIEEREE Th o7z, /L7
@ co-pre HNCM THR.HNZ X 9 2 O ONEFUIBIR S o Tz, RWE RS IC LY
WIBRI) 72 A N L A DS S 7 ATREME DS RIR STz, R OREICIE, Bt nm BE O K &
EORLTDHEFE L T DT3Bl s T, BRULFHIERNZIZ Y — NIRRT 3 HERE L
TV, BERAEFRERIZERIR OB EE L TWD KO IR bz, FEY A 7L
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Figure 4-14 XRD patterns for (a) co-pre HNCM, (b) L-NS-NCM after 100 cycles, (c) as-prepared
S-NS-NCM after 100 cycles, and (d) S-NS-NCM after 100 cycles.
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As-prepared S-NS-NCM

As-prepared S-NS-NCM

Figure 4-15 SEM images of as-prepared S-NS-NCM after electrochemical measurements.
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Figure 4-16 Rate capabilities of co-pre HNCM and S-NS-NCM in a 1 M KOH aquesou solution.
The potential range was -0.85-0.55 V vs. Hg/HgO.
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Figure 4-17 Charge/discharge curves for co-pre HNCM and L-NS-NCM in a 1 M KOH aqueous
solution at current densities of 50, 300, and 1500 mA g'l.
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Figure 4-18 Discharge curve for S-NS-NCM in 1 M KOH aqueous solution at a current density of 50
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Figure 4-19 Rate capabilities for HNCM, as-prepared S-NS-NCM, and S-NS-NCM.
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Figure 4-20 Charge/discharge curves for co-pre HNCM and S-NS-NCM in a 1 M KOH aqueous
solution at current densities of 50, 300, and 1500 mA g'l.
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Figure 4-21 Equivalent circuits for curve fittings.
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Figure 4-22 Impedance plots of co-pre HNCM, L-NS-NCM, and S-NS-NCM in 1 M KOH at around

0.2V vs. Hg/HQO.
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Table 4-2 Reaction resistances obtained by equivalent circuit fitting of impedance plots.

Electrodes Charge transfer ~ Double layer Diffusion resistance

resistance ()  capacitance (F) (qualitatively)

Co-pre HNCM 1.53 2.2x103 Intermediate
L-NS-NCM 3.81 29x1073 Large
S-NS-NCM 0.56 5.7x102 Small
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Figure 4-23 Impedance plots of co-pre HNCM (-0.1 V), L-NS-NCM (-0.3 V), and S-NS-NCM (-0.1

V) in 1 M KOH.
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X — 1 ($940 Wh kg F2EE) 025 2 ICH L TV %, HNCMO Btk & i KIRFS 5 = & A8
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Figure 5-1 Ragone plots for co-pre HNCM, S-NS-NCM and various energy storage devices.
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F ) v— N ut RIS LRSI N R RE T H D, LTFICHl AR, I —R
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PRI b SO R OIS TH 5,
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= R RAEFALTHE LI D KRIEEEREIC L 2 REBEAIIFFEN D,

5. 7/ v— N uv RAOMSE~DIEH

F 7 v— NI EIREE LAY DR DIV, T OMMOTR M TR D IEBS R
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RETHD, TRAF—ATESE THIL, EEREREEROIER ST/ o— M X 2420
KEMOER I ERWIFRCTE D, o, TORMKRME, @IEEZTED LIl i 7e &
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Hy(Nig/oMnq5)0, H, (Niy4.,)COMNy 51O, Hy(Niq/3C01/3Mn4;3)0,
(HNCM)
y=0 0<y<1/3 y=1/3

~106S cm- High electric conductivity by C> ~103S cm-t

Maximum capacity : Maximum capacity :
600 mAh gt e capacity of Ni2*/Ni4*, Mn2*/Mn#+ 500 mAh g1

Figure 5-2 Guideline for electrodes with a large capacity, high stability, and high electric

conductivity.

Nanosheet size:~100 nm 100-600 nm 1um~

|

Heterogeneous layer Strongly interconnected Homogeneous layer
microstructure microstructure microstructure

Microstructural stability Microstructural stability
‘ Large surface area, fast ion diffusion

Figure 5-3 Guideline for microstructural control via nanosheet restacking.

133



2 Z BN

[1] K.M. Shaju, G.V. Subba Rao, and B.V.R. Chowdari, Electrochim. Acta, 48 (2002) 145.

[2] A. Deb, U. Bergmann, S.P. Cramer, and E.J. Cairns, J. Appl. Phys., 97 (2005) 113523.

[3] A. Deb, U. Bergmann, S.P. Cramer, and E.J. Cairns, J. Appl. Phys., 99 (2006) 063701.

[4] D. Zeng, J. Cabana, W.-S. Yoon, and C.P. Grey, Chem. Mater., 22 (2010) 1209.

[5]1 Z. Li, N.A. Chernova, M. Roppolo, S. Upreti, C. Petersburg, F.M. Alamgir, and M.S.
Whittinghama, J. Electrochem. Soc.,158 (5) (2011) A516

[6] & EE [/ v — v R MW EBT A AT EM B O E - FRPERAE
B SAH15652(2012).

[71 W. Lee, S. Suzuki, and M. Miyayama, Ceramics International (2013) in press.

134



Appendix
TR RBRROESHE
FIFEIZ IS 1T 2 30 NI r ~ r+Ar OFEEUC BT 2 EIN 25 2 5, Z OB T 550
KAt 72 0 OIREEGIL, ZIROBUNEZ LS5 L

OC(r +Ar) oC(r)
2z(r + Ar)LD———~= -2mwLD—*=
AC(r) _ 7 ) or or

At {7r(r+Ar)2 —mrz}L
(r + Ar) oC(r+Ar) . oC(r)
D or or
rAr

_ D{i(ac:(r +Ar) 6C(r)j+18C(r+Ar)}

(A1)

12

Ar or or r or

EERED, Ar—0 OMREZID &, 2 WITOILHITRE,

oc(r) _ D[aZC(r) L1 aC(r)j (A2)

ot or? r or

DFHiLd, WE, ML n HOERICE ST 5, KL tIZBIT 28k re<r<ne, TOLF
FUBELZ CEEL, RADTEBNTr=n&T5L,

oc(n) _, C)=Cou®

A.3
or Ar 9
OC(r + Ar) N Ca®-C () (A4)
or Ar
LIEEITE B, LiziioT. (AL DL
AC() D(cm(t) ~2C 0+, 1 Cul®-C, (0} *5)
At Ar e Ar

PEOND, FIEORETD T T v 7 AR —EMF) TH D ET 5 &, Rl COFREIFT

135



Cn (t) B Cn—l (t)
AC,0) DF, 22 (1, ; +Ar)L-D =" o 2, L

At z(r  +Ar)’L—ar L°
- Fo[i+i]— 5 S -Coy®

Ar T, Ar?

(A.6)

LFEED, o, PLEFTOT T w7 ZF0 THLINDS, HEEORLOBERST

C, (1) -C, (1)

D22 7zArL
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C, (t+At) = C, (t) + AC, (t) (A8)
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w rk_ b

Figure A Schematics of cylinder.
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