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Figure 1-1. Atmospheric COz concentration at Mauna Loa Observatory, Hawaii.

Black line and orange line represent annual and monthly mean, respectively.?
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Figure 1-2. Rate of global COz emission in each sector, 2019.3



Figure 1-3 |Z21%, R OF AR RNV X —HEH N Z2RTY, BERREZRLEX—DH
T B )RR GG L BRASHRI A3 LB D T N T oD | ITE RIS BRI L T\ b, L
MULRR D, BARKEIEIREIZ Z > THADRRE LS EET 5720, FBEEOEIMZ LN
BIRM L OEREICER L TRIERE L TWD, 7205 B~ BALOE RS ToH 2k

(2 K DR D A B BAEERC, B LA O R JEH T ORFIFE AN E D H i 23 B
Lo T %, Figure 1-4 12, KRB EH L Liz(@ERHOH 124 & b)Y ERY T
REE OGN EZRT, KEEREIIER I > TREXADE LN D EREEDKT
T 5728, FEEHINIRERERGEIC R LTRSS ZRICE(T 5 2 L n3d 5 (Figure 1-4 (a))
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Figure 1-3. Global power generation by renewable energy.¥
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Figure 1-4. Schema of (a) short period fluctuation of output power and (b) long period

surplus power as for solar power generation by way of example.

FREOMBEICHIGT D720, BEVAT LARLT v RUARY A AR ERT &V o 728
MAER SN TWD, PFTHEBRT AT LIE, AR R T EHIE 2 72 Rbt O T et
X0, REAYMICTORRIEOREICERT 5 Z ERHHINTEY, T CICHREEIZBWT
¥+ MWh LI EDOEEY AT L0 LT 519, Table 1-1 12, W< OO KM 7w ¥«
7 N EYREL R 5, BARENICEBW T, UNENENOERTEEEEN, HILE
TENOEHEZENTR LOVEIIEZEERN. REE) O FREET 72 SI2BW T, &
PP ORTIEZE L AT APBEH L T 5H1012.18.19 ) 54% - A ATRET R /LF —IZ K 5%
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Table 1-1. Some cases of battery energy storage systems with more than several scores
of MWHh.10),1D12),13),14)

Project Country Power Capacity

Cape York Solar Storage Australia 20 MW 80 MWh
TESO Energy Storage Procurement Phase 1 Canada 14.8 MW | 58.8 MWh

Zhangbei National Wind and Solar Energy Storage )
China 6 MW 36 MWh
and Transmission Demonstration Project (I)
Germany Residential Energy Storage Systems -
Germany 68 MW | 204 MWh
34,000 PV Battery Storage Systems

Terna SANC Project Ttaly 12 MW 96 MWh

Kyushu Electric - Buzen Substation Japan 50 MW | 300 MWh
Hokkaido Electric - Minami Hayakita Substation Japan 15 MW 60 MWh
Tohoku Electric - Minami-Soma Substation Japan 40 MW 40 MWh
Tohoku Electric - Nishi-Sendai Substation Japan 20 MW 20 MWh

West-Ansung (Seo-Anseong) Substation ESS Pilot
. South Korea 28 MW | 89.6 MWh
Project
United Arab
ADWEA NaS BESS ) 8 MW 48 MWh
Emirates

Tehachapi Wind Energy Storage Project United States 8 MW 32 MWh
Deepwater Wind-New York United States 15 MW 60 MWh

Escondido Energy Storage United States 30 MW 120 MWh

AltaGas Pomona Energy United States 20 MW 80 MWh
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Figure 1-5. Power and discharge timescale of each power storage system.!?

- BR _FEHEX v /X% (EDLC: Electric Double Layer Capacitor)

EDLC 1%, &HE G OBRMIEED NNy 77 v TERLT VX —EAED ik Ll
BWTERAENTWD, EME R ICERNZWHERET DEET M ATHY | HEMO X
2 A ROS Z D RN TeOIRE RN R < REMTH D, — T, FIE B O
HTHITT 212 DEERF BN/ S JEEREAE Y, H1E kW~MW, i mER IR L
TThoID, BENIFESTOMEE L CUIEREFRENETH L,

- BnER R T VX —I7E (SMES: Superconducting Magnet Energy Storage)

SMES (&, FER{ticmiFk= X Mu, /N EOFERBEAED b T\ 5, BisE
A NZEREZIT Z & T, BHEHMRTANLT =L LTITRT 5EET M ATHY ., &
NaZOFEERFT L2OIERHNRES IR THD, — T TRERBICITBIEE = A
D EES & REFALA LB/ | ERARER N DRAET H 2 ERHETH L, T
MW #%, FEREIIERPLL T MEE S D72, BT B O s & U TIE)E A
MNEITIe D,
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TR F BB L TR T D2EEBT A A TH O | LIS Z DW= AR
BENEHFGTH D, —FHT, BR2EOEPUC L DB =RV F—DEIPEL D720,
WCEENENREE 705, HIIX kW~MW, JERHEI3E0#2E C EDLC X° SMES X 0 (%
ERHHTHLI OO, REEDEFRICITE VOB E L CUIAEERERETH 2,

- HAKAOK ) I E

Bk EIX, BHEKOMNBET R —ICEH L T 2 HMch v . B
ABRZBOW TS EFRfEENTWS, FBERFICIIFR 71k EMicKkZRA BT, JEER
WX TSR Z R E LKEART Z L THRET D, REBRY L2052 & T, stk
HELXRIFEITI 2L BAMMETH D, 7272 L, HIBRASHTISCERBE AWM OBLEN D, 5% OE
R LRERRITHIR SN D, £ 2 THEE, O X 2B W TEEFEORBGO THtic & I
BT 5 2 L TRERDEHERT D THEN/ED LTV D, HIIE MW~GW, HERRH
FEG L ETH D20, 53 BALTOREBEEEHRES LORREAITEICHAWS ATV,

« JERRZE R A2 R AT
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ELTHPR L., BERIIIERORN T —rzhlld Z LR LIl ERT R F—
/LM THY  TTICEMMESN TV D, M TREREN, FMERROEK S 2R
BTHD, o, Ba A M TEAT L 2OITERECBAF O 20 2 W2 BB H 0 | H#l
HEHFIN S D Z L bR TH D, T MW~GW, L ER HIZEE I ~% A TH D720,
Mg & L TIIRREDITEABE SN D,

- K&k

KRBT, BRT AN F—IZ LV KBRS D2 L TRIFELH TR L, FEERFIZIZ
IRELEMSH A7 — B FBIZL Y EBR =RV —2 W HTFETHY . FERICHT
THIIERBRNED LTS, XV FERAHCT 2L CTEEREOILEN AR TH DT
D REBULIZHE T 5 — 5 CLIREMECES) L KFE L OMAEEBEINRNZ L BFRETH
%, H711E MW~GW, JAERIIZEEFRLLETH D20, Hlk e L CIEAREIE ISR
ESIND,
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B0, DTS, REEEBICHEM L 5 2 RE\MREBMEOBE 27T,



HEMIX, RER KRR TIZE R S N80 EMR & B Len B BRI 2 LT 5 Kb %
FIH L CRKET2EEMTH D, FHND 100 FLL EORESRICETH S F#EED

WEEBMTHY | BAOERENMES ML THLZ L KaA N THDLHI L, AAE
WHEETRHE L THHD NI N LR EOREEFFSZ D, HEIED 12V Ny 7 U —
ELTRSEL LTS, —H T, ZXLF—HESAMENROREIITRETH Y . KE
%mK%LTEE%WEﬂk%<&ét® HEN OB /D7D D= 3L X —RFd R &
LTIEHW BTV, [FERICE ) RO E SR E BN TH L RRERE AN— A
DML/ s, £, I ANKICHEETH LD, BHEIEH 12V Ny 7 U — 3 EEho
A—H—IZEVBEBEMZEIN LEHEZ Y I A VLT DU AT AR SN TS, FHiZIZE
NEFRARI AT DB, KBRS D U A 7 V3 AT DEREST LT iuE7e 5720,

- F A4 E (LIB: Lithium Ion Battery)

LIB X, VF U LA v 2B AREMRCERINTZIEAMOMAE ) F 7 51 F 0
BEITL2Z LIV RMETH2EBIMTH DL, =RV —EESKIMEBENENE D, B
ENOEEHE CRIASERbLINTND, —FH., Fx V7 THD U T U LRLEMEHT
FANWbNE=0 7L a/L ke H UM LT ALV THDHIZOEIROREY 27 08555,
BAED LIB XL EMEZ R T D72 DITHM BN D VAT AL~V E Tl &2 225 R NS 41T
WD 10AD73 EE R IRIZ BV T K D SRE R Z AR ARO b b, bbb KEE
LIZPEN Y AT AR O FEERNBIEMNT 2 2 & T, RFTNRERES & 2L 2488
Li DN R AE LDV R BEE DT, TNEHEEICP SLEXIRPLETH D,

-+ bV U AHEEE (NAS) Y

NAS B, AT U 7 A, IEMICERRE, BREICB-7T VT2 A,
MNIDAALAF L EFXFY VT ELTCRBETAEEREBMTHDL, TXAVF—EERGI LT T
—AEMFH LW ENBIKa X N ThDHD, EEHE L TEMESN TS, —TF, F
MU D AR A ST 5720 _m3m0@mm_%otw&~ﬁng%é’k%ﬂﬁ
KEDF MU T LNEHEHT 72D KOAEEERH Y | K L7 GA I AR T A %
BRAAERETDLZENHETH D, ‘f@k“%&w%xffﬁffi ta— DB
INRCHLHE « JERERT IEAR 2 58T 5 70 & OB OBINC X 0 2tz m s, &) i
BTOHMEFRLHEL L TN D,

- Ky 7 270 —EM (RFB: Redox Flow Battery)

RFB (X, # v 7Rk S AVIZ B 208 S E . BV A X v 7 NOEEIRK I CEMIK
HOIEWE 2 AR ICE S DL Z LI KD BET 2% EMTH H, RFB IXEMIKOFE
FIZ Ko THEEUCTHE SN DD, FIRIZKBSIRIZA T 28RS0 2 A4 7 DOKRERF
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RFB TH Y, FRIEOMEID DRERR SN D T2 OO BRI IR TEEMEREmL, A 42D
fbiE eSS &2 W2 12D RFHFn Th 503, BRICITEEAR o TR E L 0 D, b — iKY
72 RFB ThHH 2NV A RFB (V-RFB) 13, ENFEHRICEBW TEIERBRNED S
TW2, V-RFB (%, FWE CTHHLINRNT VU LANEMR LT AZLVTHDH I &, NFVT A
AT DEFREPRNTZ DR RN X —FBETH L2 ERHETH D,

U EOEFELE S AT KRN T, KB % IR @I 1%, HERA S 230 72 < K
BACICHE T D KFEB L OEBMBE N TH D LE2 D, FBEMOF TIL, =R VX —EKE
N RBEAN—ZE/NEL TE S LIB X NAS i, &5 WIXEMHEOBINC L ZE

B DB WTHE THREBULICIHE T % V-RFB S KB R B A EASR L LT RICHRiEEh
TW5, $5C RFB IXEWE OFEEIC L > Tik V-RFB OffEZ ik T& D alRetE N H 5 &
E 2 R CoOWrgetg s Lz,

[RFB DR L S4E D Bi]

RFB i%. 1974 #1Z NASA (National Aeronautics and Space Administration)?s AR
A58 FK L7219, Figure 1-6 [ZHE¥EN) 72 RFB OAX %27~ 9, RFB IZIZIEMREMRIK & A
B OTNENEZITRT DEMRE Y 7 3DV . FTHERIITER R > 712 X 0 m B
BBV AL 7 I GEND, BAVAY v 7 ONETIL, MEMIRIZE ENDIEWEA 4
UNEBERRIE TENENRBILERITCSICT D & & bIZ, EMMEOTDITA A Rz
T LTA Ao BBEIT 5, BEERERE CRILE TG LIk OB ERE S 71208
MY %, ZO—HOBEMEZEHAICHE D K Z & TRBELICHDETT D,

Tank

Cell stack ,
-« I\ - -
SR = =T s Ry P —
e corrector ﬁ ﬁ corrector
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Y i il v Red athode , |. OX,node
i i \ Ajion
i i | Pl I
\ —y—
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Figure 1-6. Schema of a conventional RFB.

11



RFB OMEAJFE 2383 L7z NASA X8k & 7 v A OB % 72 FelCr-RFB % £ 724
JektGe L Lo, AARENIZEW TS, 1978 fFIZBRAME L 7o — /L — « BEZEHANR A BT
H#E (NEDO: New Energy and Industrial Technology Development Organization) @ A
—> 74 FEtEO—Bg & LT, Fe/Cr-RFB Z 0y & L7z RFB OBAZE D & 417220, Fe/Cr-
RFB O IL, IEAMEMENEG LEEMET T2 2 &, Cr A 4 v ORE{LREITEN A K
FRABM LT, RERIKENBET L LR EDH DL, 2D DMEEZMRT D720,
1985 24 —A 7 U 7@ New South Wales K575 V-RFB %% L7220, V-RFB I,
IERAMEMEOIEWEA A DB TH LT DRAICEAFEETHAEL T, AROBRIL
BILEMD Cr A A OZNLY b2 & TOKEREDIMZ DD E VS TEFLENRH D,
LIBE, V-RFB (X RFB O it & LU CRZEAED G A, BT HEIZ M 725+ MWh #& 0
BRI AT L LTEBFERE LIT TV 1922,

—C, VRFB (X Bkl ) 2 2 bR R X —FER E O T a2 AT 5700, A
T LUSNOA A EWE LT DS ELAR RFB SFZER%E ST %, Table 1-2
\Z. RFB OBBENRS5EEZ T, RFB 1%, K OBEE S U TKEHODKERR L,
AREEMR 2 A D AREEMIR R IR S D, KEBHBCSRITARME O TREMENEV D
DD, IKOBMABIZ KL HEEBIEOHIENH DO Fm= X —EELLIZ W, —F, A%
BRI ELEZ m < TEDLD, AMETH D7D LRMEORENE £ D, BRI DA
F R CEA LR ST RO DI T T D06k A & LT, V-RFB & [FlER 7 KIS AR TlI N Fo o A
X0 L ZM7eIEWE % - FelV %2329 Fe/FeCls 225, Ti/Mn 20, S/I 3&2D,
K:Fe(CN)6/S R272 ENd 5, —F . HHEMIEHRIT N-Methylphthalimide/TEMPO
(2,2,6,6,-teramethyl-1-piperidinylxy) % 29 ) < 2 3,6-trimethylquinoxaline/3,7-
bis(trifluoromethyl)-Nethylphenothiazine #3072 E3 @A SN TW5b, £7o, AMBIZER
BEEREFIHT 247U v REIEIEII S RFB bR TW5, 17U v K4 RFB
IZEBWT, KIEWER TIL Zn/Fe 23D, Zn/Br 232,839,830 Zn/l 5423536 L o 7= #iLERN R 23 i
Thb, ik, gy ECOKRFERERICTE T HESALTFRISMBAE K E W=, KB R
TV RN KB ELMAHSHORREN TH %-0.763 V vs. SHE TOWALIE TG % )
MTHZ2ENTELEDTHD, 2O L, BOEEEM L& ZNICHE) = LF—5K
FEom ECEHE5T 5, —hH., AWEMRIKR CIXAMmIZY F U LAOEMIT S EFHAT 5
Li/S %37, L/l %3939 LI/TEMPO #4072 L3 5, ZiLo® RFB L, FEFIZH BT
& %-3.045 Vvs. SHE TO U F U LDKIEEMND Z LT, KR TIZRNEE: 3V LLE
DEEBEEZHGDLZENTED, HDHWL, EfROT= R NVX—EE 2N ESE572DI2, A
T w2 O TIE e < BER & BRI /0 B S BB S H 5 0 i RFB & it 41T
W5, KIEHGR TR VU ~— O 438k % T2 Zn/TEMPO %40, GRS TIX LIB @
EWEIZH O B D BERZE 55 &7 LiCoO2/LiaTis012 %142 LiTi2(PO4)s/LiFePOy £143)
Li/SiOx 4070 BN ST D,
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Table 1-2. Classification of redox flow batteries.

Aqueous solution

Pros.: High safety (Incombustible)
Cons.: Low voltage (Restriction by

potential window of water)

Organic electrolyte

Pros.: High voltage
Cons.: Risk of safety (Combustible)

Redox reaction proceeds between ions dissolved in electrolytes.

Conventional j-------7z7-=-mmmom oo oo oo ioooooooooo oo
system E. g.: V-type, Fe/Cr-type, E. g.: N-Methylphthalimide/
Fe/V-type, Fe/FeCls-type TEMPO-type
Hybrid Electrodeposition of solid metal is used as a negative electrode reaction.
system | E.g:Zn/Brtype, Znltype | E. g Li/Stype, Liltype
Suspension Solid active materials are suspended in electrolytes.
system | ] E.g:Zn/TEMPO-type | - E. g LiCoOo/LiT:Otype

KRS CIERHB B NI AR ZBE L T b 7e, RO R L RFB O H

THEEMEDOE W KER RFB 1235 H L7z, Figure 1-7 121, RFEMN72/KEEHR RFB 12
B ORISEFOENRE (FUSEFREEMEREOR) L. ELORBIREEEZRT
25),26),27,28),3045) 7R D V) /KIS RFB O H1 Tl digh R O BREIEEE S @V MEANIZ & D |
HFCH Zn/Br ROBEIELEN G, £70, Zn/l RIZHERA 4 L 3 oA 4 v O
EREICEmNZ E D, MOKER R RFB & AR CTRIGTE T O /VRE DS EFRIZ &,

FIT, g 2EOaR MREICBWTIEL, LIB X° NAS i, V-RFB 72 &0tk EES

A7 MZMA., Zn/Br-RFB & Zn/I-RFB %

AR E LT,

2
® Zn/Br

o Zn/Fe,..
o 1.5 o [V/Mn
%ﬂ ® Vanadium ZI;/I
S Fe/Crmm ™ @
g 1 Fe/Nam @ FelFeCl;
2 o S/
8 Fe(CN)y/S
2 0.5
2,
o

0

0 1 2 3

4 5 6 7

Concentrationofreactionelectrons/ mol !

Figure 1-7. Concentration of reaction electrons and open circuit voltage of each
RFB.25),26),27),28),31),45)
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1.2 AREFZEO HK - FE

ki@ Y . KEHFHD Zn/Br-RFB, Zn/I-RFB (3= 2 MBI Z AT 5 LB S5,
2 EICBWT, RIFFOKEIZIS N T, BEFOEBE Y A7 LA Th 2 LIB, NAS B, V-
RFB LB L7za A My I alb—varaF L, A MEEZMERT 5, £/, KR
Zn/I-RFB X B AR T M BHCE 2 VRN 2 L0 b LMD #5 Tl Zn/Br-RFB
FOVERTHD, 612, FURITHRAERDOK 30 %% HANEDTWDHTH, EJHIC
ZLOVARIBWCHEGRAZANEATEL2RICBVWTHLAETHD, T TARIFET
I%. Zn/I-RFB ZfF7ext4e & L TR L 7=,

Zn/I-RFB 1% 2015 4EICHI6D T S4u7= RFB Th Y 39, V-RFB ICEE 5 & R 2374 <
SR OB D, 7272 L, [F CHighEMA F 5 Zn/Br-RFB 13 RFB O 1T Bl %
NHEDHNTEY, —A 7 U 7O Redflow £:°7 2 U 47D Primus Power #1235k
IR LTV D, 2D, BBOBEEISIZ OV TIEE L OMENH D, —F T, EMmBD
3 U RO EFEEARGERS Y FU A3 vR - RERTCORBIIEEY . ZKEMR
FOtF%E LTOMBIZZ LV, 3 U RS ZREMBICZFHIH ST I oo F 8

HIL, RFBEOEHERLEITENM (1.087 V vs. SHE) (Zxf LT3 v 3HEOIEERE LR TEN

(0.536 Vvs. SHE) MNELTH 572, IEMGE L THW B ﬁm@t$7ﬁ>1&< 5
TETHHEEZOND, ZOHIZHOWTIE Figure 1-7 IZBWORLZEY . KWIEEE
ZEVBIREE TR D 2 &M TELHEE 25, FEEIT, 2015 FOFwmLTIEL 5.0 M @ Znle &
AWg Z & T, KEHFE RFB O CTHRFO R EE L 725 166.7 Wh Lt O = R /L F — i
ZHELTWD 3, £/, TORITITAMEMREEZ T VI VT L2 L TELVEEEL R
D THREMEEZEH L, 330.5 Wh L1 § O3 VX —HEE2RT Zn/l-RFB 235 ST
%46

Figure 1-8 1T, Zn/I-RFB O#AK 2779, AKTiX, flilRfbolzdotr 2%y 7% 1%
VTR L TW5D, AMERIKIZIE Zn2zt I-38 £, IEMEMRIKICIT Zn2y & T2z <
EMFEEERY THD B EEND, BREIZITEOMOA A RRNFlEZ STt b b
LR, ZITIHAKBLCND, BAAX y Z7NIZIFFEE L TR 7 )b bRh —AR
—NR—=REDOH—RUMENSROEBERNMEZ DN TEY | BfEY 7 h oS
T EAMERRRICE DA A4 DNEBREER CRICT 5, AMEERKRR TlL, BERIC

InZPIRICSNVEJE Zn & L THIIH L, MERIIE®RE Zn 23 Zn2t & L CHEHT 2 39,

7Zn < 7Zm2+ + 2e- E0=-0.763 V vs. SHE35 (1-1)

IEAREE AR I T, FEBERHC TR S ICEE L 23R L SRR G A T
54D,

I + 2~ o 3I- E0=0.536 V vs. SHE4? (1-2)
T2 (s) + 2~ — 2I- E0=0.536 V vs. SHE4? (1-3)
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BN T (X RKER DS - AL S L, R E LT I~ B LT 54949,
Io(s) +I- & I K ~ 720 at 25 0(C48).49) (1-4)

TSR AL DT 2 RO T2D | A A v A2 At LT Zn2+ 7 IE R A AR O ]
ZEET D, LLENS ZnI-RFB ORKKISITILL T TR EN D,

I3~ + Zn < 31~ + Zn2* E=1.299V vs. SHE (1-5)

FEEomY Zn/I-RFB 2AE&EM & L TEET 2 Z LITME S TWD b OO0, ZIREMN
Jnl LCa UERISEBRE LIE@REND RN, EGITREA RN R TH 5,
Zn/T-RFB O FERAIZ T T BRSSO & R INETH D, F Z TR TIL,
IERGR S » ROG & FEMICAENT U, T OMBEA L LR T2 2 L2 AR E L, £EICHIT
HHE S % Figure 1-8 1 LTz, F9HE 3FEIIBWT, BN E LTO I VRGO EK
& & RIS S &2 ARL LT=, £7- VVRFBIZB W TIE, mEA CIEMEBKRNIEILT 5 2 L1
£V FHBERISIEEMET T2 2 EAWE SN TR Y0, FAEZRBHSE Zn/I-RFB 123\
THELAAREMERH DT, FOHRIZONWTHE 3 BCBWTHH L, & 4 ETIL,
FEAR Te OFT DS EMSIGNZ G- 2 DB L | Z ORI T 25K 2 et Uiz, £ ORER%
Wk 25 5 BT, B AMOBMIEE BT 5 2 & T A U Ziias ~MERETE
JEEIR 72 2 A R AU > S3EIF S VD R Zn/T-RFB 24222 L, & O FEHLIZEEDS 5 S
Bthomsr 2 S L,
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Figure 1-8. Schema of a Zn/I-RFB.
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1.3 KL OERL
K CITH 1 =D F 6 HICKVEREND, LUTIC, TNENOETH N
W %079,

H1ETIT, AFEOYERE BNEZRT L E B2, Zn/I-RFB OFARRER L Oz 0
HoEEZRE R LT,

B2 ETH, FHEBEVATLDIA NI 2b—Ya VOfRER LT, BHBH
DRBEBELIE LT 100 MW 3 27 AICBWT, Zn/I-RFB 13 4 B, CBEFED
LBV AT L THS LIB, NAS &, VV-RFB OV ik v b8 = X F¥/(kWh - cycle) &
Hi a2 F¥/(EW - cycle) DMEIZB W TEMMEEZ A L, S 5% Zn/I-RFB (1H 5
LEFFRCRBEa A N EHA T A FOMR CERN R 2 A MEMMEEZ R T D AREMER S D
ZEERLI,

% 3 BT, Zn/I-RFB Z AT Al 78t 2455 72 IEMG & L CREMICEIET
B EMFEEENRRATEH -7 3 U BRISICBT 2 16 & RIS % . F5 O REN
LT L LTz, FT2, BRSO —2Th H2HEERDOIELEITTEMD T 7 38 O FUSTEMEIC
B2 5 BERHN, RIS TH D 15k LOAKZEMERGE LTEDEZ LT, BIK
I A 2 2 RN E RS EI CIE T 2 72012, EMTENL A 1.00 V vs. Ag/AgCl LLFIZH
35 5et &5, £7-. 1.50Vvs. Ag/AgCl UL ETH#EIT T H2HEERORRILICEL D, I UHE
DEEALIRITTSOSTE AR T OW T, EEERREOKRFBEOBLIZL Y I UERBREL 9 HK
JEHA NEBNEDTEZENFRKTH D Z LK Lz, B L2 EERE ESLFRIC
BT 5 2 L THBENRE S, BUNEEREE TS Z 2 R LT,

% 4 B TIE, Zn/I-RFB O FERFIC IEMSEERR I H LBLEUSEEA R TS 53 ¥
o OFEEPR T U, BAE~DOBFEBIEAE Y OIS FIE T BB D5 R %
RUTe, 7 a FMOEBEEMIC LD 3 U REIEORMMEESND Z L2l L, &
SALFRE . DNl KOBR@mEHAEIC L0 . ZOERAEEZ2 LT,

5 BT, KRBT a L REMIKICIRINT 52 L1280, EMBFTERHIZBAKMED R
VavFEHEEERBNIEREIND Z L EWET 5 eI, 2nE WD Z & TZn/I-RFB O 72
DI A MbAERT 2% Zn/I-RFB 2488 L=, RV 3 vFEES RO & Bimit A
ZEL TR o v L OERBEZ RT3z, RY 9 vBEGERE AWKk
Zn/I-RFB OEMERMGEZAT > 72,

55 6 HTIL, MAE L LORRMILOMM & 4 DRI AR LI,
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EDLC Electric Double Layer Capacitor

SMES Superconducting Magnet Energy Storage
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B2 HEIVATLOaANREA

2.1 BN

ARETIE, KEERENIEHARE L THERBEEEI AT L0 a X MR AT,
REXRE T HEEB AT AX, LIB, NAS &Eith, RFB, BLUOKFICLHEES AT A
& L7z, LIBiX, 777 7 A Mtz Wizl (oo 5—mEil) L AfRicF
VY F U (LTO) Z HWW - Ei s LW RFmMB TIIMRA R E S B 5720, e
HUZHOWTRFE L7, RFBIIH 1 ZCHERDMEY V&, Zn/Br &, Zn/l 2R RFH L L
72 ZIn/T-RFB IZ DWW CUE KGR LD H 5 BB W CEMIRIZIRE 7 1 v T//(PCI Propylene
Carbonate) Z¥INT 5 Z LIZL Y | B & AMROEMIK 2 L@k L7c—ik % Zn/I-RFB %
RETDHOT, ZHUTOWTHRKRICEHR Lz, KRICKHEEL AT AL, BEERICWT
HEffEt /L (SOEC: Solid Oxide Electrolyzer Cell) % FV 7= @i /K28 KEMIC & B /KB E

(FeHE) &, BRI EkE (SOFC: Solid Oxide Fuel Cell) #7238 (i)
#4179 SOEC/SOFC v 27 V& 4E LTz, LD &) (X, 2o SOEC/SOFC I &

LEBEB BT,

FEVAT LD A ME, HBEOBRKENKELEZEBES AT LAORIKEHEEZFH L
7o bkT, HEta R b, BEKBRa AN, RE2RX M, BIOWIESE - \E2EZE L TH
HL7-2, 2 & F&iEimT 5803 CAPEX (Capital Expenditure)$s O OPEX (Operating
Expense)|Z3 17 TR SND Z &b b DD, HLHEESCMAFTFMN TR HEEY AT Al
Ta A M DERITIT—RICHB LIZ< W, £ 2 TARX T, EmaBELEEV AT
LM TR A MRS 2720, 1 BOFHEY A 7 /T W THRALR D 5 WITHAL
HEMHET 5 EE = A F¥/(kWh - cycle)® 5 W T¥/(kW + cycle) & v 7=,

[

ME%

B AT DOFEHE]

B AT LOFHENROF IR L TiE, FHEMO I BN RLEA RO E ) A
BhE | i ORI AT 5, Figure 2-1 12, BV AT LAONEICEIT 2 =R /¥ —D
MW EERNICR T, EEV AT LOFRMBED Ry ld, HFRIVAT LCHREBESINLIAE
Esysin E BBY AT LINE TE DR BEys o PHLE L TERTE D

Psys = Esys,out/Esys,in (2'1)

—MRICAERE (O IP ) ORE Y TR SN 22, AR TiE, &% /XTAF’EJ@
AR MR ENTH DD, RBMEA 7 NVICBITLHNT—EL T2, Tbb,

EIZH AP LRt OMEIC KV EIH L7z, 20728, ;Taa/XTAf\O)}Ea?aajj%:Psysm
FEERH 2T &5 &\ Egysin T TFOXNTEREND,

Esysin = PsysinTin (2-2)
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EHEYAT DMIFEE SN DR BEEsysin (L. BIERR, A =5 — HigFIC L 28K
@#L%ﬂhf%@bf*ﬁm WA ShD, 7, MEIC L 2HEE T LIBICRT

ZE<° RFB 12 féf/7ﬁt@*$m@%ﬁ®ﬁ%$ﬁ&g:%@ﬂ&k*ﬁﬁﬁm
ﬁ B4 U DFHEE S Prest (2571 VD, FHEEE 11T, FEMA~D AWM 2 %728 ) TIEZR
. BEHDVIHREBI AT LAINHLEBVAT LMIANENTEN 2O EEMH A
RITNSWTZD,| Egygin M B E R T DBRICHEE S D, BEGOLMDNRE @ A /73—
B —DEWNFZ o, TEERFME Toues FAERF A Trese & T2 &1 EnlT—fRICLUTF 2B HE N
Inb, TROLUFH -HITENEROBREBE Lo RER R, L EEEIEREO
HEA R, B HIITEEME LRFOBRERETH S,

Ei, = Psys,in‘ptgocTin - Pex(Tin + Tout) — PrestTrest (2-3)
WIZ, EEMOFMENLREZE 2D, EEMNHB TORIKSCAFBIUC LD | FEMm)

DR TE DEEE | 3Ein &V BIET T2, EEMOTMAENRZ @y & T D &\ Eguel LT
L HEEND,

Eout = Ein@p (2-4)

ZEMOENIZER TH 5720, FORMICETERICIIEERROA o N—2 —DE S
KNEL D, DD, Egysout! XLAT &7 B,

Esys,out = Equt®t®c (2-5)

ek, BEYAT LOMEMIC K 2HMITHE D TMEARRDOIKTIX, #ibd 2= 2 MK
BWTEET D,

PysinTin(1 — @¢ @.): Loss by power conversion
Por(Ti + Toye): Loss by auxiliaries during charging-discharging
Prost Trest: Loss by auxiliaries during standby mode

E, (1 — @p): Loss inside battery

Eyi(1 — @ ¢.): Loss by power conversion

Esys. out

qosys = E;ys, out / E;ys, in

Figure 2-1. Schematic diagram of energy flow inside an energy storage system.
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[BEL 27 Ao & FEE])
LEY AT LORAA Myld, HEMT A NYy, ZIEMES 2 MY, HHRY,, &=
A Mogn WEEY. O LTHRIT S,
Ysys =% +Ve+Yh+Yeon+ Ve (2-6)

%%@nxhni,@%%kb®*$m$ﬁ% Y AT DO BEgysin o> DLLT
WCEVEET S, Ziudid, FEMMEICEAOMEO =X MbEEND,

= CbEsys,in,O @-7

EIEREZE T A FY i, /NU—2 25 ¢+ 25 —(PCS: Power Conditioning System) Hiff
Cpess ZIEGRHAMCy 0. 7 b= — K OBBRHAH Cpre 2> HF T 2, AL DAEJERE SR itH)']
B0 Offiks L 72 D728, HEV AT LOEE T (EPysin) &R U THRIHEN D, F72,

B AT ASD AR ZEN TR ETH L7720, 2B E LD, I HIZ, PCS @ﬂlﬁ
EHIT 15 ERETH LD, FEIVAT 2% 15 FEU BB S L BEI138HmT5 b
DETDH, o T, Y ldBEY AT AOMHAFELTIZLY . LTOSHESTET 5,

Ytr = 2(Cpcs + Cvol + Cbre)Psys,in (Tb < 15) (2-8-3)
Yir = 2(Zcpcs + Cyor + Cbre)psys,in (T, > 15) (2-8-b)

h= ChpEsys,in,OTb (2-9)

RRIE T A M oon B L OMIER Ve 1T, BRI E R Liys o\ ZHE DS HHT D, Lgys oIl
T, b D BRI R FGREEGI 2B T 5, ST D L FAARIC, BB 2 A M3 Lgys 0P
20%. FERDOHELL Lyso? 1.5% ERET 5,

Yeon = 0.2 Igys (2-10)

Yre = 0.015 Lgys o Ty (2-11)

BB EBEAT AW TR AT 5720, a2 A NEEEI AT LOATER
BARRE ot CHIEILT 5. EpuPE ML TIL, EFBEIVAT LORBRTEBET 5,
KiwL T, EEVAT LOREVVIHIERED 80 %IZHIE LIZEE, 25\ 30 3R
LB HMEERT D, TEV AT LOFEIK T OEBIMEICITEBMMEEE IR S
B, T 2T HEMUE L TERNRFEERES D, 1 T A 7V E72 Y OFRERDHREAE .
(%lcycle), #EL AT LOAEFEF A 7 VI % Nepg i AT L OYIHIRER % Esys outo
LT 58 EpalTPL T TRIND,
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1+(1-AEcycNena/100)
Eiotal = > Esys,out,ONend (2-12)

UbXy, BEVAT LD 1 BOFTIKES A 7 MTBWCTHARRED D VITHEN %
45925 2 2 F¥/(kWh - cycle) B L O¥/(kW - cycle) 23R b5, AigCizBun i
B AT LD AR MNys | Eorad & Oys | (PsysinNena) &+ FH Ml T A MY, / Etotali’oc]:
Yy [ (PsysinNena) & E2RIGFEE T2, 72720, ORI T 2 FEM = 2 ¥/kWh I X
YW ERICZHE— L CHERT 572012, FREYT A 7 VEEZZE L2\ Yy Neng ! Erotal
BLOY, [ Poygin bRIFFICHEHT 5,

2.2 aAMNREOET NI —A

AT, BHRHLEAICE MWh UL EOEES AT L&, F5ll7e LAR— b
N DFEFMFRFELET NV — AL LTEA L, BEENREESEE%S Table 2-1 12”7,
LIB /%, BHFmAlL @ ¥ —8ER (HERM) OEFEFHEL LT, FILEHNENOMM
FAEBINCBIT D EEFEL , 7 AV WAEREI VT 4+ /v =T MO Tehachapi Project &%
AENLEY BTz, £72 NAS EHUIIUNE I EN OB RTEEMA BT 5 EIEFE,
V-RFB 134t EE 1 EN O RREEBFTICE T 5 EIEFHEICHER L, 2B, KX
WTAKL— MI110¥$E LTEHR Lo, Ziud, BARENOKAEFEFEOREFDN 2017
D 2019 4, AEEMEANDS 2019 O EFE £ 7213 2020 FOHEEE TH Y | HFD
ZFL— MIEESELTOTH D,

- PEAHRS A A T FEAE
WEE OOFTNIHEE S ONTRER D, BELERSICH KT DEHEE S Pres /T 380 kW,

FE BRI E SR EIATT 280 kW 23010 % 72 9P, 13 660 kW TH %, SCiB D EH
M, SCHR 21 B D HEEIE CTH D 150 ¥/Wh & V7=, SCiB O F &RV RI%, 4[] 330
FA I NMERT L %IET 22258 M L, WAV A 7 VRIS C 20 FOHMmIZHES X
6600 A 7 L& Uiz, BIESOEBRFRIL 99 %, A >\ —F —DIEWNTRIL 96 %%
7z, PCS Hiffiix, 10000 ¥/kWh? % v 7o, EEgHAl, 7 L — 0 —Hffi, X0 EEH
X SCHME T & 5 36.58 $/kWD), 28.14 $/kWH, LN 1 $/kWhd % H#HE L CENENH
W,

+ Tehachapi Project

FHETE I Poostl®. FAMHEZAEFTD 380 kW ZEHET AT LOTEKE I THIE L, Preg =
380X8/40=T6 kW & L7z, &7z, HEZFNTBWT, MEOHEEE 2RO\ FIED
LM 90.6 % FRAZNERN 82.0% & ML SN TWND Z 0D MikkIc L HIHEE 81T 32000
X8.6/100 =2752kWh L7225, Z 05, Pgll X DFHERFOIHEE & 76 X(24 — 8)

25



=1216 kWh %#5| &, FhLERE O 8 BEfETE|S &, Py =(2752 — 1216) / 8 =192 kW &
2%, EEMEBEAMIE, T2 5 2019 FOFERFE L SIH L7120, MEENTBWT, 1 A2
A T NVDGRIE T CTEERDEN 7.72 %ELHRESNTNDLOT, FERDEIT 7.72/660
(%leycle) i &3RD 7z, MY A 7 VEILRIGMHT 3 FOFmICE-SE 1980 17 re L
Too HERMMITKAT L7220 @c Coess Cyoln Cores Chp (ZPAFRS A BT O FEREFHE L [F U
2 vz,

o AU iU A A S

NAS 7EHi 300 °C LA EO IR CEMET 572, B —H— BIHER DD, B —X
—DOIEHET, NASEMOH T 1MW 5720 60kW &@%&iz}x 50, Fio, BB
DOIHEES & L CHEBEEFOMEET 380 kW #EE Y AT LAOEMKH S THiIE L7z
BAMFE Lz, BLEX D, Py = P =3000+380X50/40=3475kW LitH SN 5,
AL EAM X, 2019 FOIFHEMEZ 51 H L7z 0, NAS B O &R RIL, FH] 330 1 7 v
T 1 %BIET 2068 L, YA 7 AEIER ST 20 £0FHmIZ 3% 6600 W
A7k L, HBEMBEIEF L2V @ v Cpess Cyols Chres Chyp I FIFHE 28 H T O Ak
FHIE L UEZ W,

- P RORAE A T FEAE

RFB | 3EMG 2GR ST D720, R LB IMEND D, R 7OMEENL
RFB O 7] 1250 kW H7=0 75 kW k@aﬂ%ﬁb%é 2, ZDi=H, 156 MW v AT LTI
75X15000/1250 =900 kW & 725, —J5, FHERFHIZITIARN - 7 OB@ALER2 WO T, BlE

LEOREES & U CHEEEABIOREET) 380 kW A& E L AT LD ERKH /1 THIIE
L7AEZE AW, 7205, Pege = 380X 15/ 40 = 142.5 kW B L P, = 900 + 142.5 =
1042.5kW & L7z, RFBIZ, A EEFEEREZGIV 0T TRETTEDRERH D720, HE
HiiIAREHOIcKE S BB IND, Table 2-1 TiX, (FE) () =410V
RFB I8\ T, PCS &%iEEHZ AT 2019 FF O FEHFHE 80 ¥/Wh 0725 PCS =& k &5%
Fh 2 LB WTEI L, Y AT ARG AL T LI A OFBMEARIZ OW T, wsnpfui
MR 5, W& E W2V C, V-RFB % 3 4E[ T 2000 [MO FEEZIT>TRY . &
BT 0.36 WL HE SN TND, ZOMHEND, VRFB O 1 %A1 7 VY4720 OFF &
DHRRD T, FREHERFED 80 %I ZEET 2 £ TOMMY A 7 VEULHMEHE T 4 JE5
ERDEDOD, A—T1—DOAAIFHRMTIL 1 HEILLEEFTHINATNWDLZ &b, 22T
BE K IR 2T 13200 [ & L7z, FHEMAIMLA LRV @ @cn Cpess Cyol Chres Chp
XA A BT O EFEFHE L [F UfEE iz,
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Table 2-1. Model cases of energy storage systems for power system stabilization.

A=RVES/ 4 FAAR S A AT SEAE | Tehachapi BAEEMEER | MR RALEIEIEE
HEY Project? FREF L0 1

&R LIB (SCiB) LIB NAS Battery V-RFB

LM A — T — Toshiba LG Chem NGK Insulators Sumitomo - Electric

Industries

TERE ) Psysin 40 MW 8 MW 50 MW 15 MW

TEFE A B Esys ino 40 MWh 32 MWh 300 MWh 60 MWh

Wi DIEE B TIPy | 660 kW 192 kW 3475 kW 1042.5 kW

FFHEEE ST Prest 380 kW 76 kW 3475 kW 142.5 kW

&l ERRe, | 0.95 0.97 0.87 0.85

% e ML EACy, 150 ¥/Wh 46 ¥/Wh 39 ¥/Wh 50 ¥/Wh

@EY@U)@AEWC 0.0030 %/cycle 0.0117 %l/cycle 0.0030 %/cycle 0.0005 %/cycle

i A 7 v Hea 6600 cycle 1980 cycle 6600 cycle 13200 cycle

EIEZRDEBZN R, 0.99

AU N—F — DM

o, 0.96

PCS Hifffi Cpcs 10000 ¥/kW

RIEZREAT Cyo) 4000 ¥/kW

T L— B —Hfli Cppe 3100 ¥/kW

FBEE A Chp 110 ¥/(kWh - year)

YHIRRNRRE R Lsysp | 12,312 M¥ 2,827 M¥ 22,680 M¥ 17,300 M¥

Isyso - GEBMAAIE | 2,240 M¥ 516 M¥ 4,432 M¥ 10,153 M¥

B+ E D 3 R 1)

T A Moys | Erorar | 98 ¥/(kWh - cycle) | 58 ¥/(kWh - cycle) | 28 ¥/(kWh - cycle) | 26 ¥/(kWh * cycle)

*1. Cycle number at which capacity retention reaches 80 % based on AE

cyc*

As for V-RFB, cycle number used in the calculation of the literature?.

Table 2-1 IZBW T, EER=
CRE SN, 2770

5\:7&57%&)@%5’] (5 DI
bHoTh, H (W) 235725 & PCS FEOH KT DGO MERNPLELT D1z =

A SREET D, £ ZTRIZ,
DEFEAA P ERAET D,

B-HE

L. 2L AT LD ERECHE I
W TIX R,

FEROET NS — R EHE|
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Z ¥/(kWh - cycle)id V-RFB<NAS &l <LIB DJIEIZ K
CRTAREOHR (FEHER) 2
eI LTl [A—o&F& (Wh) T

CHFIR 2 AL &




2.3 FHSEAFEDEA
%Me%l:f#%$w#~X®%(rw%%@&b\ﬁﬁﬁ%kﬁ LEIAT LD
Poysin\CHBISED Z & THEE VAT LDPy, Preg T %, Fio, ARG LT DHE
B AT LD BYIRRAEHE R Lgys o3 ;ﬁ/XTA@&wm KFETHEERBND, £
T EBTNT —=AD Igyg oD DB « R ERES - BRIEICH D 2 A P Z22E LG Wl

%%VX?A®QWM@%@T%6&%KéO%@%\X&~W%beﬁ%ékwiﬁ
D7lsyso — GEEMAZEEARATARRIE D T A N 1T Egygin 0 PN LT EHBIRNZHIINS 2 D
Tl RAVBEEDN NS R DEFIETRT EEZ BND, KimCTiE, W& EHRO
BfRICH D LIET D, T b, Table 2-1 (TR T ET VT — ADEgygin oV X1 T 2 RS

BDEgysino DD FTHIRET ST, ET NI —AD Iy — (EBMALERL+RED 7 A
MICERLE S Z & THREMROBEER L AT DB D7y — GEEMAEERIRRED =
AN ERHT D, ZOMEICK L, FEEYV AT LDEgging & Psysin BT 2 E B = 2 K
AT A MR LAY, &K% 1.0/ 08 [ L CHHT L Z L TRENSGOEEY
AT DDy o FHT 2, 5D 1.0/ 0.8 513, ERRORFEITIHNTRE TR b &gy 0D

20% ERELTWD Z EIZERT 2,

Cp & @plE. LIB, NAS FEMIZHB W\ TiE Table 2-1 (233 fE% H\W 5, —J, RFB X

SOEC/SOFC TIEWFHHRIZ L > TCORAEE T 5720, WICRT HIEIZ LY G aRHT 5,

F72. RFB O 3B MROBERIC L > TH AT 22 &b, UBETRITEEZHWD

[RFB O#FEMHLAM (Cy) DFHH]

RFB TIZH AP EBEROIGEMEICKT L, EEAREDNEMIREICIFT 5720, Hh
EREDMN L TR Y RN EEMBMICEEL 52 5, 72, BRIEOFEEIZL>TYH
HEMBAMAN 25 Z & 925, V-RFB, Zn/Br-RFB, Zn/I-RFB IO W CE N ENEFET 5,
S BT, KX OH 5 B TILEMIKIC PC 2T H 2 LTk, B E Ao EMRIKZ I
Wt L7z —#% Zn/I-RFB 2R L TV A DT, —iER Zn/I-RFB {22\ T b [RIERICHH T
Do

Cpld, HEMODOILRMREZTG T 7o OICNEEREM a2 XA M bEEm = X MR Z2FH L,
Eysino CHID Z LI XV ROBND, RFB ORIt HIITKFET 28k 2 2 by, FEIC
KIFT D8 3 2 Y, BADRZ 7 BUAFT D8 a2 2 MY bk S D,

Yo=Y, + Y+, (2-13)

Yold, &0 BAEEICITE 2 S v 7 NOROSEBIZISIT 5, T72bb, HAKEFET S
M OBNHEY Y O3 X b 2C,, RICHEEM &5 &, VIILFTRSND,

Y, = C,M, (2-14)

2 CMIE.

i

B DETEE Iy, TEIEEE e, 35 8 OPoyginlZHESOTUIFIZ LY



RHshb,
M, = Psys,in/(IbVave) (2-15)

Yo E, £V BRI EMRE RIS T 5, £ L TEMREDO L DDA MY, & EfRIK A~
VI DARNMIKBIEND, EBREEY 7 ORNEMREST-D O3 A N % Coank. BMRIK
BrL Lt TDHE, VIILLFTTEEIND,

Yo = Yo + Ciankle (2-16)

T 2 TCLeld, W HEIREQ, SUSETHN,, FHIMEEE ye. 7 7 77 —EHF, BEFE
$ﬁﬁmm%% THNE £ O Egygino S SV TUTFO LS ICRI S5,
_ NlEsys in,0

L 2 (2-17)
€ Qa I‘( 1S(:::)C) FVave

REENE, IERR & AR L CEMIRE TN ENLE L T 5551203 2 —K% Zn/I-RFB @ X
INCHMOEME AT HLEIIT 1 Eeb, N = 2 OBAITE, BETICEMIROR
B)—{b3 A U 2 vl RetE 3 @iz o0 IE A MM X IE ARG E 2 525 Rk D
LOEHWNLZ L ET D,

FTYe T, BRI DIEWE & P EREOREQ, L Q. TDENEEM, bm,, B
FOHNTEEYS 70 DA a A RC ECDFEDOFIC, Litl 2R U CHET D,

Ye = (Qam,C, + QumyCy )L, (2-18)

Y E, BIVDRY » I BIKGFT DM OB AL » 7 BT 0 Da A N&ECq, AX v
WAENETDHE, LLTICEVERSIND,

Ys = CgNs (2-19)

Z TNl HENLVORIGHRES & 1 AZ v 78720 OBV HEN g & OFETM, 2T 5 2
LRV EHIND,

Ng = M,/ (ScNeen) (2-20)

FSCTIE, SCHEME 97258, =1 m2, Nggy =100 EfEE LT-,

Table 2-2 (2, FEIZHNDC,. Cranks Cso CGOMEE ZDOWNFRETRT, 7235, Zn/Br-RFB
[ZDWTHESCERICERR O 2 A MR HRE SN TWDHD T, 0ROV IZZEDEE FAWTY, %
SR 2, £720 SA T O3 X MISCHME 8 $/m DTS X, 40ft 27 F D 2111857 24
m%&FE L CHEL
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Table 2-2. Costs of components of redox flow batteries.

Component Cost Unit Reference
Cp 585 | $/m2
Details | Carbon felt 20 3),4),12)

Bipolar plate 55 5)
Porous separator 10 5)
Ion-exchange membrane 500 3),4),5)

Crank 0.4 | $/L 3),4)

Cs 9045 | $/unit

Details | Pipe 192 5)

Bulb 150 5)
Bolt 15 5)
Gasket 2.5 5)
Current collector 150 5)
Al Endplate 193 5)
Pump 8343 5)

Cy V205 24 | $/kg 5)
H2S04 0.085 5)
Nal 0.7 13)
ZnCly 0.8 14)
Znl2 1 15)
PC 2.5 16)

Cost of Zn/Br-RFB’s electrolyte 45 | $/kWh 17)

Table 2-3 |2, KEMEAD RFB OET VG2 RT, BIRBEEEZD L. FHE
BIE & RMEBENE LT D70, 2 2 TIEHILEZNHFEN 0.85 [TV GUEEET VLML
LCEM Lz, B, @O RO Zn/I-RFB IIEWEIC Znl, DA% WA 84 & . Nal
BEOZnCl Z WA HA D 218V Z a3 5, —#R Zo/I-RFB ICHINT 5 PC X, #ik
HIETHRETHL - OREE DR CTREZ T T 5, 2 A MHREICBW L, HERERK

L PCOFE 1.2 g/mL 2V TEEICHET 5,
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Table 2-3. Parameters of each redox flow battery for cost calculation.

V-RFB% Zn/Br-RFB19 Zn/I-RFB19 —WZ% Zn/T-RFB

EILEE I 40 mA/cm? 15 mA/cm? 20 mA/cm?
L E B ve 1.26 V 1.715V 1.132V
RN Ry, 0.83 0.85 0.85
ISYEIREQ, Nal: 5 mol/L

V20s5: 1 mol/LL | ZnBra: 2 mol/L | Znls: 2.5 mol/LL

7ZnCls: 2 mol/LL
HRFEMERREQ, | H2SO4 5 mol/L | KCl: 4 mol/L - - PC: 30 vol.%
FEEEFREHIPHASOC 80 %
BB L S TS, 1 m2
A RE v
100 cells / stack

Ncell

PLEIZE D 0 ATMEL UCPygin EEsysino 2 522 LW 2 HINT 5 Z L3 CT&, LIT XY
Co,kxHEMHTHENTE D,

Cp = Yb/Esys,in,o (2-21)

il z X, 100 MW / 400 MWh @ V-RFB TIZC, = 76 k¥/kWh, [REE725:0FD Zn/I-RFB
TIXC, =85k¥/kWh EHEH SN D, AL TIEBELALASISIEEDFRE & L CEREEIC
EHTDHO, T2 CEREENCGICE XD EBIZ OV T %, Figure 2-2 (2, 100
MW / 400 MWh @ V-RFB 5 & O Zn/I-RFB 251 % Bt s OZEA Rk 5 EE
fﬂﬁ@ﬂ“ﬂﬁ%m?‘ I E OB =1 L FEMBEROZEE=1 1L, Th T Table 2-3

BIFLETNVEBEOEREE L EiR LT2ClciiY 45,9725 V-RFB Tl 40 mA/cm?
& 76 k¥/kWh, Zn/I-RFB Ti% 20 mA/cm? & 85 k¥/kWh # &3, AKX L0, il 1XER
HEEN VA KT 5 &, G2 V-RFB TIEf 2 %, Zn/I'RFB TiXf 4 (5l ERIT 52 L
WorhD, ZOX 12, RFBIZE W TEREEITZEEEAMCKE S BT 5,
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[
o

Ratioof C, /-

O = N W Or o -1 O

0 02 04 06 08 1 12 14 16 18 2
Ratio of current density/ -

Figure 2-2. Ratio of unit battery cost depending on ratio of current density as for 100

MW / 400 MWh energy storage system.

F72 Zn/I-RFB % b2 Z LIC KV REL a2 MEMTE 284 Z Z T~d, 100
MW /400 MWh OFEL AT AIZEB VT, (a) V-RFB & (b) Zn/I-RFB OC, O N % Figure
2-3 (2”7, RFB @2 A MERRIZ D 5 A 4 U R OEI A 1Tm <. BRE =2 A hOE»
V-RFB [Z8BW\WTH 35.9%% HH TRV, EMIK= A D%V Zn/I-RFB 1T - Tl 71.3%
BN T D, T7abb, EBIRO—RLIC L0 &ffize A A v AW % 22l 72 2 FLIE GRS
TEIUE, KIBIZ2 A MZIEET 22 LN TEX S, S OICEMRO—IRIbIL, BKR, K
T A ITREE E VST OMEREG RIS EL I ENTEDLD, RFB 22 O
M7 K% ATRE & 35,

(@) Others 2.7 % (b) Othors 5.5 %
Bipolar plate 3.9 %
Bipolar plate 7.8 %
Tank 4.3 %
Pump 6.0 % > Tank 1.3 %

Electrolyte
24 %

Figure 2-3. Ratio of material cost in battery cost of (a) V-RFB and (b) Zn/I-RFB for 100
MW / 400 MWh energy storage system.
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[SOEC/SOFC Hiffi (Cp) DF+H]
RFB &[4, SOEC/SOFC @ A7 AMZEWT b BMEBRORISHERICKRE L, &
REPKFBRITHHIT D720, HHEREDMS LTV 5, AL Tlx, SOEC/SOFC
AT BIBIF LA NS0 Ooa X M EEAFEYSTZY O3 2 F 7 SCRE 92065 L.,
ZNEN T5LTREKW & 7.09k¥/kWh & 3%, ZDOHA, ¢ G¥kWh)IZLL T &b B
b,

7517 Psys,in+7.09 Esysino

Cp = (2-22)

Esys,in,o

2.4 A MNRERER
2.4.1 REOZYVERGE : FEth= X FORK

FPARBEIZBWT, —ROCHEDNDEIEO S THIEEREN -V OFEEM = A K
k¥/kWh)EB L O N Y470 0B A F&¥KkW) ZFH L, SCikE & g+ 25 2 & °F
A SLORBERER OB ML RGET D, BT O RBHEEAAE L LTV D72, ARIH
TlX 100 MW @EEEE/XTA%*Q/E LCRE L, ok, £EM= A MINAS EilloE
— 4% —X° RFB O 7R > 75O EMMEI[E A Oz &,

[ZBEAREMEVOEERm = X FOE]

Figure 2-4 (2, (a) 1 — 12 B§fE=R L (b) 6 — 72 BFHIZRICBIT 5 100 MW OEE L AT LT
@Iﬁﬁéét D OEEM = A (kE/KkWh) % H F 5o T3, A EiE LTnwa o

WG AZ M EESE 5720 THY | UBEOKMEIZOWTHFEERTH 5, LIB X ERDE

:nmlzﬂe~4ﬁf”ﬁ'l & R LWRFMIDNH 5, RRLBEIZHB VT, HIZ LIB LRt S
NTWD b OIIRERD E TR F— R ER 2Bk %, Zn/I-RFB T, IEWEIZ Znlz O &
ERWSEAE Nal 8L ZnCle Z WA EAICOWTENZIRE Lo, W OZER
TENTHY Ty FREE LD T, T Zn/I-RFB & t# L7,

ARENCEBWT, £ FIRENIEARICB O TEABME £ THIFBEE S EA TS LIB,
NAS EMF LN V-RFB (2% A3 %, Figure 2-4 (a)D 1 - 12 FFfRICBWTIE, m=FR/L

X — A LIB 28 63 — 84 k¥/kWh & 720 NAS &E#l° V-RFB & b TR Bk A R &
Ipolz, —J, BFOMEO LIB ILEEMEANC, MO BRI TE W=, 202270
k¥/kWh & 720 I 2 2 P Th 72, NAS EBHIIHERIRO RIS 2 2 MET2AK
o lzd, 12 BRI E TIE 66 kK¥WEKWh U L @ x X —FER LIB LY bEa
A N CThote, ThL, NAS B CIEFHFHERICHEEEBE NN RE Ve —F — OB A5
7o (KK ER TSRS A R 725 & FER BRI L e — ¥ —DEEE &
MDREL DD THD, RFB IIEFERENEMIKEIZLH L TRBY ., M &3 LT
JERTE D720, —fRIICHEERRIZR L Ta A PO TFTRAKRE D, L, @ffize v
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U L& WD V-RFB IXEMIE D 2 2 S 3@ T2 1 — 12 B Tl 83 — 348 k¥/kWh &
20 WTNORHRICBNTHRETZFAX—EERMO LIB LYV bEaA M ThHHEL D
(2. 4 BEEZRLL EICB W TIINAS B LY b Ea A k7o 7=, Figure 2-4 (b)IZ/RT & HF
=Tk, 30 Rl ECmm /¥ —# &R LIB & NAS FEi o K/ NEEGR A )i
L7z, Uk, LIB, NAS Ei#his L OV V-RFB O f1 Tl 30 B L B W CETm RL

X —#ER LIB, 30 FFEERLL EICH W T NAS B R bR R b & oz,

w1z, SOEC/SOFC ¥ A7 A, Zn/Br-RFB £ L' Zn/I-RFB ([ >W Tk d %,
SOEC/SOFC ' A7 Al%, 3—-12 R TIHEbm T A M ThH o7, 12 RN T
IXRFHFOGHO LIB LRREE TaX MMET Lz, &HIT, 54 RS ECliEm— ¥
— R LIB, NAS il LO'V-RFB LV bik= X k& 7257, 24k, SOEC/SOFC v
AT LTIEHEMH IS 720 0a A EREMTHL— 5T, BAREYTD O3 R FRNZl
ThnHZLIRRT D, T7hbb, @R CITRMREAAEL T2 D2 A FOBENK
LB EBIE=a 2 M LT, —75 . Zn/Br-RFB & Zn/I-RFB (ZIEIZFR 22 HifR 2 H#5 7,
WL 9 BRRU ECRE =R A —FER LIB L) 4K A b e, X0 ERRT
FERROWTNOEBEL AT ALY BFITER IR Aol ZiUL, ZMRIEWE % H
W5 Z L TR OHNNCAE S MK = A FOMBAMZ b D7D Th D, EHIZ, —IK
F Zn/T-RFB 2B W CIHERREE O =2 2 b b RIBICHI S v, 2 RfEEML BT EFR e To®

BUAT LOHFCEEYT-VOEEM A MR HIEL o7,

(a) (b)
10000 1000 -
SOEC/SOFC (H,)
NAS '\ LIB(Long-life)
é"\' 1000 SOEC/SOFC (H,) ' § 100 ,
= LIB(Long-life) = LIBSS— NAS
4 % g ' Zn/Br-RFB
)
3 100 1liBex ED 10 Zn/I-RFB
Zn/Br-RFB Zn/I-RFB
ZHI RFB Zn/I-RFB (Single electrolyte)
(Single electrolyte)
10 1
0 2 4 6 8 10 12 0 20 40 60 80
Hourrate/h Hourrate/h

Figure 2-4. Battery costs per storage capacity (k¥/kWh) for 100 MW energy storage
system. Vertical axes represent logarithmic scale. (a) Figure in range from 1 to 12 hour

rate and (b) figure in range from 6 to 72 hour rate.

(A oFE o A - OFRE]

wIZ, N0 oFE = X MKW EZRE T 5, 100 MW 27 MIBIT 5 12 FF
2R £ TORERE R 2 % x4z XV Figure 2-5 (R d, BHMA LIB IIAEY47-0V O
B A NRRERTHLED, FEHMCEI 22 ERbRERKE RS, —F,
SOEC/SOFC v 25 4, Zn/Br-RFB ¥ X O Zn/I-RFB 13 A &I LE D =2 2 b EFH-23Mtod
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BRI AR T hS W, 2 A b ERRESCHE o7, ZOfER, SOEC/SOFC + A
T L0 6 FERIRU BB W TEHMUO LIB LV k=22 &2 7-, ¥£7-. Zn/Br-RFB
B L Zo/I-RFB 1% V-RFB, &=/ ¥ —HER LIB 35 XN NAS BEiicx L TEnEh
5 MR, 8 MR ZRIS L OV 9 BEMIERLL hick W Ca A MEAMEZ R L2, & 5I2—KHR Zn/l-
RFB Tix, 2 FEEEL EIZB W TEEY -V OFBM T A b ERBRICH 1Y 0 OFEM
IAPMIBWTHERBIELS eoTz,

10000
LIB(Long-life)
g 1000 SOEC/SOFC (H: )M'
S mER L s
\?ﬂ Y1IB ,/:/‘;/f},‘ Zn/ B1 RFB
S 100 - NAS |
: Zn/I-RFB
(Single electrolyte)
10

0 2 4 6 8 10 12
Hourrate/h

Figure 2-5. Battery costs per power (k¥/kW) for 100 MW energy storage system.

Vertical axis represents logarithmic scale.

[ZEM = 2 b Sk & o k]

PLEDFER A NEDO @ SCiikE20 & T Figure 2-6 (29, Z Z Tl D7D H
WoOEEMS AT L E LT KHe 1-6 FEFFHEO AT LORBERBREE TR L TND, 7272
L. NAS SRR COMAITEE S NRNDT 3 — 6 RHZROMEZRL TV D,
Figure 2-6 ()X 2&/AKTH Y | Figure 2-6 O)FE = A MEIKOILKKTH D, iz, KF
DF VBN, NEDO BNAFE L TWAHEEMI A N THDH 32 — 682 k¥/kWh & 33 —
385 k¥/kW O#iHZ R L TW5H, AKX LY, NEDO IZEBWTEHEBEMOPHA A TrEd ST
W2y SOEC/SOFC v A7 A%xBRrE . AL ORFEEIX NEDO OAFEEE B —HL T
WDHZENSND, T, KX ORFE O MEZ IR T AR TH D, e, BFmiAl
LIB (3R BN 2 N E BN S T2, FaICEBINR V147D o3 A b
<72 %,
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1000 400 P e oy ey ——

350 \ Zn/I-RFB
800 —— . 300 | Lite——1s L
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Figure 2-6. (a) Battery costs of 100 MW energy storage system in range from 1 to 6
hour rate, and (b) enlarged figure of Figure 2-6 (a).

Inside of the blue broken lines represent value range calculated by NEDO.20
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Figure 2-7. Battery costs per storage capacity and charging-discharging cycle
{¥/(kWh - cycle)} for 100 MW energy storage system. Vertical axes represent
logarithmic scale. (a) Figure in range from 1 to 12 hour rate, and (b) figure in range

from 6 to 72 hour rate.
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Figure 2-8. Battery costs per power and charging-discharging cycle {¥/(kW - cycle)} for
100 MW energy storage system. Vertical axes represent logarithmic scale. (a) Figure in

range from 1 to 12 hour rate, and (b) figure in range from 6 to 72 hour rate.
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Figure 2-9. Costs of energy storage systems per storage capacity and charging-
discharging cycle {¥/(kWh - cycle)} depending on power and hour rate. (a) LIB, (b) LIB
(Long-life), (c) NAS, (d) V-RFB, (e) Zn/Br-RFB, (f) Zn/I-RFB, (g) Zn/I-RFB (Single
electrolyte) and (h) SOEC/SOFC (Hy).
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Figure 2-10. Costs of energy storage systems per power and charging-discharging cycle
k¥/(kW - cycle)} depending on power and hour rate. (a) LIB, (b) LIB (Long-life), (c)
NAS, (d) V-RFB, (e) Zn/Br-RFB, (f) Zn/I-RFB, (g) Zn/I-RFB (Single electrolyte) and (h)
SOEC/SOFC (Ha).
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Figure 2-11. Costs of energy storage systems per storage capacity and charging-
discharging cycle {¥/(kWh - cycle)} for 100 MW energy storage system. Vertical axes
represent logarithmic scale. (a) Figure in range from 1 to 12 hour rate, and (b) figure in

range from 6 to 72 hour rate.
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Figure 2-12. Costs of energy storage systems per power and charging-discharging cycle
{¥/(kW - cycle)} for 100 MW energy storage system. Vertical axes represent logarithmic
scale. (a) Figure in range from 1 to 12 hour rate, and (b) figure in range from 6 to 72
hour rate.
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Figure 2-13. Costs of energy storage systems composed of single electrolyte-type Zn/I-
RFB with different ne. Vertical axes represent costs per storage capacity and charging-
discharging cycle {¥/(kWh - cycle)} for 100 MW energy storage system in logarithmic
scale. (a) Figure in range from 1 to 12 hour rate, and (b) figure in range from 6 to 72

hour rate.
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2.5 MmO

Symbol Meaning Unit
Psys Charging-discharging efficiency of energy storage system -

sys,in Input capacity to energy storage system MWh
Egys0ut Output capacity from energy storage system MWh
Pysin Input power to energy storage system MW
Tin Charging duration h
E;n Input capacity to battery MWh
P, Power consumption during battery operation MW
Prest Standby power consumption MW
@ Conversion efficiency of transformer -
P, Conversion efficiency of invertor -
Tout Discharging duration h
Trest Standby duration h
Eout Output capacity from battery MWh
Py Charging-discharging efficiency of battery -
Yys Total cost of energy storage system ¥
Yy Battery cost ¥
Y Cost of equipments for voltage transformation ¥
Yy Labor cost ¥
Yeon Installation cost ¥
Yie Repair cost ¥
Gy Unit cost of battery ¥/Wh
Egysin0 Rated capacity of energy storage system MWh
Coes Unit cost of power conditioner ¥/kW
Cyol Unit cost of transformer ¥/kW
Core Unit cost of breaker and wiring ¥/kW
T, Service life of energy storage system Year
Chp Unit cost of labor ¥/(kWh - year)
Lgys0 Initial capital investment ¥
Eiotal Total output capacity from energy storage system during MWh - cycle

lifetime
AEyc Rate of capacity fading %lcycle
Nend Total cycle number during lifetime of energy storage cycle
system

Egys out0 Initial output capacity from energy storage system MWh
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Y, Material cost depending on power of battery ¥

Y, Material cost depending on capacity of battery ¥

Y, Material cost depending on number of cell stack ¥

Co Unit material cost depending on power of battery ¥/m2
M, Total reaction area m?2

I Current density of battery mA/cm?2
Vave Average discharging voltage \Y

Y. Electrolyte cost ¥
Ciank Unit cost of electrolyte tank ¥/L
L, Volume of electrolyte L

Q. Concentration of active material mol/L
N, Number of reaction electron -

F Faraday constant s * A/mol
ASOC Range of SOC during operation %

N, Number of electrolyte -

Q. Concentration of supporting electrolyte mol/L
m, Molar mass of active material g/mol
m, Molar mass of supporting electrolyte g/mol
C. Unit cost of active material ¥/kg
Cy Unit cost of supporting electrolyte ¥/kg
C Unit material cost depending on number of cell stack ¥

Ny Number of cell stack -

S. Reaction area of single cell m?
Neen Number of cell per 1 stack -
Abbreviation Long Form

LTO Lithium Titanate

PC Propylene Carbonate

SOEC Solid Oxide Electrolyzer Cell

SOFC Solid Oxide Fuel Cell

CAPEX Capital Expenditure

OPEX Operating Expense

PCS Power Conditioning System
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3% BUMIEMKILE LTOI 7ERISOMENT

3.1 M5

1.2 filCFaROE Y . Zn/I-RFB O IEMKETH 5 3 U FEOBRALTFIGIZOWVWT, K
BRI 2 SIS E WD TR LIl Dz, Bl L CORMERISICHYS T 5
FERIGE, ERSOESEMO LR &2 FHRT 2 REISIC OV CTHMER RN 72 S
TWRW, Z D72 IEM A 22 I F RS TEI CEE 5 72 6O O BALHIEI S 25 A B e T
Hotr, T TAETITET, Zn/I-RFB OEMEK TH D 3 b1 4 1) #ETeKE
HRIZFN T, IEMR S 7 B OG & FEAC AT L, BEith & L Co TG & BIRS % R Lz,
ZDET, VRFB OB L L THRE SN TV D FMERISEEOIR T 2 5] & Z 78I &
T B EMEBRORE(L) . Zo/I'RFB OEMSGIC 5 2 5 B8 % #<7/-, VRFB # &1L
Ry 7 270 —@BOEERIZIT, BEXEEEL IR NOBLED DI —R U FEMB KT

WZHWHILTWD, £ LT V-RFB Tid, EFRIZE M OWBEEEP AN TWS Z &
R0, EMAERHIC IR EO VO AR T 5 Z & h, EMEERTHDLI—RUD
BRSO3 I T9 5, Bourke Bk, W —RUAEBROERILIZ LY V-RFB OIEM RSB
D UAEREIK T T2 E2WMELEY, 20X, I—REEROBRILIZ, V Ry
7 A7 —EBMOBREEZIRT SED —ODOHERK & 725, Figure 2-2 [ZFE#i D@ v
U Ry 7 27 a—@E B\ TEREEOKTILZa A FOEINCERET 5.,

KT IIT D -OBERACERISE, UG, RS REFS KOOGS 8 5k OB
DX 1L BRI B ST 52, Vetter IXAREEHFICIIT 5 Isﬁk@ﬁ&ﬂ‘lﬁﬁﬁ)ﬁﬁi\ z
ob\fﬁﬁbﬁiﬁ%gﬁf\“é Zllizky, AEEESEREmICNRE L TTE TR & O/

HEMBENICTHH ZE 2R ONI L, LI OEKIGERE LT, £72, 103/12 D

@&u{t BICSSIZOWT SRR HE L7, Kolthoff & iB%@@iﬁ'ﬂaﬂ}%ﬁHb\f KRR
BT 2 T-OBIGETCRIGZ A, /IO RSN i EI T 5 2 & 2R L7295,
Myers (% I 23 I- & SUS L C Iml2 72 HALERUSIZ DV T, 1271-NMR I & 0 BOEE E
BAEBEH UL, /o, HEERENERIS & WS TENEI 1010 L (mole-s)1 UL E & 107
sILETHD EREH L, (LERIEEHE CEITT D Z L&/ LT, Newson O 4 EM
Z AW T I DB TS Z i~ BOSEEROIE L= /L ¥ —% 5.3 keal mol-t & HH L7
7, Beran HIXEHEDEHRY 7T ¢ X?aﬁﬂi%ﬂﬂb\f R IZ BT D TR bR LG %
PR, & Lo OJERBIREE M L7298, F72, SRR TIZB 0T L B3R AMHIIZ 103~
~fpfbsins Z L &R LTz, Toren B3, Eﬁ%@lﬁ]iﬁa‘#’ﬁ%)ﬂb\fk EFERFICHB T L -0
bR Z TS, THREEDY 2.5 mM LA ECTREARD I 23EMm BICEREN D Z & 2R LT,
Z D%, Bejerano b, Izﬁﬂ%@tt?ﬁ#’@ L 2z ki3 % 3 wik ) b U O AONEPEHE
AR L2100, 20 Xk 51, &REME O KEETICET S FoBESILEROG
SRR T S LT D

SN iywﬂ%‘/ﬂarﬁ%ﬁﬁu\tﬂq&&qﬂ B D FOBRILFIEZ DN T HEEOHE
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NROID, Miller 5%, B0fiE7 7 7 7 A4 NEW (PGE) 2 HWW T, T kAR D A4 Rk
BALD pH K FEA B 5702 L7212, Dryhurst 51, PGE #[aliisEmM & L CTHW., HkY
/fﬁ/%iﬂi%/f F B EURRAERTIZENT N2 EXEFIICERETED Z L 2R LD

9, £, HHI1X PGE ZHWTKEKT KR OT & b=k U AHIZEIT 5 TOESUETRES
IZONTHHE LTS,

KEEEFIZER T D OB ONT, KFRED OO,/ 3 VR REYLFY A 7
IR FHECOR G, B EM O X 5 2 RIS TR ST\ 5, it/ 3 v FEREVL
T A 7 TR IFOESUEFEOGIE I VALKFEER DI % 8 D 5 7 O DEKIBHTIEIZ
HiL 5191017, (A FHEFOR M TlE, OIS AFEORICICHFIH 5181920, F7-
B S T, Bz i XHgn /3 v3520.22,29,24,25 ) Fr7 L H 1732020 A a9
U2, Zhifl), 3 VRO L) REISRICE W T, FOBERALFERUSHAIEMBS & LT
BETENTW D, ZD72) | FEBRIKDKEHTICB T D T OEBRICTFRISIZE 2 5 538 2 b
5352 &1, Zn/I-RFBICBWCOALRLTEETH D,

KIBEPICBT 2 L, —R U BBIZB O T HERAL AR 72 BR L O BRI B 1 12
HTHZ ENHESNTWD, 21X Lota %, KEEFIZBNTH—AR /- R TOE
SALFH 72 @ A P FAESE PR OBRIC D — R U REIZRAET D2 L 2®E L
T 5303081 F 7= Eskusson o Id, ﬁ’ﬁft%ﬂ’]iﬁ?{fk X BHE T (XPS: Xray
Photoelectron Spectroscopy) (Z . KSR O T-NESRAL TR e B O BRI ERAL S ok
@73”?/%*@%‘%@“%%?5 EEIRL TN, I —RUBMmIC X 2KEERPTO I-

DERACFBOR DN BRI ~DOWAE &5 NEBERTH 572 51X, RIS iaaif’ﬁi'%ﬁ@fﬁ(

ICRELSEELEZTDEITTHD, h—R U EBEBOERNELZCEOITEILD DX
ENHZ L BLXOZEORILH D VIR TLHEME R ETEL DA f£$k1h%ﬁﬁf@{§
M BE 525 Z LITA< AL TOWND, #lZ21X Engstrom (%, 77 v ——HKR»

(GC) BWMOMLIB L ORI, B Rax /v 7oy 7, BLXORE RTVr0
BERALFRRLIC G 2 DB AW LT L723Y, E7o, Strasser & & b ITEXULFAIITAHT
WER LT GC M A 0HT L7239, 1 513, GC A 1.75Vvs. SCE  (fafn v A /L ki)
W25 PRFF L7, —1.0 V vs. SCE (2 1 /3fRFFT 5 2 & TR L7- GC Kl WHE#%
OFfE: GC RImEL Y b TWAD Z &2 A L7, Maruyama 5%, GC Eiiz &
SALFMNCER L T2 Z LI K D REICE /) U LB REESIE AL S d, BRER KA
IZRW TR EIE T — 7 8RBT 5 2 L 25 L7239, £, ORI L7 GC &
WU X0 WREEFIZEAET D O DIBITRIGHEN M E9 5 2 & AR L7236, Canales 1%
GC i DERALFE LB DS KER I3 T D HHEE ORL S Z M BT 5 2 & 2
L7237, Kepley HiE, GC @Bz 0.1 M AtEEH IV TREIS G E L COMRBRICK L
T18VTHLT D ZLICLY, 27r< &b 926mm DES DT ENT 7 ZRW(LT T 7 7
A4 2 GC EM IR S D Z & 2 62 L7239, Dekanski 5% GC EMOES[LF
M 7e R LA 2 0, YRR 3 Bt AT — v Tebb 1) REEoOE(b, i) Bts

49



T 774 MNEORE, 1i) K OB, 2205 2 EEHGMNITLE, Z0XL)
([ZH — R EBMOBLIETE L OEOBSULEOE~DOEBICHAT 5 H/EITL AbN D
HLOD, I —R L EBROER S D VIR T, FOBRILENNC G- 2 5 B A2 282 7~
BRIZRSZ T SR hotz, ZHIE. T2 b0 I UERSHERETH D L HHBEL TS
EEZHND,

ARFETIE, IEM I U RS E L ERNS EROSTHCEM T 5 72 O BRI S 215 5
7o, GC EhA W CIEMR I U R OG & SRS BT L. RS & RIFOGZ Bk L7, %
D%, BRSO —>Toh 5 GC BMOELKL TR iRt X ONEIC, KEKRPIZBIT 5 T-
DESICFEN G 2 DB AT, £12. GC RAMEEO D HOWHFERICESE, -0
BRI FRISTEENZEL L2 R R &2 B LT,

3.2 FEBRHIE

3.2.1 Bl U

I-OJFEHZIEZ S v{bF h U 7 A (Nal, 99.5%., &+ 7 A /L SRR, AA) 2 vy, 105~
OJFEEHZ T = v FE#ET N Y v A (NalOs, 99.5 %, %174wAﬁ%%% AAR) &Mz,

KERDOEEREWHRT D ODOXFFEMEL LT, WEFEBRT N UL - —KY
(NaClO4*Hz20. 98.0%. B+t 7 A /L LFEHSE, HK)%%mtom”ﬁﬁ%% X,

fikEdE s 27 & (Merck Millipore, R ) 2 HiffiE L7 250C THHHL 18.2MQ cm
U Eo#fiKzZ e, TOEBSIEFERSZTH~5EE, 20 mM © Nal & 1.0 M @
NaClO4*H20 A #EM/KICESR L 7oK 2 Tz, EFL~v0 RFB Tl =¥ —#K
2R D 72D M LU EOTEYE & ta it S 7 @i BV 2 BRI & LTV 228,
R FE A I AR S S B2, o R DB THE LD RISNER Y AW XHIN
LD, AETIE, BRI E IEMICFHET 2720, i Nal kA L7,
KTRSEER IV D Blank AIC1X, 1.0 M NaClOs KIEHEZ FH\ 2, 103~ D& UG
HB B L 72 572 103D uEM 2 JET HBR1E 0.1 M bitfg (99.0%., & L7 1 L A%
JEREEE, BAS) 12 20 mM @ NalOs & & # L 7 KIS & FH O =

UV Ry 727 —EFhoEERE LU, ERREORKE W —R 7 2L T —R
YRR EPR RV DN D08, E D OFMITEN 2RO Z HIEH T 5 2
kziiéﬁf‘z%%ﬁ:bb ARFEORBRIZIL GC 1B 72D —R U EMmE AW, BRI LFER
LR T < HREICIE GC 7 ¢ A7 i (EFE 1.6 mm, BAS Inc., HK)%%m XPS
YE”/E%J:U%E}F'J%%EEﬁfﬂ (SEM: Scanning Electron Microscope) #iiZi% GC A E
R (10 mm PUl x JEX 1 mm, BASInc., HA) & HHu 7=, aaﬁ%ﬁ'ﬁz‘:fj’fcﬁ/ﬁﬂﬁ%ﬂﬁ 3o
B DT LT GC Efia fEfi 9 2 B8, GC £l &2 Mk CYivge L, wizEsic L R
DK ERERIL LT, BRALFEICERLH D WIHE T L7k O GC EIL, g~ ¢ L A
(BM™ LT NI = LT v 77 VA RE 3um, 3M, 7 AV BARE) X
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DTS L. BRfbdo 2 WITIRSCAETOMRTBIZER L7z, WHEOERIZ, W&~ ¢ b A BITHIK 2 80
L. FEITHIE L7,

3.2.2 ﬂaﬁm%zﬁu

BRALFRIEC 3Bt E o, GC &Mz {EHMm (WE: Working Electrode)
F4a8 (B2 0.5 mmXx £ X 50mm, BASInc.., HA) Zxffiz (CE: Counter Electrode) .
SR VSRR (BaFnta s U v ., BAS Inc.. HA) 2 MM (RE: Reference Electrode)
WZHWz, BRAEFRIEIL, 25°CBREE TIZBWTKRT oA /TR 2% > ~ HZ-5000

(BT, BA) ZHWT T T2,

A7V 7HRNE A RNY— (CV) JIEDOENMRTETLEET 10, 20, 50, 100 mV s &
L. & TCOfms IR EN ST / — FEMANZBRE L, 7 v/ 7o~ RA Y —HlE
IZBWT, LAY OEITCEE Z T DHEEI2IE, WE OFEN % 0.50 V vs. Ag/AgCl £7=
1% 0.60 V vs. Ag/AgClZ 2 s fREFL72%. 0V vs. Ag/AgCl I b &¥7-, £7-. WE ThH
% GC b S D BRICITXEN % 2.00 V vs. Ag/AgCLIZFRE L. BRLE LU IC S W5
(ZIX AL % 2.00 V vs. Ag/AgClIZIRFF L72%%. —1.00 V vs. Ag/AgCl IZ& L &7,

=WV ARNE A R — (NPV) HIEB LI RNY NR—A/V AR NVE AN —

(RPV) MBIz D ELHIEH 2 — o OfEAX %, Figure 3-1 (a), (b) ICFENEINRT,
NPV HI7E & RPV HIE Tlid, ARRFDOIRE TR LTz UV ARSI D EFiE %2 /X)L A
BALICK LT ey 95, NPV HIEIZRWTIE, Efﬁ“mﬁm@%%éﬁm‘ék 27UV A
L% 0.05 V vs. Ag/lAgCl 7»% 1.95 V vs. Ag/AgCl £TT J — RENMANC AT v 7 S8,
DL Ul WIEEHEERNL (F) (XBARIEN., BT v 7iE (AE) 1X 50 mV, A1
7 VI (9) 1330s, 7V AR (%) 1350, 500, 5000 ms (2% 7E L7=, RPV HIEIZHW
TE, OB U WEEEEN (B) ZBRBREMICHRE L, FORBREE T 2 0HE
N (B) ZEZRNPHHEE Lz, 7~V AENIL, BOBEMNAT v 7E (JE) 50 mV §°
D71V — RENMNZ AT » 7 ST, EEEMN ORI (&) 13 30s, WIHIEAMOREFRE
M () 1X2s. 7SV RIE (&) 1% 10, 20, 50, 100, 200, 500 ms DWW HIITFHE L7z,

t.

L
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I e 5
° o
Q‘ Q
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time time

Figure 3-1. Schematic diagrams of (a) NPV and (b) RPV.
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3.2.3 Mot

BRI EENDA A URIL, WK v~ 7T 7 0 —FEOIEIC L 0 EHE L=, #l
EIZIEL, Q-Premier XE (Waters, 7 A U W ERKE) ZfEHL, =L 7 b A7 L—AF
it (ESI) %A A PRIV, radkHE 10 pl/min O &EIC L VB EST ~EA L,
HITERFHE] 30 ) DB 280 L7z,

TR [ OB R XPS JIEIZ L 0 odr L7, BIEICIE. Al Ko X BRI Z i 2 72 AR
XPS #£& PHI5000 VersaProbe Il system (7 /L 3> 7 « 77 A4 HA) ZHW=, J7EED
LRI Y — 7 WEE R CHIEL CER& L, £, FROMAFELRIIAY
RVOETEMNT BRI L2, Cis A7 bid, C-HEADOE— 7 ALEMN 285eV 12725
EVCHTBEI LT, Cs =213 ABID 5 5D — 7 2k 5B LT-, D5 E—7
ETNTH, R/NOE—7 BREKHFDDORMY), EOMmd 4 >Ov— 27 BRI D ERE
ZIRE T 24040, RH RO/ N O B — 7 13, K BEREEOIFELEZ FHE T 2 BRI
L7,

MR D H— R ORI, T~ o tRIEIC K0 EHl L7z, BIEICIE, BT ~ 2k
& RAMANtouch VIS-HT system (7 / 7 >, BAR) Z MWz, B2, EE 532
nm O L—HF—%2H\ =, T~ A7 hE, 1000 -2000 cm-! O CHR&G L, 7~
VAT NV E—ZIRITIZIE, n— L VRO E— 2 R E VW 2, B2 OYEIERCIE
FEEIE, AR LT 3 [EIIE L7 iR E A TE LT,

EME A OFIRIT, SEM figic L v 8ig2 L7, I, S-4800 system (HIANA T 7
Jay—X AAR) 12XV 5.0kV OHNIEEZHWT, 10 H{EOEETITo 7,
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3.3 FEBRRS R L BER
3.3.1 GCEMIZIT 5 3 v EROERT IR DMEHT

—RIZBLALARIE O ST BMOME e PIc k> TH 2T 5, fica vEOBRIL
PRIGIEHETH D720, AHIZBW T, GCEMEZAWTI—Rr ETcoa vFEoERIL
PROGERZ IR LTz, £ DS, B72 5 FEBAL T OB ERALZ G SHE B A Bt 2 R X 51
TEX2 X9 0T 2720, AR E W=, Figure 3-2 {2, 20 mM @ Nal & 1.0 M ®
NaClO4 & & Te/KER P2V T, 10, 20, 50, 100 mV st OF5HEIZ LV (a) 0 - 0.80
V vs. Ag/AgCl 33 X Ob) 0 — 1.70 V vs. Ag/AgCl DENHFPHTRIE L7V A 27 U v 7R H
ET T LERT, ARRUZEBW T, HEIEN, HiXEREELR L, EERSE{LER T
H5, Figure 3-2 () TlL 2 >O@{LEY—27 & 1 SOiFEILE— 7 I X4, Figure 3-2
b)) TIHEEORRLE T Y — 7 BBl S 7=, Figure 3-2 MIZit# 0k v — 27 1D, A&
XTI TH 2 03% 895 NPV JIER R CIIARICEINl S vz, £7-. Figure 3-2 (b)
THHl SN 7=E T e — 2 (IV) X Figure 3-2 (@) TR ST, YakE o JsiE 0.80 V vs.
Ag/AgCl UL FIZBIT 2BLAERMICH KT H B2 oD, EHERLRTTEMN 94210 |
AR TR S - gkt d, D250V, IV, UL FISRTRIGE- D6 @-DIcEhE
xRS 5 EHER Lo, AT T, 2O ORIBIZOW TR, BB e — 2 L KR o%
AMERERT 5. 7238, Blank IWKIZHE W T HEIHI S 72K 1.7V vs. Ag/AgCl L E TRz
EEOEVIE, KOBERGIRIZ K DBBBERAIETH D,

LT :Is+2 o 3I- E0 =0.536 V vs. SHE#2) (3-1)
ILIT :12(s) + 2e « 21~ E0 =0.536 V vs. SHE#2) (3-2)
II1, IIT : HIO + H* + 2e~ < I- + H20 E0 =0.985 V vs. SHE#2) (3-3)
IV, IV’ : 2105~ + 12H* + 10e~ <> I2 + 6H20  E0=1.19 V vs. SHE® (3-4)
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= . =
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=z -15 H a- 4
O .90 50mVs 8 I I
ox 100mVs! ‘T 20 . . .
sl "4
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Figure 3-2. Cyclic voltammograms for 20 mM Nal and 1.0 M NaClO4 measured at scan
rates of 10, 20, 50, and 100 mV s-! in potential range between (a) (0 and 0.80 V vs.
Ag/AgCl) and (b) (0 and 1.70 V vs. Ag/AgCl).
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[FR(b & exd, ) & AL 1) O [FE]

FRLSOGM & ADIX, FOREMG I L [ER I OERRIETH D EBEZBINLDN, WH
DFOSENLIFTIHE L TV A 72D, xHLBIfRE RPV |lERS LN CAJEIC L Y FE L7, 20
mM Nal & 1.0 M NaClOs % & TR 20T, B ERISIZxHS T 2 VI EAL B =
0.50 V vs. Ag/AgCl THIE L7= U N—Z L ARV H 7T Ak Figure 3-3 (231, AKX
ORI LSV ZAFEAL, FEE IR TCRIS DIV ABREE 2 RS, RV ZET T ATt I8 5
FTHEORZ R L, 20 ms LLEDe, TiE/ L ATERL 0V vs. Ag/AgCL I 5\ THEHUHE

ST T 2 BRAE TR MBI S 417z,

-0

0
g -10 | N :tp =500ms
(&}
§ a0 [A=0ms 7\ Z200ms
E ) : t, =100 ms
% 30
@ -40
< -50
§ -60
=270
o

.80 1 1
0 0.2 0.4 0.6

Potential/ V vs. Ag/AgCl
Figure 3-3. Reverse pulse voltammograms for 20 mM Nal and 1.0 M NaClOg at initial

potential of 0.50 V vs. Ag/AgCl.

BICSOSDEBAESR S TH D72 B, 7SV ADRFEI (igp) 1ZEL T D Cottrell D
TiEtah I 549,49

—igp = MoFCE(Do/mt,)"? (3-5)

ZZTnplX 1 mol OBLKREZELT L2DICETIEFOENE, Fii7 7 77 —FEK
(9.65x104 C mol-1), CQITMEALIRD /)L 7 JEEE (mol em=3) . Dol ZEALIRDIEHAREL (cm?
s1) Toh D, Figure3-4(Z., 20mM Nal & 1.0 M NaClO4 % & T /KIFIE 2B\ T 0.50 V
vs. Ag/AgCl T 2 s f£FF L7 1E 12 0 V vs. Ag/AgCl THlliE L 7= Cottrell 7' 12 v k&7~ 7,
ARBINZHIT Dt,13 0 V vs. Ag/AgCl TORFFIFICAY T %, Figure 3-4 (a) L (D)%, Th
v, OHIPHA 1-1000 ms & 20 — 1000 ms DA FK 7, Figure 3-4 (a) TIFTEILEIRA
EARIZT 7y R SRR oT, THUEL 28 20 ms LT OERITER —EE 2 FLET D
TeODIET 7 T T —BRTHY | JEBAEERE TIERW =D TH5H, —J7, Figure 3-4 (b)
TIHETCERNR R Z @D ERRICT By &, ZORRIT, t,25 20 ms L EOH
(RIS DIEBAERE L 7o o7 2 L 2R L TEBY . RICHDKERFP 2SR L2 & %
ARLTWD, ZDZ Lid, BILRISODOERINBA A ThHDHZ &, T RDLITHDHZ
L BRI LTV D,
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Figure 3-4. Cottrell plots measured in 20 mM Nal and 1.0 M NaClO4 at 0 V vs. Ag/AgCl
just after holding at 0.50 V vs. Ag/AgCl for 2 s.
t, is holding time at 0 V vs. Ag/AgCl: (a) t, =1—1000 ms, (b) t, =20 — 1000 ms.

20 mM Nal & 1.0 M NaClO4 % & /KR HIZ B\ T bR ADIS ST 2 W AL
E=0.60V vs. Ag/AgCl THITE L7= U N—Z )L AR )VEES T L% Figure 3-5 Cﬂ?‘é—
AR ORRERIT L A EAL, HEE TR TS D7V A B E 2R T, IBITERO B — 7 fHl
E =0.50 V vs. Ag/AgCl TORIER R (Figure 3-3) & 0 B IZHM L, i 21Lt, =50 ms
WZBWTKH 115 o T2,

Figure 3-6 {2, 20 mM Nal & 1.0 M NaClOs4 % & T e /KA 128 T 0.60 V vs. Ag/AgCl
T2 s PREFLZIERZIC 0V vs. Ag/AgCl THRIE L7 Cottrell 711 v b &27R$, Z 2 Ttpld 0
V vs. Ag/AgCl TOLRKFIFIICAHY 3%, Figure 3-6 (a) & ()iF. L e, DR 1 -
1000 ms & 1001000 ms DfERZFK T, Figure 3-6 (@I T, t,7 1278 85712 L L DFH
IR\ T, —EDOBRBITCERSBI SNz, ZOXEhT, BSOS B W CEMmE
DO DOEREHOEPEIT LT 2 2R LTS, Z0OZ EiE, BLSOEIAD DA 73
KThHHZ L, TRDOL Ly THETHL Z L aRR LTV, Figure 3-6 (WIZRT ¢,
100 ms LA EDOEIIZ W C, BICERIZFURZ @b EHRRIC T ey h& iz, LT, &I
UEAROME X X Figure 3-4 (b) L [R5 TH o7, ZDZ LI, JEH L7z s DR IT G & Rm g

LTWo, Zhud, LoafnlTOERISICED FERIGLT il b LcidThH
% 45),46)

I + I- o Is K ~ 720 at 25 oC 45.46) (3-6)
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Figure 3-5. Reverse pulse voltammograms for 20 mM Nal and 1.0 M NaClOg at initial
potential of 0.60 V vs. Ag/AgCl.
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Figure 3-6. Cottrell plots measured in 20 mM Nal and 1.0 M NaClO4 at 0 V vs. Ag/AgCl
just after holding at 0.60 V vs. Ag/AgCl for 2 s.
t, is holding time at 0 V vs. Ag/AgCl: (a) t, =1—1000 ms, (b) t, =100 — 1000 ms.

[FA{a8 ok (OL, 1) & @V, IV) O[5 ]

AL SOGAID & AV, BOSEM D ZEH 10-& 105 OARRNMIGTH S & TR LT,
7272 L. Figure 3-2 bIZB W CTERLE STHRIAIL DI AR CH - 72 2 & . BRERISIVIC
*f U CEITRUGAVIIEA 0.3 V vs. Ag/AgCl LIRBMICBRI S =2 &b, 2 b ORIG
IZOWT b xS ERZMFE L 72, 20 mM Nal & 1.0 M NaClO4 % & e /K IRHE 23 THI
E LT ) =~ NV ARNVEE ST Kk Figure 3-7 (237, ARXOFEEIL L 2 EAL, i
IR LEUG D BIMEE 2 R T, RVZ TS T DI K BT RRRIIRE R Uiz, BLE
HiElE 0.45 V vs. Ag/lAgCl HEEM LARYD . 0.55 — 0.95 V vs. Ag/AgCl 2B\ CIRAE 2
BRI, Zhbid, Bkom@ v i - ARk, %EN Lo A kic fkd 5L E
MTHD, L0EBENMTIE, 1.00Vvs. Ag/AgCl 7> S ELEFROHEMMN R 53, £ 1.4V vs.
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Ag/AgCl 7> BITBEIRAEN X SIZAMIZH M L=, B{LROGAIDIX, Figure 3-2 (b)) CV #H|
ECIEAHETH > 7= NARK O NPV JIE CIEAM 2 ERMEOHE AR S, Tk
CV HI7E A3 #fge ) 72 BN AT K 2 BOSIERE (I~ LoD AER) #H T 5 DITk L, NPV
WEIZBAAT » N &Y OSBIEO B 2R L TRIE FRER 72O TH %,

160

——Blank ( £, = 500 ms) v £ =50
140 H 50 ms I e T
120 H =500 ms

100 H ==-5000 ms

-0

80
60

40 II - ; i
\Y

S EE E?: t, = 5000 ms

0 ~Blank (£, = 500 ms)

0 0.5 1 1.5 2

Potential/ V vs. Ag/AgCl

Current density/ mA cm

Figure 3-7. Normal pulse voltammograms for 20 mM Nal and 1.0 M NaClO4 in
potential range of 0 to 1.95 V vs. Ag/AgCl.

Figure 3-8 {Z, 20 mM Nal & 1.0 M NaClO4 % & Te/KIIE FIC BT, FIHIEN B =
0.90 — 1.30 V vs. Ag/AgCl, t, =50 ms THE LY N—=R/ VAR NIET T LaRm T,
ARENZFNT, BN SV ABAL, HETEREE 2R T, @IF2EK, O) ik Vv 2B
0.40 — 1.00 V vs. Ag/AgCl DIEKX %%, Figure 3-8 ()IZ/rTEY . A =0.90, 1.00V
vs. Ag/AgCl 28T, 0.55 V vs. Ag/AgCl LL T DXL ZAEEALT—100 mA ecm—2 # i 2 518
TCERSBH SN, 2k, BRUZ Lo Sk T 5, —J5 T, BE=1.10Vvs.
Ag/AgCl UL ETIE B O EFITENZ ORGTERMET Lz, F£7-, :n:ﬂmbfﬁwx
AL 0.60 — 0.90 V vs. Ag/AgCl FHTIZIZ LB A Bl S 47z (Figure 3-8 (b)), kikodidm
V. 0.60—0.90Vvs. Ag/AgCl iF Io DFEALAERSOE N EITT 2B M THY | 12132 0.55 Vvs.
Ag/AgCl LT TS D, ZDZ &b, »~LAEN 0.60 — 0.90 V vs. Ag/lAgCl {13l
B 5ETERIT LR TIEZR L, 1.10 V vs. Ag/AgCl LI EicBWTART 5 B3I Ot
DOIRTTINZH KT B, FERIZ UV AENL 0.55 V vs. Ag/lAgCl LA R D Ip DIRITLEFRIME T
L7222 &%, 1.10 V vs. Ag/AgCl UL E T L AR E TR R A RIENAE LT EEZRLTW
Do & LT ZOMbAESRMIL. B HRBCRISTIDOERMITHYS T 5, WIZ CARIEIC
£V, TR OIRTCSOGIZIT D R A & i~ T,
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Figure 3-8. Reverse pulse voltammograms for 20 mM Nal and 1.0 M NaClO4 measured
at 50 ms of t,. A is initial potential between 0.90 — 1.30 V vs. Ag/AgCl. (a) Whole
figure, (b) Enlarged figure between 0.40 — 1.00 V vs. Ag/AgCL

Figure 3-9 12,20 mM Nal & 1.0 M NaClO4 % & Lo /KEEHR 1230 T, 1.20 V vs. Ag/AgCl
T 2s PREFL7ZEZIZ 0.85Vvs. Ag/lAgCl TRIE L7227 v /) 7 o_Xua /T LRy, KRR
BT, Bl 0.85 V vs. Ag/AgCLIZH 1T DIRFFREM] (4). MEHNIEREE LR, B
U0 ZTHy D 300 ms FRE OFITE STTER B S AL 23, 2 LI CITE LB 2 8
WEnie, 2k, BALAY) Y BRZ EZITBRCROSAIDIC X 0 ARk U 7= b O 50 i
(D) HFEDNTHEST L7223 4Rk 2 2 TOBRALS B EAIC 72 5 72 2 & &R LTV %, Figure
32 MIZBWT, el HENMETT DI o GREIEE— 27 D) BRI R~ 2 b5
BT 2E, Bt —2UDDOKIEMIFRLETHD EBEZBND, I0IHMLEHIIARET
HY . LT OH B IO DTN X 0 20 (ke =4.4x1012 M2 s DIZ &L T 5 2
ENHE I TN 54D,

HIO + H* + I- « Iz + H20 K ~ 2.3x1012 at 20 oC 47 (3-7)
DD, BEESITICL D IO TE TWAnb oo, #ikoiE v B EIV) A

105 DA Tl % = & bEEE 2 5 & . BLRIGAIDIEZ ORIBKKIC %725 10-0 £ oo 5
EHERI L 72,
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Figure 3-9. Chronoammperograms measured in 20 mM Nal and 1.0 M NaClO4 at 0.85
V vs. Ag/AgCl just after holding at 1.20 V vs. Ag/AgCl for 2 s.

20 mM Nal & 1.0 M NaClOs % G e /Kiaik %z, BALEISAVICHY 32BN TH 5 1.50
V vs. Ag/AgCl T 3 FFfflfg{b L 72 ICE &9 21T > 72, Figure 3-10 I DFER AR T,
ARENZF W THEEIN T A A OB B2 li5THl > 72 (m/z: 100 — 400) . #EISA 420
BRI 239, EARIRICIX, XFFEME Ch D NaClOs s 1L.OM & En b2, ClOsD
SOA FUBENSEICHE ST, B2 m/z = 221 0125 % Na(ClOwe kD B — 7 i)
N RE M-Iz, ARICEWTIEE U E LAY OIS DO THEED 2 r— 123
RLTWD, ClOsOEEA A fERS &, I, I, Is-IZHEKTHE—2 23 m/z = 126,
249, 381 iIzFNETNBIEINT, o, mlz=1T5 b E—7 BNEHlShTRh, BEL
%75 TI0s- IS T2 & ZE 2 b5, 105D B — 7§81 1L IsD B — 7 58 FE 125 LT 10%
FREEICHY L7z, Zhud, I-% 1.50 V vs. Ag/AgCl Tligfk9 5 Z LIz kv 105 A 4mk L7=
ZEERLTWVD,

221 Na(Cl0,),~

Nag(clo.&?,_ 13_
3 381
I~
I 249

Intensity

10,
175

I |l.|l. " L Ly IN
LI N R e e e e persrp i

5 B rs 300 235 280 %5 300 335 350 3%5 4d0
Figure 3-10. LC-MS spectrum of 20 mM Nal and 1.0 M NaClOs oxidized at 1.50 V vs.
Ag/AgCl for 3 h.
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Figure 3-11 {2, 20 mM NalOs % 0.1 M fitlig HIZVEME L 72 KI8T, 100 mV
sTLOFFBIHEEIZ L Y —1.00 V vs. Ag/AgCl 725 2.00 V vs. Ag/AgCl O EN &P CHIE L7
YAV IRNEET T Nemd, filEaAnizoik, XIRT LI 105 DRI
T H R ERTZOTH D, HIEIE. 0.6V vs. Ag/AgCl T DRI EN ST ) — NENL
F~Dfin ZBAts Uiz, ARRICIWT, Ml EN, Ml XEREE 2R, FEREEN

(0.6 V vs. Ag/AgCl) 75 2.00 V vs. Ag/AgCl £ TOMIZEBW T, KOEBEKDIRIZ X Dk
FRAICHKT BB RISMNIBR SN2 o7, 2T, 72<Ed 2.00 V vs.
Ag/AgCl £ TOMIZIZ IO DL I NN 2R L TEY . YeLiEAEH TlE 105235
LB ORENITRILEMTHDL Z L EZR LTV D, — T TEILKISIZ DOV TIL, 0.30
Vvs. Ag/lAgCl IR 72 e — 7 DB STz, 2O — 2713105 DIEILICHEYS T 5
7=, Figure 3-2 (b) ClRER /2 BALICHNTZE ST SOSAVIEL I0s-DIRTITHY T H LB 2D
o,
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Figure 3-11. Cyclic voltammogram for 20 mM NalOs in 0.1 M H2SO4 measured at scan
rate of 100 mV s~1in potential range between —1.00 and 2.00 V vs. Ag/AgCI.

ENEIPERRI) |

AEOFEFRN G, Figure 3-2 (b) T/R LA MUGIE, R(B-1) -G DITHYTHLEEX BN
Do

WO EMS & LTHEZDH L, KB DBLORGB-2)TEHEND FORKIZL S B &
O Lo O E, ZI O OBICITIECEM I AIHRISOZEB 2R L TND Z & D
HIEMKIGE LTRIHTE 28525, —J7, R@B-3)THEMSNLD IOITELERD /NI W
2l BROKG-OTERSND [0 1FB(LEMICK L CGELEMARESIKTTLHZ &
ND, WHF & BEMOEMIE L L TIIENEL RAETHDH B2 5, T0H, Eiho
IEARRSIIG AT 280, RB-1DB L OK(B-2) D EUSEPANICE D 5 BN H 0 | B
BAL A 1.00 Vvs. Ag/AgCl LLFICHIET 2 0 EN b 5, 2, Zn/I-RFBIZEIT 2 AN
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i DFEHEBREENL A3-0.763 V vs. SHE, 7725 5-0.962 V vs. Ag/lAgCl TH5H Z L b,
BEE L LTI 2.0V ELFICHIET 2 Z SICHYT 5, ZEBE 2, KL of 5=
BT 2 RMERBETIX, D LAMERT-H7- 1.8V % LIREEICHE LT,

3.3.2 GC BMOEREIRIEN T UHRDOEXULT RIS G 2 5 B OfRHT

Figure 3-12 (2, 20 mM Nal & 1.0 M NaClO4 % & Te /KR P BT, FIIEN B =
1.30 — 2.00 V vs. Ag/AgCl, t, =50 ms THRIE L2 Y N—=A/ NV ARNVEET T LERT,
ARBNTIBWNT, BT SV AEA, HETEREE AR T, =130, 1.40 Vvs. Ag/AgCl
DIRNEET T MMZEBWT, 7L AEN 0.60 — 0.90 V vs. Ag/AgCl IZIEITLE— 7 DAL S
oo ZAUIATE TR L7z I0-ORTTUSITA S 35, F72, 7V AENL 0.60 V vs. Ag/AgCl
LN CIRECERNSEM Lz, Ziud, Iro@uoISIcHEY 45, —F5, B =150V vs.
Ag/AgClLLEDRNV A ET T MZBNTIE, BO LR L L HISETERMET L,

20
Cll
g = ¢ Blank
<C 10 El— 130V ¥ = ar
g O = Ei=200V
B Ei=2.00V % siidan Ei=170V
R R ST S «Ei=1.60V
5 ..-.‘.l§§ '."" = v K K1 =1.
= oS8 gles  Ei=200V Ei=150V
g0 e +Ei=140V
:‘ ’\ | ] 1 =
© ame?¥®° Ei=130V Ei=130V

20 o2 I 1 1 1

0O 03 06 09 12 15 18

Potential/ V vs. Ag/AgCl
Figure 3-12. Reverse pulse voltammograms for 20 mM Nal and 1.0 M NaClO4
measured at 50 ms of t,. £iis initial potential between 1.30 — 2.00 V vs. Ag/AgCl.

ZOXOREISHEDIETIZ. A 27 U v 7 RAEE ST BT HEIH S /-, Figure
3-13 12, 20 mM @ Nal & 1.0 M @ NaClOs & e /KK 2BV T, 100 mV s~ D5l
ALV (a) 0—1.70 V vs. Ag/AgCl 3 L V(b) 0 — 2.00 V vs. Ag/AgCl OFENLHFH THIE
LichA 7V o VRNV EET T L% T, REIZEBW T, BAEIEEN., Ml XEIRE & 4R
o EBREMD 1.70 V vs. AglAgCl D & & RAVFET T LADOFRITH A 7 V&R THIA
EEL Lo 7= (Figure 3-13 (a), —F4. LFREALA 2.00 V vs. Ag/lAgCl DAL, =
U FDORAGER TR T B EBFMEN YA 7 V2R DK T Lz, Zhid, EBh BRI
9 GC BMEHOMILICERNT 5 B2 bhb, 2B, BEOSAV) T, BMEERD 1
PATNVENS 3V A ZIVEIZHT THIIN L7, 24X Figure 3-14 |[Z/R7 3L 512, 103D
AR LB 72 KD BBR RO IENEDR GC BBOMLIZE VM E L7 B2 b b,
Figure 3-14 X, 1.0 M ® NaClOs ® A4 % & e Blank & HI235 T, 10 mV s~ D5 iH
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FEIZ X 0 —1.00 V vs. Ag/AgCl 75 2.00 V vs. Ag/AgCl DENHPHTHIE L=V A 27 ) v

RNVEETTETHDL, KXELY, A I NVERD L TEENIZ
TEMRE E L2 &A%
B L OER L L7- GC B OIETC N

(b)D 344 7 VALK TIE, 3 U RISTEDIE TIZ X Y BILRISAV) D&

BT DEEFR RS DE
0%, KH(A), B)TREND E—7 XN GC EMOEELK
WZHIRT D23, FEME%IR T 5, 72, Figure 3-13
ELE HIRT L7,
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Figure 3-13. Cyclic voltammograms for 20 mM Nal and 1.0 M NaClO4 measured at
scan rate of 100 mV s-! in potential range between (a) (0 and 1.70 V vs. Ag/AgCl) and
(b) (0 and 2.00 V vs. Ag/AgCl).
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Figure 3-14. Cyclic voltammograms for 1.0 M NaClO4 measured at scan rate of 10 mV
s~! in potential range between —1.00 and 2.00 V vs. Ag/AgCl.

Figure 3-13 (b) Tk L 7= CV HIiEH# OEMA Vv, 20 mM @ Nal & 1.0 M @ NaClO4 %
ETKRERFIZEBWT, 100 mV st OFF 532 L D -1.00 V vs. Ag/AgCl 725 0.80 V vs.
Ag/AgCl DENHPHTRE LIz A 27 U v 7 RVHET T L% Figure 3-15 (Z/~"7, 1A
7 VA ® 0.5V vs. Ag/AgCl itk 12817 2B bR c B EIL, Figure 3-2(a) X 0 HI% L <K
Tl — T 1A 7 VEICBWTH Y — REMANZRES Z#Hiid 5 &, 0V vs. Ag/lAgCl
T2 BIETTERAHN LAY, —0.6 Vvs. Ag/lAgCl fHTIETE — 27 2B Lz, 20
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TERS AT 2 A 7 VAL TIE, 0.5 V vs. Ag/AgCl fHUrd 3 7 F DR LR o UG TE M
DEHE L, —0.6 V vs. Ag/AgClL DRt v — 7 BBl S L2 o Tz, ZIHDOFERNG |
1 %A 7 /VHD=-0.6Vvs. Ag/lAgCl fHEDIEIL B — 7 1%, BALIC L RIEMAL L7 Bz iE
L LFEMAE T DG TH D EEZE 2N b5,

10 gud _ 5ch
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o 10 H —1stcycle w
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g -90 || —4thcycle
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Figure 3-15. Cyclic voltammograms for 20 mM Nal and 1.0 M NaClOs in potential
range between —1.00 and 0.80 V vs. Ag/AgCl at scan rate of 100 mV s~1 obtained using

deactivated electrode just after measurements shown in Figure 3-13 (b).

GC EMmDEXILFEH R L ONETiE Blank T ICBWTHEMI SNz (Figure
3-14), LAFETIE, Blank I HIZE VT 2.00 Vvs. Ag/AgCl T 1 R FF L 7= GC &l x>
RIEMEAL GC”, Blank i HIZ3 T 2.00 Vvs. Ag/AgCl C 1 3[R FF L 72 EZIZ-1.00V
vs. Ag/AgCl T 1 ZrfifRFr GC EMA"FIEMEL GC” & MR 5, AEMEL GC 36 X OFHE
M b GC 1%, BWMEREAMES 5 Z LI X0 NEELDH D WITFEMEL T D RTORIEIZ R
TZENTED, 20O GC EMITHER GC” L MERT 5,

Table 3-1 (2, B EMIZIT D5 IHEDIFAEL R E T, WHER GC IZHA~ RiEHAL GC
TIXRBOFAEILFENMET L, BB OF LRI L7z, i, GC RHICiEREZ Eie
HREEDSEIM L2 Z L AR L TnD, —F, FHEMH GC 13WHER GC IZH~D & kR
DIFAEHEMET U, BBROAF LRI L7203, AEMEL GC 12D & 2 {b&EIT/h S
Mole, ZOZ &I LA LB RN EIC SV ATREME 2 RE LT D,

Table 3-1. Atomic percentage of carbon, oxygen, and nitrogen on polished GC,

deactivated GC, and reactivated GC calculated based on XPS spectra.

C 0) N
Polished GC 91.0 % 7.9 % 1.1 %
Deactivated GC 73.5 % 25.8 % 0.7 %
Reactivated GC 84.1 % 14.8 % 1.1%
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Figure 3-16 (2, (@WFE% GC, (b)RNEME(L GC. @ FFHEMEAL GC D C1s XPS A7 kL
Zond, AREOBENIAE G 2L —, fl3sREEZ R T, HAKIEL, XPS HIEICHWE
GC EREMDFEE TH 5, NMEML GC B LUHEIEML GC DEEIZB W T, THAEX
BN L= T B,

Figure 3-16 ® v°— 7 [ LIZ D E B L & B e OF(ELLE % Figure 3-1712777,
Table 3-1 £ ¥\ FEMITIIT HEZDOHFIELRITIFIEE L 1% REEL{EN -T2 D,
286eV OB — 7% C-0 ity THRFK Lz, WL GC 12k~ NEM(L GC Lo C-H #H
& C-0 B DIF LRI, C=0 #Eh & O-C=0 fA DI FEITEmNoTo, —H, A~
TEMEAL GC Iz~ FHEME L GC B C-H A & C-0 G DI RITm <. C=0 &
& 0-C=0 #EE DIF LRI o 72, ZNHDOFRERN D, GC BMROANEMALI L OFHE
MALDEIRZ LT O X D ITHEET 5, BSE LIS &, GC R DIKFEN A VIR =/
WAL, TORISY A b &R DIRFBOBDNEDT D T ORINEENMET T 5, £72, Bk
SN EmMNETIND L. GCERO I NVR=NVIENETRESN, OIS A b &7
2 IRFEDBMIEIE T 2 72 D SOSTE N EIE T 5,

== e
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Bindingenergy/ eV

(c)

Intensity/ arb. units
Intensity/ arb. units

294 292 290 288 286 284 282 280 294 292 290 288 286 284 282 280
Bindingenergy/ eV Bindingenergy/ eV

Figure 3-16. C1s XPS spectra of (a) polished GC, (b) deactivated GC, and (c) reactivated

GC. Inserts are images of GC plate electrodes used for XPS measurements. In images

of deactivated GC and reactivated GC, lower areas are electrochemically treated parts.
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C-H Cc-0 Cc=0 0-C=0
Figure 3-17. Abundance ratios of functional groups calculated based on ratios of peak

areas in Cis XPS spectra.

WFEEH: GC, AIEMEAL GC, FHEM(L GC 2 vy, 20 mM @ Nal & 1.0 M @ NaClO4 &
BKBEEFIZIBWT, 100 mV st OFFSHEEIZ LY 0 - 0.80 V vs. Ag/AgCl OB i
THIE LY A 27V v 7 RNVHEETT L% Figure 3-18 |29, Eibdid v | RIEMEL GC
Z WA, R GC 2 WS A IR TR bR e ER NS K E (K F L7z, L
L2236, fHEMAL GC Z HWGaI2id, wiER GC 2 W el TREMN 2 5
FRALBEFE N EEIN LR . Z AU 0.3 V vs. Ag/AgCL 25 0.4 V vs. Ag/AgClIZ/ T T
OBTLERMBEEIN LIz, ZOFERIT, GC BEMOFETEME(LD, I-0D Is~DEL UG & e
HZEEREBLTCND, IR GC 2 HW254E. 0.55 Vs, Ag/AgCl gk e — 2
IDHEP L7z, L L., Figure 3-19 12777 L 912 10 mV st O 5 EIC X0 JIE L7
A7V 7 HRNEET T MNIATBEE— 27 MDBBR SN, 2D OfERIL, BIEE L
GC TIEIET A PR L EIC L 0B S CS WIZ L2 RB LTV D, 728, GC &M

FHEMEARIC X D BOstEom B, 105 DARKSUSIZB N T H B S 7z (Figure 3-20)
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Figure 3-18. Cyclic voltammograms for 20 mM Nal and 1.0 M NaClOs in potential
range between 0 and 0.80 V vs. Ag/AgCl at scan rate of 100 mV s~ by using polished
GC, deactivated GC, and reactivated GC.
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Figure 3-19. Cyclic voltammograms for 20 mM Nal and 1.0 M NaClOs in potential
range between 0 and 0.80 V vs. Ag/AgCl at scan rates of 10 and 100 mV s~! obtained

using reactivated GC.
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Figure 3-20. Cyclic voltammograms for 20 mM Nal and 1.0 M NaClO4 measured at

scan rate of 100 mV s~1 in potential range between —1.50 and 2.00 V vs. Ag/AgCl.

I-OALRISHER B & o $IRIC X DSOS A - OFEMENE. SO A M ofnE R
L CTWD, 37bb, Rt MOEIMZ LY FOSHERR BT 5 & & bic, LRI X
D ETORIGEY A FREONIS KRl eE 2D, LinLed b, SEMBIEDRRIZE
WT, 717 u A=A TOEMERROKETS GC EME TEVRR LN T

(Figure 3-21), = Z TC. % GC BRI

D, T ratlEETo T,
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500 nm

500 nm 500 nm

Figure 3-21. SEM images of (a) polished GC, (b) deactivated GC, and (c) reactivated
GC.

Figure 3-22 (2. #FEEH% GC. RAiEMEIL GC. FEME(L GC DT~ AT L ERT,
FTRTH GCITBWT, A1 VT FiEE (sp3flid) ([CHkT 5 1350 ecm 1 fHilrd D /N
K&, 79774 Mg (spfie) [CHET D 1600 cm 1AL D G 3> ROVBLAI S =,

D band
K
g
w1
o
8
= | Reactivated
Deactivated
Polished
2000 1800 1600 1400 1200 1000

Raman shift/cm™

Figure 3-22. Raman spectra of polished GC, deactivated GC, and reactivated GC.
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% GCEMICBIT DD N e GAY RORHERE D Ny RIZHT 25 G /N ROJREE
% Figure 3-23 (a) & WIZFNE 7, Figure 3-23 (@23 XL 512, GC BMORIEME
BIZE Y DAY REGAY ROBEIRIZE SIS L2, FEE RIS L, 2
LS ORE R, GC BRI F O RFEDELD 152 4KAB28, B ic X 0 — BIXZ Rk L7223,
BICIC IV FONED L2 L 2me L Tnd, XPSHIEDRR (Figure 3-17) XV, i
HiX GC RrDRFOWIL L, LA LTI VAR =V EORITICENENH KT H EH
2 bid, FHEMAL GC O G Ny ROERITNIESR GC OFNEFRRETH 7208,
IEMEAL GC @ D N2 RONEMRITAESR GC DZFN LD b RE oo, ZORRIE. G
L GC IZBIT 24 A Ve MEEDOKEDWIER GC L0 L7 Z & 2R LT
W5, XPSHIEDFRER (Figure 3-17) 12H#-5< & FIEMEIL GC £l OB REREDIFIELR
FHES GC K0 bEhole, T, MEME(L GC Lo X A ¥vE L MEEIZK T 2 Eie
FOMENMN KO MES R Li2Z & &2/RIEB L TW5, Figure 3-23 MIZRT L 91,
D Ry RIZHkT 2 G Ny ROE— 7 @E I ARIEELZ I L, FEE bk bl k%
HEFFS LTz, ZORERIZ, XA VBV FIEBSEICKT 277 7 74 MEEDEED GC EMO
AEHEGIZ R DN, FEM R bR S 2 L 2R LTV 5,

(a) (b)
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Figure 3-23. (a) Half-widths of D bands and G bands, and (b) intensity ratio of G bands
to D bands calculated based on peak intensities for polished GC, deactivated GC, and
reactivated GC.
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Figure 3-24. Expected model of surfaces of polished GC, deactivated GC, and
reactivated GC.
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Figure 3-25. Chronoammperograms at (a) 0.80 V vs. Ag/AgCl for 30 s and (b) 0 V vs.
Ag/AgCl for consecutive 10 s in 3.0 M Nal by using polished GC, deactivated GC, and
reactivated GC. Inserted figure in (a) is enlarged view between 20 — 30 s at 0.80 V vs.

Ag/AgCl.
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Figure 4-1. Chronoamperograms measured at 0.80 V vs. Ag/AgCl for 30 s in 3.0 M Nal
aqueous solution and 3.0 M Nal with 2.5, 5.0, 10.0 and 20.0 vol.% of AN.
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Figure 4-2. Chronoamperograms measured at 0.80 V vs. Ag/AgCl for 30 s in 3.0 M Nal
aqueous solution and 3.0 M Nal with 5.0 vol.% of (a) EtOH, (b) EG, (c) AN, (d) DMA,

(e) DMSO, or (f) Et=0.
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Table 4-1. Molar concentration of organic compound in each solvent containing 5.0

vol.% of organic compound.

Organic compound Molar concentration / mol L 1
EtOH 0.86
EG 0.90
AN 0.96
DMA 0.54
DMSO 0.70
Et20 0.48

Figure4-2 D7 v ) 7> _Xu 77 MNIBWT, ALEMEE E20iGEE (NA) © 30 7
% OBAVEIRMEICNT 2 AL EME2 5056 O 30 % ORMLERMEOZE({#E % Figure
4-3 |27,

AN, DMA, DMSO., & %\ & Et20 ZIRMNAIE L2 5E 3B LER O M EhRA 155
ni—7k4 7T, EtOH X EG ZiRIA & L7z5E12iE, BbEROm ERIESE o
oo ZOZENEL, Tha—/UT L BEOREMHICR R e HfiE I b, —H T,
T—7 NV Th 2 Et0 (TBLEIREOM ENRAG Lz, D7, 73—/ L fEED
RREIIHIZD R A2 R S 2 WRIIE, B Ru$ T EoKERTFICH 5 mTaEENE Y, 728, EG
EHRI L2550 4%1Z PR LERESE T L720i%, EG OFRINC X v BMERORE D E
HLA AV OBBENMET LD THDLEEZBND,

50
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30
DMA Et,0
10
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ol — m

-10

Ratio of change of current / %
Lo
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Figure 4-3. Rate of change of oxidation current when organic compound was included
with respect to oxidation current when organic compound was not included (.e., NA).

Currents were values at 30 s of the chronoamperograms in Figure 4-2.
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Figure 4-4. Chronoamperograms measured at 0 V vs. Ag/AgCl for 10 s just after
holding at 0.80 V vs. Ag/AgCl for 30 s in in 3.0 M Nal aqueous solution and 3.0 M Nal
with 5.0 vol.% of (a) EtOH, (b) EG, (c) AN, (d) DMA, (e) DMSO, or (f) Et=0.
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FHTIZE— 27 Bl S 7z, Is71E 287 nm B L 353 nm (ZWIXLE— 7 2 FF D, 1213 460

m R — 7 2RO Z ERHE STV 520,22, fE> T, 290 nm 3 L O 350 nm f3T
DE—=Z71T I ICHE L, 460 nm O —27 X LICHET S EEZ NS, ETOHKE
EEMIZB N T, GIEAMEZRN LS EICAEREEMETRINML TOWRWEE LV S T
H SR DU ' — 7 BREE DB U 7=, 7236, I IS HSR T 2N B — 27 BB E TV D Dl
TR LD b FAAERR L, AR L7 R L SIS LIZ2dTHh D 5
%2 529,

I + HoO « I- + H* + IOH K ~ 5.40x10-13 at 25 oC 23 (4-3)
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Figure 4-5. UV-vis absorption spectra of aqueous solution containing no organic
compound and aqueous solution containing 20.0 vol.% of EtOH, EG, AN, DMA, or

DMSO in which I> molecules were dissolved to saturation.
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Figure 4-3 (Z/r7 XK 912, EtOH X° EG X I-OBLERDO M Eh R A2 RS phoTz, —
J7C, Figure 4-6 [Z- T L 5 I L OEfREZ W ES LRI R LT, ZRLHD T Lk,
Lo $IE D R RAMBIRN IR AN BL72 D To OFREE T EITER LT\ D & 1E3E 22 < W, 2,
Lo DIEfREEM & To DRI & BRI D Z A LA — )V TH#ITT 28 TH L2
ThoEBEZLND, ThRDL, KERIZHT 2 Io OFMENEREFRLL ENT TEITT 20
W23t U, T B3RP LA F ONICIZRR &5 78 T O R & RIZE D % A4 WA r—
NTHEATT 23T Th D, 5T L. FRmIRBE TH D I OBMRER LTIk, WE
RN ZRBIR Th D EOMEMHIZHHAT 2 2 LN TERNEER D,
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Figure 4-6. Solubility of I2 in aqueous solution containing no organic compound and
aqueous solution containing 20.0 vol.% of EtOH, EG, AN, DMA, or DMSO.
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Figure 4-7. Most stable structure of Is molecule and (a) H20, (b) EtOH, (c) EG, (d) AN,
(e) DMA, or (f) DMSO.
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Figure 4-8. Interaction energy of the most stable structures shown in Figure 4-7
against (a) the solubility of I> shown in Figure 4-6 or (b) the rate of change of oxidation

current shown in Figure 4-3.
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Figure 4-9. Cyclic voltammograms measured at scan rates of 10, 20, 50, and 100 mV s!
in (a) 20 mM Nal and 1.0 M NaClO4 aqueous solution, (b) 20 mM Nal and 1.0 M
NaClO4 with 5.0 vol.% of EtOH, and (c) 20 mM Nal and 1.0 M NaClO4 with 5.0 vol.% of
AN.
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Figure 4-10. Stable structures obtained by calculation as number of H20 molecules was

increased.
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Figure 4-11. Charge of the film-side iodine atom in stable structure of I2 molecule and
(a) H20, (b) EtOH, (c) AN, (d) five molecules of H20, I, (e) EtOH and four molecules of
H:O0.
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Figure 4-12. Chronoamperograms held at 0.80 V vs. Ag/AgCl for 30 s in 3.0 M Nal
aqueous solution, 3.0 M Nal with 5.0 vol.% of Pyr, and 3.0 M Nal with 200 mM of Nam.
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Figure 4-13. Structure of the calculation process under the condition that number of

H20 molecules was increased than those stated in Figure 4-11.
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.

Figure 4-14. Expected mechanism by which AN promotes dissolution of Iz film: (a)
State before AN coordinates to Iz, (b) State that AN coordinated to Iz (Process (I)), (c)
State that a cluster of H2O molecules coordinated to the film-side iodine atom of Iz
(Process (I1)), and (d) State that AN desorbed from the hydrated Iz molecule (Process
(ID).
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ARE TR LIEEHBCEWOUINC X0 | EIE KT 20 —40 %[H _E L7z, Figure 4-15 (2,
—filE LT AN % 5.0 voL.% % L 7= Zn/I-RFB % HV 72 100 MW DOEE S 2T LTI 5
ZEm a2 F¥/(&Wh - cycle) D> I = L—3 g URER AR, AN O = 2 MIiX 2.39 $/kg
2% 2, AN OIRINC X 52 A MEME 0 HERBEOM FIZ X 5 2 2 MEEGI RO
MAXL . AN OFRINC LY Zn/I-RFB OEEM 2 2 MIE T L7, ZHuc kv, 3 %
LI EC Zn/I-RFB 78 V-RFB (Zxf L C2 A MEfIMEAZ R L, 25 2 % CRigt L7z LIB, NAS
B, VV-RFB, SOEC/SOFC v AT AZHA_RTRBIEaI A NERoT, —HT, KKREL
T 2 BERARLLF TIZH AMERE Tl D V-RFB O A3 2t 2 MBI EZ R LT-, o 2 BETHlR L
72380 . Zn/I-RFB O EEMREMEK & @it U2 iR Zn/I-RFB i3 W OB R I B W
T% V-RFB LV 2 X MEEEZ BT L LI SN D, RETIE, KE7rEL I XK DR
V3 UFREEGROBRKE . EE AWk Zn/I-RFB OBMERGERE RV Tt s
Do
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Figure 4-15. Battery costs per storage capacity and charging-discharging cycle
{k¥/(kWh - cycle)} for 100 MW energy storage system using Zn/I-RFB with 5.0 vol.% of
AN.
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4.4 KEOFE LD

Zn/I-RFB O F &R IEME B AR AT LRILOSHEZ IR T S5 T ORERHIEIC

X LT, BIEA~OFABILED ORI KT 825 h L. LUT Off a2 157,

>

Nal /KEHRICIRIA & U CHEBEAY 2 RN L Tc BRI 2 FHW235E6 . FE7 a b otk
DEMEMZ BN T IR ORRENIH S, TOB{bER? M EL, —FH, 7'r
N AMEOFBILEH TH D TV a— Tl I SO EMH], LB LR
Jonienoi,

KEEHRIZ KT D EER T OWREIL, 7 F o MEbEwERNLIZSE, 77 b
YERBLEM AR L2 S6 & I BR Lic, FE7 v b maEbamEainLi-
Nal /KK % BRI & L THWZBEO IO s RMfiI 2R 1L, BERICKTT 5 a0
W EOAIZRKRTHHOTIERNWEEB X BID,
HRHEFHEHEICRBON T, FET e o MOFEBEAM TH D AN 1T Lo 5 T OKFIR
ReZ T RN X —ICBENLSEDIRERE R0 LT, 7 u b o a#IEAY
To o EtOH T2 D X 5 W RAa RS e oz,

EtOH I1Z H20 737D 7 7 A X — LKFREEET 52 & T, B L7z I F 2 K&
ST, ZHUTX HeO 537D 7 T AKX —i3 o 53 FIZENL L7356 & Rlkk, Ta oy 1
Mor7—m Bl %z L ko rRLERFODT 570, EtOH X Iz 43 1 O/KFikHE
TR X—CEEL ST DR E RS o7z,

AN IKFBREA R L2, BN L7z I T o5z i+ 2 2 & ¢, Loy 1/
DI —a | RS S, 22X D HO 537D 7 T A X —IZ X D80 TR
T ~OENLAMENL & 72 0 | T gD D D 1o 50 1 DK TR & 2 e LTz,

AN X, BMZ L7 Lo 8 KFsE S b Z 2280, BEIE Lo+ D BEE L 78R
REMN T R NVX —C R e T D2 E R L, Bl L 72 AN IZHEO LT O I+
WZENET 2 2 & T D I 3 FOKIMELENTED, ZOLIIHETm M A OF
B b amiE, Miay e & I X0 LERICE D Loy FOKRME R IZLEEL L,
L#MROEIRE MR T LB X D,
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#5 ® IURELEROIEKRE RIS FIVRL Ry 7 AT 0

— B~ DS H]

51 #E=5

2.3 HiTRLIZL DT, Zn/I-RFB & —ii{td 2 Z LI L0 @fli 22 A A 2 Al 4 A ]
fbc&, RE A MERKTE S, ZZClE, Z2OFEBUCMITTHEINEE <,

RFB [ZBWTA A AR NAEE & 70 5 T2 BRI IZ, IEAMA & Bl o Fe BB A= Rl 73 B2
L HOKET S L&D THSD, Zn/I-RFB (I2BW T, ABOFTELRMIT Zn
EJEThH Y AMEBRREIRFFSND — T, EMABERDITIEIC [ Th L 72O EM
W D, TDT2D, A A ZHIEIL Figure 5-1 1239 X 92 Is- BN AMBEERIZE
FET LI LA SHREE AT 5, A A U AZHEN VG ST, IEMTAR LT I3 Al
D Zn L HAEL B CHEROCEITT 5, 2, BHBISIZEBIT D 7 —r R ERMNME T T
L2 EEERT D, B, 7o URIIREREICKT HMEREDOLLTERIND,

Self-discharge reaction
Current collector of I5~ + Zn(s) — 31~ + Zn?*

Non-use of
702t ion-exchange
membrane

Ion-exchange membrane |:>

Current collector of
positive electrode

Figure 5-1. Schematic diagram of self-discharge reaction in Zn/I-RFB without an ion-

exchange membrane.

Z 2T A A B HNE A DI RFB @ B CE SIS 2 i3 2 TERIE S T %,
Bl 21X Zn/Br-RFB {2\ T, MR T =0 AMEA WD 2 & TIEMIEE AR HBUK
PMEDORFEAEREI L, 77 BRI EMFTEE LRI 2 BT 5 2 L hlESh
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TWAHD2, ZHUC LY, EERREICRFINIAMAELAD O Zn @ L FMmFEELE
R % 2SR Aol L B OB ROG 2 Hl$ 5 2 L3 TE B,

EMR R EARD D DBKEOE SR EZ R L, B BRI EMEIT 5287 MM
Zn/I-RFB (2 b ATRE/e & D CTh 573, Zn/Br-RFB OWMNFIZF 0 EEMMAT 25 = L1x
T& 72\, Zn/Br-RFB OIRMAITH 5 WUMET =7 LI I 0 F & OMAE/EHRES |
Figure 5-2 |Z/" 3 X 5 ICIEMEEEARF E CEKMT 2, B LEEGERITE S hicL
BSOS FHTE A=), Bl e L COMEEZ R L2 785, ZDT=®H, Zn/I-RFB
TIEBIDFEN L DA AV SRHBEDO RFERE DT S Tz, Lee DL, EMEERE L
TEHEDOI—R T 7 A R—% NS Z L CEMTELRD EZWAE L., BFEE 70—
LZRWERERLD Zn/l KEFREIZ ISV CH OB 20 L7z, Xie Hid, BRKIC
ZnBre ZIRIIL, ORIV A LT 4 VOZHEEZ WD Z & TA Ao agafEis v
Zn/I-RFB Z8& L7z9, RU AL 7 ¢ VD I LBrZ24{e+ 5 2 & ¢, HOMERIE
EIHIL7Z, 20X ) RFERICH L, 5T X0 eetomowE & v Zn/I-RFB oA
F RN E AL T D720, BERICRE T rE Ly (PC) ZIRINT 5 2 & THUKME
DRV Y FEERETERT 5 HIEERE LY, Zhud, AKEETICBO T FomgeARR
WaBKEORY 3 v FEAERE LTHHET 2 Z LI LD TOHRETHY . ZD
# Yang DICX->TRY = vl RUBRIMAIE T2 2 & CTRERICRY 3 v RESK
AR TE D Z EDMEIN TIN5,

AREETIX, BMHE~D PC IRINC LY FOBLIIERFICER S DBKEDORY 3 0 5%
BAERIZONT, ZOREEEIEICONWTEE LTz, 72, RV avEEGEEHNDZ &
T, A AU RHIEE NI B CHERIG Z I L7 — R Zn/I-RFB O@WEREEE1T -
77

Figure 5-2. Pictures of solidification of charged products on a positive electrode in the

solution containing I~ and a quaternary ammonium salt.
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5.2 FEBRHIE
5.2.1 Uk Hefig
ERIEE T3 7k b U 7 A (Nal, 99.5 %, & 17 A LV ARG, BA) 2 v,
CRIEE 3L, (ZnCle, 98.0%. B L7 A /L AFDEMIE, AAR) ZHW-, B
i, HHikE S A7 & (Merck Millipore, KA ) 2»B437- 250C THHKHTL 18.2 MQ
em DL EDORHIAKEHW -, FTAERBRICB X, BIFE LTPC (99.5 %, ¥ 41k
2, BAR), RV=F Lo a— (& 200, PEG200, &L 71 LV Afehisk, A
A) BLOWERE (HCL 35.0-37.0%. BL7A/LoftHis, AA) 2=, 7o kv
BRI ((H NMR) HIEIZHT 5@ RO ONIIEERE L LT, 4 Y T r /) —

(IPA. 99.7 %. Eﬁ.?t74»ﬁu;‘mﬁtﬁ% AAR) ZHWE,

BEERIIHTIC TR Y 3 7 AT, 25 oC BR5E T2 T 10.0 vol.% D PC % E e 3.0
MNal @ FCTi A v = (E££0.35mm, 30 mesh/inch, 99.5%, =7 =, EIK) %
YEfIMR & LT 0.80 V vs. Ag/AgCl (Zf#FF L’Cﬁiﬁkéﬁf:o RNY U FEEERIZENIC
BLRALFENVOEICLAEB SN L0, By MLV ERIEFEELOEN %BKE& uto

5.2.2 ﬂ%{t%zﬁu

EEALTAE L, 3 BT L E AW, EMKICORMEIZIZS T v —h—Ro DT «
27 &R (GC i‘-é@ B 1.6 mm, BASInc., AA) Z{EMf (WE), A48 (EFE0.5
mm X £ 50 mm, BASInc., HA) Zxftiz (CE), %= L TR HE(vREMm (fafniEib
U724, BAS Inc., HA) 2z (RE) | ’ﬁﬁu\to BMS)SToH D Zn %E@ﬂ#ﬁ{aﬁﬁﬁ
FOGD 7 v 2 RT oA A Y — (CP) HIEICIZ&DT 4 27 B (EFE 1.6 mm, BAS
Inc.. AA) % WE, Zn#k (2cmX2cm. 99.5%., =7 =, HA) %CE\ Z LT8R
REMZ RE ICH W, BRULFRIEIX, 25 CEBRE TICBWTRT oA/ TN ) A%
> F HZ-5000 (EFET, AA) ZHNTITo7, IEMOYA 7V v 7RV Z A Y —
(CV) MEDOBENARSEEIL 100 mV st & U, 5 IR EMN 2257 2 — RENANZ B
L7, EEMISD7 v )7 o~ KkA K — (CA) HIEICENTIL, WE @'f"{i;’i’I D
{LBALICORFF LT, IR bR OB CEMICE (L ST, ARG CP JIEIZH VT
X, 50 mA cm2 DEMEEIZL D 30 miniE e LT Zn &)@ 2 BT S 7%, WE OFENL
20V vs. Ag/lAgCl IZEE#ET 5 £ T 50 mA em=2 OEJE E TR L T Zn & B 2R S &
77

5.2.3 ot
R I UEEAERILZT <~ okIE, 'H NMR JE,. BLOEYEKES 7T A~ E &S
(ICP-MS) (2 L VR L7z, 7~ Y4 GHIEIZIE, BRI 7 ~ o HlE 2 E MARS- IR (7
+ R THA . BAR) AW, BhEYEIZIX. R 1064 nm @ YeAl;012 L—H—% H
72o THNMR #lE1%, 11.747 T (Larmor J& % : 500 MHz) O#&558EE 2350 T ECA-500

99



FT'NMR v A7 A& (HAKET., BA) ZHWTIT-7-, 1 HNMR O4fifaelx. HIERTIZE
KERWTKRIELZ, &Y I UREEGEROEERCEEIT D720, 7~ U 0RES H
NMR HITE B L TR K 2 it rbo /e > 7=, ICP-MS Tlif, Agilent8800 + A7 A

(Agilent Technologies, Inc., USA) %FHU\TW%M?@%KJZ D Na #E& L7, ICP-MS
BEICELTE, A 3 vR AW E/KT 100 T50 VICARL THIE LT,

BSOS TENT LT Zn @R OEERE AT 5720121%, Zntk (1 emx1 cm) % WE,
In X (2ecmx2cm) % CE, % LT%E/L?’AK@E%E@% RE IZHV, Zn &J&% 320 mA cm™2
OFEFHE T 225 s BT S W7o, BT S W2 Zn &BOIBIEITT ¥ & VEAMEE VHX-S50 (¢
—T A, BAR) IZE0BIEL,

5.2.4 LRI
RV IavFEAEERICOWT, BEFLFHEEZIT>7-, Gaussian09, Revision D.01
(Gaussian, Inc., 7 A U BARE) 12k v, FHEEE L TIERBRMD FiLELE (ab initio
%) © 15T % second-order Moller-Plesset (MP2) £7.8.9.10,10 % v JLJKBIS &
L T Density-Gaussian double-zeta-split-valence + polarization (DGDZVP) 12.19% H\»
Too REICK T HETOREIL, conductor-like /3 b FARET /L (CPCM) 149152 1 1 /K
PERBE AR L7,

5.2.5 FEHIEL

Figure 5-3 2. —¥i% Zn/I-RFB O & GE 273, ik Zn/I-RFB 1%, B
s, W7 BEORANDHESNLTEY . B/WIXEREER, AmEERR,
KOOSR EEND, EMEBMXRIIII—R 7= b (KFD2.5EA, >99.4 %, SGL
Carbon SE, FA YY) BILUTI AvyazHv, BMEERIZITIZn A v¥ Fe A vy a
(JE#E 0.28 mm, 24 mesh/inch, ESCO Co., Ltd.. HA) % f\ 7z, IEMEER L GE
wIRE ORNCIE, Z 4L & LT Durapore membrane (L£% 0.22 um, & X 125 um, Merck
KGaA., RAY) ZEEBGAATR, ABAITO In OFT > RT7 A MEEZMET D720, Efif
R OFEIEI T AMEER & LU & ORI IS 721010, FEHEREIL, 2743 C DBRE TICk
mf2mmmeﬂ®ﬁﬁT$M@%ﬁféﬁ&#%ﬁ%mﬁm AR L VR L7,

EERb W CEN e LEMEREIL, 2 E@ BWT Zn/I-RFB @ =t 2 kR CTRE
L7z 20 mA cm=2 & Lf:o F7- EREEIX 3 EICBW T EMENMNE 1.00 V vs.
Ag/AgCl LU FIZHIHT D 458HI D& 1.8V pr”i L7c, 2, BR)S OEEEE MR
75-0.763 V vs. SHE. 725 5-0.962 V vs. Ag/AgCl T2 = L i, BMAEE,R 1.8V T
HIVUTXIERENLD 1.00 V vs. Ag/AgCl Z i 2 5 A REMITIR W=D TH D,
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(a) Current collector of (b)
negative electrode

Top ) - Electrolyte ¢— , (Zn plated Fe mesh) Pump - Q
. y A

S /

Cl-
ZnZ*

Additives

~ Porous membrane

Pump

T Current collector of
positive electrode QA
(Ti mesh + Carbon felt) .

Tank

Bottom Tank

Figure 5-3. (a) Shema and (b) picture of a single electrolyte-type Zn/I-RFB.

5.3 EERRIR LB
5.3.1 RNV I UEREEIROARK

Figure 5412, (a) 3.0 M Nal & & . (b) 10.0 vol.%® PC % &¢r 3.0 M Nal I %t

3EMENLEHWT WE OFENMZ 0.80 V vs. Ag/AgClLIZHREFL -2 8L S ¥ 72D E

E’S_’mﬁ"o PC Z & £720 3.0 M Nal IR\ T, I D AT KIS 2 BB EaDE 18 7 6
iz (Figure 5-4 (a)), —JF. PC Z& e 3.0 M Nal JFKIZI W TIiE, B EERIROWE N
kS 7 (Figure5-4 (b)), B3RV I UFEHEEEKTH S, Figure 54 bITTRT LI
R I UEEEGERE VT EBRIRE ORFIIHAMTHY . ZHEERY 3 U FREEIRIBUK
HTHHZ EEEHRLTND

‘

Polyiodide
complex

Figure 5-4. Pictures of I- oxidation at 0.80 V of the glassy carbon in (a) 3.0 M Nal and
(b) 3.0 M Nal with 10.0 vol.% PC.

Figure 5-5 {2, 3.0 M Nal {&iZ & . 10.0 vol.%® PC & ie 3.0 M Nal ifikicRi1T 5 7 1

)T rna T AEkad, WE OFENIE 0.80 Vvs. Ag/AgClIZ 10 s 448 L7ZE#4IZ 0V vs.
Ag/AgClLITH] D B % 10 s fFF L7, AJIETIX, 0.80 V vs. Ag/AgCl iZB W\ T -3k &

101



L. 0V vs. Ag/AgCLIZEBWT I-O{LAERM N EICIND, PCEZEE720 3.0 M Nal i
RIZHRNTIE, 0 - 2 s (20T CTRBMARBMEERMEOK T & . 2 D% OBLEREOIREH
BRI S, B 3EBIOH 4 ETHROMEY | AT LEEOEAICERR L, %ET
BEDTE R & AR OBEFRONCERR T 5, —JF,. PC & T 3.0 M Nal #ERIZIH VT,
0.80 V vs. Ag/AgClIZH1T HE{LERDEFEA PC 25 £724 3.0 M Nal I##kIZH~T
160 %M L7, £/, PCEE £/ 3.0 M Nal IARICHE W T S =B L ERED
EE O Lz, ZhUE, 8 4 = CBER L2 IRINAION R & [FAEEIZ, PC AS L gl O 1R %
MRETHEOTHDLEEZLND, 0V vs. AglAgCLIZHIT 5 I-DBMLA KM O TG T
X, BT DS 10s B EHRNT, PCE2ELERMEO TN PC & £20EELY &
BICEMMEAKRE L 2o7z, ZiUL, PC 28 VR TIE oMLz L 0 Ak L7z T
DV BRI T 572 WE 5 Ca#{bkT 25— 7T, PC #8554 Tik -0
I E VAR LEZRY 3 FBELERO N WE ORIEFET 28Ik, RYyay
FEGROZBEITFILDFHHINCETT 2720 Th 5,

LU EDFERN G | PCIX T-ORLIIGHHC T O AR L, R 3 vREEREE
T 5 EEZBND,

- 0.80 V vs. Ag/AgCl 0 Vvs. Ag/AgCl

> &
>4 >

« 1500

Lo 3.0 M Nal

(3) / with 10.0 vol.% PC

< 1000

5 500 |
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= \
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0 5 10 15 20

Time /s

Figure 5-5. Chronoammperograms at 0.80 V vs. Ag/AgCl for 10 s and 0 V vs. Ag/AgCl
for consecutive 10 s in 3.0 M Nal and 3.0 M Nal with 10.0 vol.% PC.

5.3.2 ARY I UREEEDIHT

AV 37 FEGERORHEOEIRZ AT 5720, BAEERIEAICBS- 9 5 R0 % 5~
7oo RV I UREAEIT PC 25T Nal KERHP T FOMERHCAR LI Z b, 20
MR iE, T-ofbAERY . PC, K, BXO Nal #H3kD NatnETH D EHEE Sz,
Figure 5-6 |2, A~V I UHEEGIKE L7 BRI (10.0 vol.%® PC #&Tr 3.0 M Nal)
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80-500cm 1 IZHIT DT~ AR ML ERT  AHIZIBW T, LAED L7 BRI 10.0
vol.%® PC # & ie 3.0 M Nal # BT 5, ARNTIBWT, 77 BRI HIXE— 7 238
WENZehole—hT, AU I UFERBEEGENGIF 100 cm™! & 160 cm 12 2 DD E—7 72
Bllshlz, ZhoD2o508—271F, TNEN I & I ICHKT 519,

VI(Ig_)
::- V1(15_)
©
= Polyiodide complex
-a /
=
8
q /
= Bulk electrolyte
—
0 100 200 300 400 500

Raman shift / em™1

Figure 5-6. Raman spectra of the polyiodide complex and the bulk electrolyte in a range
from 80 to 500 cm-1,

Figure 5-7 12, AV 3 v FEHEAEK, V7&K, PC, BLUKD 300 — 1900 cm1 (T
BIFDT7~r AT M ERT, RKIZBWT, R I UvBEAEIRE VT EERD T~
2R MVOTERIE. PC EAKDALY MLrOEREDOEERLS —FK LT, 2O b,
RV IUEHEEERE PC EKREGLZ ENTND,
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Figure 5-7. Raman spectra of the polyiodide complex, the bulk electrolyte, PC, and

water in a range from 300 to 1900 cm~1.

Figure 5-8 |2, Figure 5-7 123517 % (a) H20 &°— 27 O +fEig & (b) C=0 v°—~ @#mﬂlm
T, R I UEESERICE T D HoO B — 27 OEEIL, SV 27 EIRIE & KO -ETEIC
RN EoTz (Figure5-8(a), 2D Z Lix, AU AUVREEERIZEENDKDT T AKX
— DNV EIRCKITEE RTINS N T L 2R LTV 519, #7727k HeO 43 F-fETK
FREOEFER LKRE 727 TAZ—% KT B2, BIpDRED HeO 75 DS BF1ET 5
:bﬁm05~ﬁ®@ﬁf<ﬁﬂéhé BORHZZE DB — 7 gL 70D 2 &k, KFEH

DEBEDOIRT, TROOLKDI TAL—=P/NELRDHEHEEHRLTND, LEDZ &
%\ﬁ)ﬂﬁﬁﬁé% BT 2D HeO 53 113 L 7 BRI K DO HIZ IR TKERE & & AL
LTELT, ZI7AZ =0 bEnNTWbHZ Enmghnsd, C=0 B—ZIiZEL Tk, R

I U FEBEEIRICEB T D EEIL VY B & PC O HEIRIZEE R TR E o7z (Figure
58 (b)), ZDZ Lix, AV I VREAEKOT T PC 510 C=0 FEEM, 7 BRI
PC O I b~ THEPA DR & SRR DIREBZ TP L TV D Z L 2R L TWD, T
%, PC 72 F® C=0 #EanRY I UVREEERDOERICEERKZR Z R LTND 2 L AR
L TW5, 7k, PC OBRIRIEEIZ HRT 2 MMERENIC ST 2 B — 7 BEO HERIL. &R
VavEESKR, VT ERE, BEOPCIZEBWTTE A EER 2Tz,
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Figure 5-8. Change in the half-width of (a) H20 peak and (b) C=0 peak in Figure 5-7.

RV S UFEEARICEIT D PC 41 L OMRIE & O O(LFEREA L. 'H NMR JIIE
L BFLFEHEIC L 0 EHME L7, Figure 5-9 2. KRV = vEEAIRE X OV 7 EFR O
1H NMR A7 V%777, 1.1 ppm, 3.7 ppm, 4.3 ppm, 3B LUN4.6 ppm fHirDOE—7
X PC OXFBRFIIRBESNDIHLOTHY, A I3 vFEEAKICKIT S 3.4 ppm i &
IV BRI S 3.8 ppm AT D B — 2 13 HoO OAKFIFRFITHKT 5, 4 —27 0T
I%. Figure 5-9 |ZHFA L7z PC & IC BT 5 AE R A E O TITHIET 5, DDk
FFEF IR T D =271, 3. 7ppm & 4.3 ppm f1IFIC 2 K &z, Ziiud, PC 38
REEZHELTEBY, 2 00KZBRFNDAEVOMNBEIZANEDD Z ENTET, Klsivd
72O TH D,

PV BRI T D HeO OfLF 7 NI 3.8ppm TH Y | AV I UFEHAKRIZE T
HFENITK 8.4 ppm Tho7-, ZDET 7 FOZEkiE, RV I UEHESEKICBWT H20
DKFBIRTOEFHEEN SV BRRT LY ML L 2R L T05, Z ORI,
PC & e O E 3T 5 Ha0 OBFIEN, AV 3 v FESERONERIZB W T/
7 BIREONERL D HIRNZ L EZRBR LTS, R I R EARICBITZE—27(1)E(Q2)
X SV ERHRICBW TR S — 7 fE L D bl & b 0.1 ppm 13 & ERESAIC
V7 hLie, —HTE—=Z7Q@DFy 7 ME, WV EBRRRIZBWTHAR Y 3 v EEEK
IZBWTH AL LdoTe, 202 &k, PCHEEICBIT 2 A TFAIENRRY 3 vFEEKD
FERIZEAG L TWRNWZ L2 ERLTWD, RIS, RIWKFEETH H5-C-H-X
—C—He= 28RO E E M AER LAY 3 UBEHEKRE T 2 & 135 212<
W, 7205 1 H NMR JIE & 7~ o OfiRIZES < &L PC TR HBEHER T, K
C=0 f&A DEEER 1M -OBLAERYSC Nat L NG EK T2 2 & TRY a vEEE
RO EE 2 ZEEZ R LTWD, £ LT, AU I vRESEIZBIT S PC ORILKSE
X, SV BRFEPIFELTWDL EEXBND, T72bb PC OkfbkFERIL, PC,
H20. I-Df{t AR S L O NatO B G 3 2 AER D GRS 4L, 20 7 SRR AL i)
THZELT, RY I UEELSEICHAEEZ 2L LTS EEZX D,
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Figure 5-9. 1TH NMR spectra of the polyiodide complex and the bulk electrolyte.

TH NMR A7 bV E— 7 OFERREIZE S TRIB L2, V7 BffR SR Y 3
UHRBEEIRICEBT D HeO 73 12k % PC 43 FDEN53H % Figure 510 (IZR-d, AU =
UFEBEAERPIZEBT D HeO 5 F12xtd 2 PC 3 F-OFNGERIL, 2V 7 BRRERTPIZET 5
FNED B I0FREDN o7, ZOREIE. KOFHEROBENL LAY 3 UFEEEEMN
PNV EBIRIR & IIREIC R DRI T D Z E AR LTV A,
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Figure 5-10. Molar ratio of PC to H2O on the basis of integral intensities of 1H NMR

spectra.

ABFZETIX -0 & LT Nal Z iz, R 3 vFEEARIT, 1% L OfFE Pz 4>
72D Natz G833 CTh b, 22 THRY a3 vFEHEAKIZEEND Na BE%Z ICP-MS HlE
WX VEHME L7z, HIEA 3 a1 L, Table 5-1 (2789 X 912 Na BT 2.1 M &I
Lz, Bifoi@ vy RY 3 v FEASRITBKEEZ RT—HFTKREA A 2ET, 5T D &,
RV I UEEEERITBOKNE & A A MO OME & R R0, AR, A A4 2 2 E
W72 5% Zn/I-RFB IZEH T& 2 L& 2 7=, AV I UEEEEREZHW 1R Zn/l-
RFB O#fER L ORHIFE IV Ci, 5.8.4 THIZRT,

Table 5-1. Concentrations of Na measured by ICP-MS.

g L1 [mol L]
No.1 45 2.0
No.2 52 2.3
No.3 51 2.1
Average 49 2.1
Standard variation 4 0.2

107



5.3.3 ELFFHEA

PC MRV 3 v HEEOGRETER T HHEIC OV T, B HEFHEOBEN D b EE LT,
Figure 5-11 (2, PC 43 F-HIRICH T A KR T OEM DM E T, L2 o I3 EmES 7 Ch
LT, BB UTZRF L AICOM LR O & TR T2 2 ENARETH D,
PC 5 F+NTHROLRELGMLIEFEFIL 3 5D O JFFICkEdT S CIRF+CThob, AF Ik
O CJRTF BN RKE L, OJFRFIZILHT 2, LL, 7v o atlllEs OV HNMR
EDFEFIZE S E, TN CRFIT Ly FICEM LN EE X 6bND, 2k, CJKH
F LA LTWD OJRFRH RO VKEE &2 | R ERORE R TR FHABNLTE
MWD THD EHEIEND, —J PCICBITS C=0fE40 O R FixmWEMa2A L, &
G E 0T, fERE LT, C=0FEED O JFH1% I OENLIZB W Tl bIETEZR R+ T
HHEEZLN, ZHIET v AT MUCBIT SR Y 3 7EBEARTO C=0 FElF D1
meBEET 5,

Figure 5-11. Charge distribution of PC.

Figure 5-12 (2, ()2 731 & H20 /3 FDRELEME, BLOO): 5+ & PCHTDORE
EMEE R, ZRLOMEEERT 2BOMAEAT R LVF—1Z, ZhTh 0.194 eV
(Figure 5-12 (a)) & 0.205 eV (Figure 5-12 (b)) TH o7z, ZiE, Iasr 1% H0 551
FVHPCHTFEDIENEVZERMEEEZRT D22 LERLTND,
(a) (b)

9

Figure 5-12. The most stable structure between (a) Iz and H20, and (b) I> and PC.
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Figure 5-13 (., (a) H20 & H:20, (b) H20 & PC, (c) H2O & Na*, (d) H2O & I, 5K
We) HoO & I DEERENAEE #7793, Table 5-2 (21X, Figure 5-13 DEEEITHIT 5
H NMR b7 7 O REEZ TS, TOBE, 7 87 AF AL T AZBT 257 b
OFFEMEZEFUSE L THW, ARICBIT D HIR 0% ZIE, Figure 5-13 (2~ 9 H i1
DFE S ERIE LTS, HoO & HoO 7 (Figure 5-13 (a)) (28T DLFT 7 b D
X 2.55 ppm TH V., Figure 5-13 IZ"T 5 DORXT OF TR KE0oT2, TDT2d,
H20 —H20 726 Z DM DORT ~DZEbElE, b5y 7 M OEESR~OZ L EITHYE T 5,
Table 5-2 (Z/”F L D12, (BFT 7 b DORRE(EIZ H2O — H2O 705 He0 — Is=~D 0.57
ppm THoT=, —F. &/IELEIT H0 — H0 705 HaO — PC ~® 0.31 ppm TH o7z,
ZDOZENDL, NVTEMRKNOARY I UFRESRICENT D L THEL D HeO DfbFY
7 D% b EIX 0.31 — 0.57 ppm D TH D LitH S5, Figure 5-9 @ 'H NMR HIE S
RIZBWT, WL 7 BRI ERY 3 URESERE OMIZEIT 5 H20 D77 F o2& b
134 0.4 ppm Th o7z, ZOIEND, 2 HFHOEERFEIEHET MTEED  GHRETS
RTEHL OO ALF T 7 FOELEITFERER L EEMIC B Lz, £ LTI O/MEIL,
AV FUREEERPIZEBNT HeO O HoO LS D531 & OENIEED I L7z 2 & &R
LTEY, 7w AT MUZEBWT He0 B — 7 OHEIEN D, TRbbKkDy 7 A%
=N LT AT D,

(@) BAE
@9 3_H 9 ) 9 3-H
AN 2 > /
1-H  2-H A\ gy 2" H > "/4—H
9 9
(c) (d (e)
1-H 1-H Y
e o > o o ®
2-H 2-H

1-H 3‘,32—H

Figure 5-13. Stable structures of (a) H2O and H20, (b) H20 and PC, (¢c) H20 and Na-+,
(d) H20 and Iz, and (e) H20 and Is-.
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Table 5-2. 'TH NMR chemical shifts calculated on the structures inset in Figure 5-13.

H20 — H20 H20 — PC H20 — Na+ H20 - 12 H20 — I3~

1-H 1.39 ppm 1.51 ppm 2.17 ppm 2.01 ppm 1.79 ppm

2-H 4.48 ppm 3.80 ppm 2.17 ppm 2.01 ppm 2.17 ppm
3—H 2.16 ppm 1.81 ppm
4—-H 2.16 ppm 1.84 ppm

Average 2.55 ppm 2.24 ppm 2.17 ppm 2.01 ppm 1.98 ppm

PC »% O Ji11E, 1ZEFR L= VF—¥EMIZH D 2 K OIMLE X E2HLTNDH, Zh
O DOIMNEFXHNIRY 3 VEEGEROBHRICEE L CTEERERZRIZL WL EEZI LN
%, Figure 5-14 12, 2 2D L2531 & PC L ORI TCOREWEE/RT, Z OMEDHEEH
TRLFE—(10.435eV Tho7, TZTIE2oD L4y F & PCOC=0#EED O JFFED
WERELZFHE LN, EBEICIZPCO3ISD O FETHENFN2OETO LyT &
FIRFICZEMEZTER L 9 2, 2O X9 RAEEMIEN, R 3 v REGKRELEKT 5 LB 2
bid,

Lo
~1
o
o
>0
Lo
~1
o
o
>

2.830A ™. 28304

f&

Figure 5-14. A stable structure between two I2 molecules and a PC molecule.

I ZETOARFHIETORRIZE SN, KV 3 v EEHSKROEEET V% Figure 5-15 |2
Y, R I UBREAEROREIE TlE, PC O 0N RALKFERLE L 7 BRREMIZ T C
Bl LT\ 5, NESOBMIFEETL, PC @ O i1 & FIZ I, Nat, FB X O H20 2B S
b, LT, 2O ORMEEITS PCHF a2 i T &R L TnWb, KKICK
F5PC B OWEIZIIKE A A NG Ei, PC LT EKT D, ZORIEIZLD
R I vEESEIT RO BRI & A ORI E DR ORA OME 2 RBLT D
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EEZ2 D, PCOLEITKDOHELY b REWD, PC BRI ARY 9 7 FEES
{RI% Figure 5-4 (b) T/R L7z X 9127V 7 EBIRIR O CTLEkET 5,

® b
o . e N
(‘ > _\. r.' ° o |
¢ “'(‘ o o o .‘I.‘ J)
‘ 9 o J H
. c®
shell © et L, ®C
=) v -
/ Core @ : o P4 :— ® 0
® o’ e o v
o ® ° %
v o % 0 Na
e, e
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e’ * Hydrophobic
< L
Image of the polyiodide complex shell

Figure 5-15. A model of the polyiodide complex.

5.3.4 —{i% Zn/I-RFB O#FAf

AU Iy FEEGRIT, A AU E T EBO BB & 0T 5 2 LR TE
128, —WSRO In/T-RFB IZiEH T % E#IFF S LD, Figure 54 (IR L7Z L 912,
EMFEEARY THDLRY 3 vEEARITIENCLY BLORICEAERIND, £, A
A EERIE Zn &8 Th D AMEBRRIICEN LIRFF S5, £, Efa L
O THEICELE L, AfRZ L0 EEICEE T IUX, A A 2 AZHR A E < C 6 IEAMO A
R % 2SN BT 5 2 N TE D, ZO—Wi%k ZIn/I-RFB 2 v 7 s % i ERERIC
K URRRE L 7o, HYiZdEmoAXE LG EIX Figure 5-3 [IZR LT\ 5,

MO FHERERIIEN D, PC BNAWMKISIZ S 2 284 7Hli L7-, Figure 5-16 |2,
(a) — (DD 72 2 BT T 320 mA cm=2 OEFRBEIC LV 225 s BHT S W72 Zn | DT
HEREE Y, & COEMIKIE 4.0 M Nal & 2.0 M ZnCle & 74, (@IZHINAIZE £7°,
(b)iZ 10.0 vol.%® PC, ()i 1.0 vol.%? PEG200, 3L UNd)iE 10.0 vol.%® PC & 1.0
vol.% D PEG200 % &te, WNF%EE 22 WEMK T CEN S E7 Zn £F 12138 1 mm ©
PN T o R4 MBS N7 (Figure 5-16 (a)), PC I Zn &BOEIEEL 5 23

(Figure 516 (b)), PEG200 %7 > K7 A h &l L7= (Figure 5-16 (c)), PEGIZL 5
In 72 K74 FOMHENIT AN SN THABRTH Y, PEG 2 Zn ([ZENITH Z L1
FV3lEEZ &n 5202020, PEG200 & PC RN+ 5L, T RI4 MR S
7= (Figure 5-16 (d)), Figure 5-17 (21, 10.0 vol.%? PC % & ¢r 4.0 M Nal & 2.0 M ZnCls
DOBEMETFCHE L7 v ) RT o7 T ARt BREE%Z-50 mAcm=2 T 30 min
REFLC Zn &R ZEH S 7-%. WE QBN 0V vs. Ag/AgCl [ZE]5# T % £ T 50 mA
em 2 DEFEE CTEN Lz In & 2R R S W72, T O R GETEN L2 Zn &8 7 99.8 %
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DL S NT=, 2O ORERIT, PC A TOENT Zn OFIECIR LI C B
ERIFER NI L ERLTWA,

.

Figure 5-16. Morphologies of zinc metal electrodeposited at a current density of 320 mA
cm~2 for 225 seconds in the electrolyte of 4.0 M Nal and 2.0 M ZnClz as active materials
and (a) without additives, (b) with 10.0 vol.% PC, (¢) with 1.0 vol.% PEG200, and (d)
with 10.0 vol.% PC and 1.0 vol.% PEG200.
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Figure 5-17. A chronopotentiogram of 4.0 M Nal and 2.0 M ZnClz with 10.0 vol.% PC.
The current density was held at =50 mA cm~2 for 30 min and switched to 50 mA ¢cm—2
until the potential of the WE reached 0 V vs. Ag/AgCl.
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R, BHOWFEREE TRY I URESRLTRT 2 DICKELR PC REZH T,
Figure 5-18 (a)iZ, 20.0 vol.%® PC % & 1.5 M Nal & 0.5 M ZnCle O Ef#iK > 'H NMR
ARy MV ERT, PC OIREIL, WEEEWE Th 5 IPA IZKT 25 PC OAEXIFER @E D
RIS WTH I L7z, Figure 5-18 (b)IZi%, EHMOAFEH (SoC: State of Charge)
IZBWT VT BRI E D PCIREZ T, SoC 100 %lE, fliAZD -3 T I3-I
AT BB O GHAR L L TEFKZ LT, SoC O EFITHEV PC AR Y I vEBEAKE LT
DEES DT, ST BRERIZET D PC O vol.%IEE T L. SoC 85 % T 12.7 vol.%IZ
L7z, Figure 5-18 b)DOFERICHE S &L 1.5 M @ Nal 2 & TeEMMIKE SoC 0 %n b
100 %D#H THEM T 2RISR Y 3 v REAR LB T 7201202 e PC REITA 10
volL.% EHEETE 5,

(a)
H,0 (3

= (3) 0 5
o
E‘ (2) OY
E @) IPA
E (2) P (1| : !

T T A ij | AP[IX T T T T T - T

6 5.5 5 4.5 4 3.5 3 2.5 2 1.5 1 0.5 0
Chemical shift / ppm

0 20 40 60 80 100
SOC /%

Concentration of PC / vol.%
[
o

Figure 5-18. (a) tH NMR spectrum of 1.5 M Nal and 0.5 M ZnCl: containing 20.0 vol.%
PC with IPA. (b) Concentration of PC in the bulk electrolyte according to an increase in
SoC.

Figure 5-19 (a)IZ. 20 mA cm=2 OE L CHIE L 7= —i % Zn/I-RFB D)8 7 K E i

B~ Figure 519 OIZIX, FIEIFKHERBROMENOE L s —a V2 R1T,
1.5 M Nal & 0.5 M ZnCl Z{E¥WE & L THV., 1.0 vol.%® PEG200 & 0.15 vol.%® HC1
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ZWMAIE LT PC 25 LeBMfR L PC 25 £ WEBMiKRO 2 FIAOEMIKZ TRk
BEME AR L=, PC OWHIEE X 20.0 vol.% & L7z, 1.5 M Nal & 0.5 M ZnCl: 2 & T
BN DFGRA BRI 26.8 Ah L1 ThH 5, PEG200 & HClLIEZ, TNEFNZnT v KT7A D
RN & AL O pH Z 3EEVEICHIET 5 7= DIl 2 72, PC &8 £/ WEMIEZ AV
Bt REENHRARED 26.8 AW LV ICEE LB O EVEEN T v A T7EED 1.80V
ICEIE Lo Tz, 5T, MEREN 18.6 Ah L1 LK<, 7—ua @RI 70 % TH
Sz, ThbiE, EMAEEERD TH S [sOIHIC L v B CRERIGHET L2720 TH
HEEZLND, —J, PCEELEMKRE V-GG, EREIL22.7TAhL1IZm EL,
77— L EZ 90 % i E L, ZALORRIL. AU I UFEEAERPIER SN
EARFEE AR OB IH S D Z & T, BOMERISHIH SN2 L 2R LT D,
77— EEROFED 10 %5513 R Y I UREEERELER L T BRI -2 T 7,
—HPABCOHELZZ EICHRTDHEBE 2 BN, Figure 2-13 [Z/RT0 Y | 72 KM E T
DERFHRIZEBNT, R Zn/I-RFB 2 —#ifb+2 2 L Tax b AU v b & HT 720K
HHID 27— CRERIT 80 % EERE I, AR TH L7 — 1 3 90 %liT
INEWMETRR TS D,

(@ 2 (b) 100
Ls — With PC 00
. — Without PC / X
1.6 ~ 80
—— )
> 1.4 2 70
o 1.2 g 60
& g _
= 1 o 50
o g
Z 08 £ 40
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Figure 5-19. (a) Initial charge-discharge curves of the single electrolyte-type Zn/I-RFB
measured at a current density of 20 mA cm~2. The electrolyte without PC was 1.5 M
Nal, 0.5 M ZnCls, 1.0 vol.% PEG200 and 0.15 vol.% HCI, and the electrolyte with PC

was those compositions above in the addition of 20.0 vol.% PC. (b) Coulombic

efficiencies of the charge-discharge measurements.

RZIT, &R Zn/TI-RFB O YA 7 VEE % BB ik Fe s aliRiZ L 0 3 L 72, Figure 5-
20 (@IZ, #EIFEERBRICH L7=0 &R L PC 2 & @B ARk 2 H\ O CHIE L 7= Fe i dhir
ZRd, B0 YA NV EE L CRE LI FRIEY A 7 V31T Lz, FRERFIZIE 1.40 V 1T
(277 h— (B 28 S i, BERIZIE 1.00 VAT 7T b= 8l ST,
Figure 5-20 (b)IZ1%, 7 — v V33 BEHE, = xLXF—2hE, BLOREMEREZRT,
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I TCOZRAX—RITIE, BREEAR S T LB NHEEITIEEN TR, 77— %)
RIT 10 VA 7 NVEREE TIE 90 BEEETH o772, DRI A 7 V2D mIZm BT 5
fHmZr Lz, T, A 7 AN B W T IEMRO FEB AR O AR ME SoC 18
E THDN D ZOICHBAERYNZEICITR TSNS, A EMAICIEFT 572 T
bHLEBEZLND, —Ji. VA 7 NVERD LFRTE LT BT B A i 03 IERREE BB (R P71 %
CEMEND Z LT, EMOK SoC SR b 720 7 —a V@hknm Lz &%
b,

%

(a) 1.8 7 (b) 100 (g XX ¢
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Figure 5-20. (a) Charge-discharge curves of the single electrolyte-type Zn/I-RFB
measured at a current density of 20 mA cm~2 through 50 cycles. The electrolyte was 1.5
M Nal and 0.5 M ZnClz containing 1.0 vol.% PEG200 and 0.15 vol.% HCI with 20.0
vol.% PC. (b) Efficiencies of each cycle.
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5.4 KEDOE LD
PC ZEMHRIZININT 2 Z L2k 0 | EMFRERHIBUKMEOR Y 3 7 FBEEEPIER S L

L EWET D LI, ZNEHWD Z L TZn/I-RFB O FE 2 (K2 A Mba BT 25—

% Zn/I-RFB Z i 1EREAM L. LLF OfHm 2 1572,

> PC BINZ KV ESNDARY I UREARITBOKIE L A A MO OMEE 27~ L
Too ThDH VT BRI OB CIERET 2BUKME L | KA A 2 NE LER
{LZHNTRICARE T H DA A MEZ PR - Tz,

> R I UvFREGIKRE V7 EBRER & OFE T, PC D C=0 #5H5D O J7Z 78 Lo 43+ &
BAL L7223 B2 0 | PC 4y 1D IRALKFE IS SV 7 BN EL R 3 2% 2 & TBiAKME
DEREFELTND EEZ B, ZURBUKEDORIFETH D L HEZE LT,

> RU I TEEEEONIBIZITIKRRA T NEEND -0, BKMEDORRE O " HEEIC
L0 BUKMEE A A ORI E DR RO E O E AR LB X D,

> RV IUEHEEERICBNT, WL LToO HoO 75 F12x3 5 PC 75 1D EILVIERMN,
PNV EBIRETPIZBIT HENLED K 10 ERE o7z, PC OLEITAKDEEELD B
KREW2H, PC B RME S ALY 2 U REEWIT IV 7 ER O Tk LT,

»  —WR ZIn/I-RFB % fE L R iERR 21T o 72, R Y I UFREEGKRE WD Z L TA A
R Z AR L B EEMSEZIHTE ., 90 %L LDy —m UBERPGE LN
77

116



1) D. J. Eustace, “Bromine Complexation in Zinc-Bromine Circulating Batteries”, /.
Electrochem. Soc., 1217, 528 (1980).

2) R. Faries, “Zinc Bromide Flow Battery Installation for Islanding and Backup Power”,
ESTCP Project EW-201242 Final Report (2016-09).

3) J. Lee, P. Srimuk, S. Fleischmann, A. Ridder, M. Zeiger, V. Presser, “Nanoconfinement
of redox reactions enables rapid zinc iodide energy storage with high efficiency”, /.
Mater. Chem. A, 5, 12520 (2017).

4) C. Xie, H. Zhang, W. Xu, W. Wang, X. Li, “A Long Cycle Life, Self-Healing Zinc-Iodine
Flow Battery with High Power Density”, Angew. Chem. Int. Ed., 57, 1 (2018).

5) S. Ito, M. Sugimasa, Y. Toshimitsu, A. Orita, M. Kitagawa, M. Sakai, “Formation of a
hydrophobic polyiodide complex during cathodic oxidation of iodide in the presence of
propylene carbonate in aqueous solutions, and its application to a zinc/iodine redox
flow battery”, Electrochimica Acta, 319, 164 (2019).

6) J. Yang, Y. Song, Q. Liu, A. Tang, “High-capacity zinc—iodine flow batteries enabled by
a polymer—polyiodide complex cathode”, J. Mater. Chem. A, 9, 16093 (2021).

7) M. Head-Gordon, J. A. Pople, M. J. Frisch, “MP2 energy evaluation by direct methods”,
Chem. Phys. Lett., 153, 503 (1988).

8) M. J. Frisch, M. Head-Gordon, J. A. Pople, “A direct MP2 gradient method”, Chem.
Phys. Lett., 166, 275 (1990).

9) M. J. Frisch, M. Head-Gordon, J. A. Pople, “Semi-direct algorithms for the MP2 energy
and gradient”, Chem. Phys. Lett., 166, 281 (1990).

10) M. Head-Gordon, T. Head-Gordon, “Analytic MP2 frequencies without fifth-order
storage. Theory and application to bifurcated hydrogen bonds in the water hexamer”,
Chem. Phys. Lett., 220, 122 (1994).

11) S. Saebo, J. Almlof, “Avoiding the integral storage bottleneck in LCAO calculations
of electron correlation”, Chem. Phys. Lett., 154, 83 (1989).

12) N. Godbout, D. R. Salahub, J. Andzelm, E. Wimmer, “Optimization of Gaussian-type
basis sets for local spin density functional calculations. Part I. Boron through neon,
optimization technique and validation”, Can. J. Chem., 70, 560 (1992).

13) C. Sosa, J. Andzelm, B. C. Elkin, E. Wimmer, K. D. Dobbs, D. A. Dixon, “A local
density functional study of the structure and vibrational frequencies of molecular
transition-metal compounds”, J. Phys. Chem., 96, 6630 (1992).

14) V. Barone, M. Cossi, “Quantum Calculation of Molecular Energies and Energy
Gradients in Solution by a Conductor Solvent Model”, /. Phys. Chem., 102, 1995

117



(1998).

15) M. Cossi, N. Rega, G. Scalmani, V. Barone, “Energies, structures, and electronic
properties of molecules in solution with the C-PCM solvation model”, /. Comp. Chem.,
24, 669 (2003).

16) Y. Ito, M. Nyce, R. Plicelich, M. Klein, D. Steingart, S. Banerjee, “Zinc morphology in
zinc-nickel flow assisted batteries and impact on performance”, J. Power Sources, 196,
2340 (2011).

17) K. Wang, P. Pei, Z. Ma, H. Chen, H. Xu, D. Chen, X. Wang, “Dendrite growth in the
recharging process of zinc-air batteries”, J. Mater. Chem. A, 3, 22648 (2015).

18) B. Li, Z. Nie., M. Vijayakumar, G. Li, J. Liu, V. Sprenkle, W. Wang, “Ambipolar zinc-
polyiodide electrolyte for a high-energy density aqueous redox flow battery”, Nature
Commun., 6, 6303 (2015).

19) Y. Yamada, K. Usui, K. Sodeyama, S. Ko, Y. Tateyama, A. Yamada, “Hydrate-melt
electrolytes for high-energy-density aqueous batteries”, Nature Energy, 1, 16129
(2016).

20) HHEE, [0 EMFIOIEHIBEME & R IREHE—ERE" DY A = R~—), K
BRIRF S PESE S AT AW JERTH S, No. 25 (2011).

21) S. J. Banik, R. Akolkar, “Suppressing Dendrite Frowth during Zinc Electrodeposition
by PEG-200 Additive”, J. Electrochem. Soc., 160, D519 (2013).

22) K. E. K. Sun, T. K. A. HoangOrcid, T. N. L. Doan, Y. Yu, X. Zhu, Y. Tian, P. Chen,
“Suppression of Dendrite Formation and Corrosion on Zinc Anode of Secondary
Aqueous Batteries”, ACS Appl Mater. Interfaces, 9, 9681 (2017).

118



#6EF ARIh

6.1 AFa LD i

TEAREL DO R B E T LD REF O CO2 DN & Z AU FE 5 HIBKIR BRI ZRA 724
SEETH Y | ma%ﬂm%ﬁbﬁm%ﬁﬂ%ﬁﬁéwiﬁﬁ%<ﬁw%mrwé BE

TIERHCREEMICE T D CO HEHEN S W -0, AT XX —IZ L5 HEDOILK
@*@6%50LﬂLﬁéﬂ%m*w%~m$f%%kﬁ%ﬁkwaéﬂﬁ%k%t
R HHIC L > THANKE K BB T 570, HAE LT D=0 0BT AE
WY AT LOEEENEE > TV D, BAlFEHEEmE LT FU LA 4 Eill (LIB),
F FU AR (NAS) &M, L Ry 7 27 o—&# (RFB) N RHIBZE ISR S L
TRE SN TS, FEEBIZENENER & EFTE AT 523, RUFSE CIERr KB L
DRSS RFBICER LT,

RFB |34 o 7 \C7i SN EBMRIK 2 R 12X 0B 2% v 7 TG, JEBR L, EA
BRI E ENDIEWEA A BNENZ N IEMmE X OVEM L CEMLIE TS T 5 & [FIRE
\ZA A o AR % A Lf%ﬁxﬁ%@#é LX) RETEEMTH D, BIfE, KFE
FAESIEAMAEME DIRAICLHDEEL T2 OB L R ATRERIEME & LT T
7 L& VT KEER R RFB (V RFB) BAEMAR O T & U CTHFZEBIR A HED 5TV 5,
L2 L7236 V-RFBIZTEWE & L CREfili CHEMEEE MRV AT U0 A2 W TN D T m =
A M AT IV —HEETH D, st L CAMICEREREZFIHT 54 7Y v AL
FEEILD RFB IR SNV TW 5, A 7 U » R RFB OKEEIRR Cliddigh, RFER, #
th 3 oKL HERANAE HOTCERIZOWTHFEDNED STV 5, AIFFE T
LA CERIREE N B IEWER & LCHfigh, /3 vFE (Zn/l) Rl %Hbtomﬂﬂmmimw
FIZYD THE SN 72 RFB Th Y | BITERMEIZEOBMEICH 5, S EMIC OV TITT T

B E ST D Zn/Br-RFB OBFZEBI R OZERN H W £ < OMRERH 5, —F7, EMmO
3 U RN TEAFEIERGEMSS Y T U L3 VR - REMOFEHBEOMANH DB DD,
RFB OFHERIGIZIT 2 EMD 2 7RSI T 2 mRITZ L, £ 2 TAIFFE T
E@a?$ﬁm%ﬁﬂ:%ﬁb\ﬁm%w:XA%ﬁmﬁﬁm;ﬁéﬁﬁf%%%mfé
LT, GUREMICETAMEA M LTS LA AME Ls, TORBREIEE X,
A & BBOEMRIEZ LT 5 2 & CEAENRa A N XY v N EHT 5 k% Zn/I-RFB
EREL, TORACICEN 2 KoM 2 B L,

LIFIZ, RXONEZ2ERH L TORT,

1 ETIT, AFEOER L HNEZTRT L & B2, Zn/I-RFB ORFZE 2 #itE+2 Z L &
& EHAREEAZ R LT,

%2 ETE, FHEEBEVATLOIA I I 21— a VOfREREAE R L, 0.01 — 100

119



MW O H A#H TRE L2558, KB AT AL H 100 MW @ 612 BERTROM TH
Wi @gﬁ%szw&Whqm@ﬂmdﬁ%rbt;ﬁﬁ%ﬁﬁmkﬁﬁiﬁ%ﬁmb
72100 MW ¥ A7 AIZBWTIE, Zn/I-RFB (X 4 B L CTHEGFOZEL AT LA THD
LIB, NAS &, V-RFB OWT LW b F&EY -0 OFER = X F¥/(kWh - cycle) & Hi )
%t@@;*%:zbw&w qdamﬁﬁ BOTEAMEER LT, SBIC—ER Zn/l-
RFB 3% H WD HRIRCTHRE - B0 OFBR A FRR LKA N ERoTz,

% 3 FETIL, Zn/I-RFB & &M 26l 5 #t 215 5720, EME & L CRERICENES
ﬁﬂﬁ@*#@?%f&otﬂﬁfﬁﬁ B D ERIEEBISIGZE, D O SUSENT
WAL LTz, F720 RIS D —D2Th 2 —R U BEEROBRGETTEM N I VEDOK
JETEMENC 52 5 B R, RIS TH D Is-& LOAREZ EMERIGE LTED E
T, RIS 2 I 2 2 ERNC ERONTE CEM 2 72012, EMEN % 1.00 V vs. Ag/AgCl LA
Tzl 5 Het 272, £72. 1.50 V vs. Ag/lAgCl UL ETH#ITT 2 EBIAROBRILIZ L D
3 U ROBAGIEITCUNTEEDIR TIZ DWW T, EERREDOREDOBLIZE Y I UENRWE
L5 BRIEH A MERIAT D 2 L BNEECTh D = &K Lz, Bk L7EEREER
LFRNTEICT 5 Z & TEREBENIRE I, FONEEREE T 5 2 &2 R Ue, ROGTEME
DEE LB BRI, B LS D LRI LV b 3 U RO R CRISTEER M\ B L7z, 2,
A YT REEICHT 77774 MEEDOE EH, BLOY A v ME&EICBT
% RIGEROBENNC X B G A Mo B R Lz,

%5 4 B CIE, Zn/I-RFB FRERIZ I 1T 2 IEMEEBERE i ~OE K L I X 2 B OG
DL TIZDWTHRRE Lz, Z ORI LT, BFRICIET v N oA L& 2 R
% LT L EOBERMEES D Z LA Lz, BRALFE. 2Xoirs L 0HH
%%Ki@@%bk%%\#fu%yé@ﬁ%mA% XD To BRI OVEMEEN R XA
BN T B A RER 2 o 4y FICBUE T 5 2 & THomMA4mf L, BL L7- I 201 O /kKF
%%ﬁm#%@%mﬁﬁ#é_&%%%#pbto

% 5 BT, Zn/I-RFB % & 5 (BT 2 2 Mb$ 5 5k E LT % Zn/I-RFB %%
L, g7 re Ly (PC) ZEMILIIMT D LICLY, EMAEERICHKIEDORY
IUBEOENEREND Z L2 R LT, PC HOMEFR T2 L4 LB L, BUkIED
IRAEIK SR EE DS v 7 SR AN BL I 5 2 & ¢, FmBBUKMEE AR a vFEEKTE
FOERE L, £7-, BY I UFEESERIINICKE A F L 2NET D2 E0D, BUkE
EA A UMEORHEE RO Z LA LM LTS, R Zn/T-RFB OfEE@E L, RV =
VREAEEREH D Z L TA A UM E W e EL BEREN SEMST S Z ENT
. 90 % LD 7 —u RPN ONDFME T A VR ARETHDL Z L 2R LT,

120



B 6T TIT, A LERIE LT,

6.2 AEDOREY

K SLDORMRIZ, 5% D Zn/I-RFB O3¢RI LOEMBICHEBR L, OWTTEH 0%
ERE I L OFRRE ATRE Rt R O EBUCHB CE 2 L HIFFL TV D

PLITFIZ, A% 0 Zn/I-RFB OB FEHZOWTREH T 5,

WO R Zn/T-RFB IZ W T, L#EIROMEZ G 572078 b= Lk lD
T N oMEIC AW A BRI TRN LZ BT, BIRIE & EEBRORRILZ2HH 9 5 720
IEMREENL A 1.00 V vs. Ag/AgCl L FIZHIAE9~ 2 H#HIAN Y | KRB 2D 2

—J . —WR Zo/I-RFB 2B W CIL, BEZR & FEHERFR A M) S E 5 - O igaRq %
Bt %, ALOHE 5 FETIX, Zn T v KT A NEAHIT 5 72 O BRI O i i % At
EEREZABEE ORI T, ZHUCK VT RI A4 MIIHITE2b 00, EAMmREO
PRREDS IS < 72 0 EAREREI N L, EEZVEMEIT Lz, F7o, AMOEN Zn O—fBH
BAFEOAUC L - CTHilES 5 2 & T, KRB L OFW@P RN R < 720 FEMERFEOKT
Bz, & 2 TAHKIL, BRIRE AMEEBERONEH 2V I A R —F 7L — h DM
fil, FEAMEBARHOEREZMEDD T, T RI4 FoMfl2X 5,

TV 74 FOIHENIL, LTOFHNEDTH S,

O IEEBEE#E< 5,

TV RT7A MTHNIIEIEOIEREENR KR E WIFEREIND D, ILHEEE /s <

THIENENTH D, MEHIZEBT 2 ELMSEH T CoOmBEEIXZ. LT TEREIND,

5= 12.64 v 0TD050,0:344 p3 (6-1)
5 YEBUBIE, v BRE, D IR, v BURREE, d 0 FEHKIERE

TEREEIC BT H/NT A =20 55 JEEARE & Bk 1 XA (f Eji XoTZE
STLE I D BHMO T XL F —FEFEDOHK 22T, BIEICE X ITRETH %,
— 07, BRiRIE & K EA T AR A K Eﬁ“%ﬁﬁﬁ{fﬁz‘{)lui%"zﬂxﬁm U N [y
D720, WEORMNH 5, BRIEITIE R, TREKTHE TR 515 DT, #itEz i
LI L BT 20BN S < $ 5, o, SR ERIT 4 X R W
Wik TRINDDO T, SliAKNEREZ TT 5729012 iV/lL%Lﬁﬁ*ﬁ’%d\é <T 50
Wk 2 K& <32,
© BRI ZIREINE 2 RN 2%,

AFHILDH 5 ETIE, 72 FTA b2l 2 “kEs# & L TohF5& 200 DR Y —
FLr 7V a—zfWien, ZhpEE s TRELVDO TR ORMB D 5,

@ FEEIREEEZ T T H-0, AMOLREHERE T 5,

121



TURTA NIREREETHDIZENH LT W), AMOLRRFEE K& L
TENEBRBEEZTTHZETMHRTEZENTES, I—Rr 7=/ b % 3 RITHIC
HNEAT ALY, S IRITEHRHER AR D K 9 7elas@Eimse 5 HiE e
RINTNDHY,

ERICHEF L HIECEY . BEEDRBIORBMFROM EET > FTA O 2
S, Z#GR ZIn/T-RFB O 272 63— % Zn/I-RFB O E bz &7,

1) J. F. Parker, C. N. Chervin, I. R. Pala, M. Machler, M. F. Burz, J. W. Long, D. R. Rolison,
“Rechargeable nickel-3D zinc batteries: An energy-dense, safer alternative to lithium-
ion”, Science, 356, 415 (2017).

122



AT SCIZ B4 2 kgt SR L OWFFESE R

(i 30

- Shota Ito, Masatoshi Sugimasa, Yuichi Toshimitsu, Akihiro Orita, Masaki Kitagawa,
Masanori Sakai, “Formation of a hydrophobic polyiodide complex during cathodic
oxidation of iodide in the presence of propylene carbonate in aqueous solutions, and its
application to a zinc/iodine redox flow battery”, Electrochimica Acta, 319, 164 (2019).

+ Shota Ito, Masatoshi Sugimasa, Yuichi Toshimitsu, Akihiro Orita, Masaki Kitagawa,
Masanori Sakai, “Anodic and cathodic modification of glassy-carbon electrodes affect
iodine electrochemistry”, Electrochimica Acta, 379, 138181 (2021).

+ Shota Ito, Masatoshi Sugimasa, Yuichi Toshimitsu, Akihiro Orita, Masaki Kitagawa,
Masanori Sakai, “Promotion Effect by Organic Compounds on Dissolution of an Iodine
Film Formed by Electrochemical Oxidation of Iodide Ions in an Aqueous Solution”, /.
Electrochem. Soc., 169, 22506 (2022).

(FRRR)
- AIMES 2018 Meeting -ECS and SMEQ Joint International Meeting-, Sep 30 — Oct 4,
2018.

”A Single Electrolyte-Type Zinc/Todine Redox System for an Aqueous Flow Battery”
- 5 86 MIEA L, 20194 3 H 27-29 H

PRSI BT BRI S UREBIRDERE LV Ry 7 27 u—Ell~DIGH”

(R537)

- KFFTES 6638812 5 ¢ IREEMLY AT A

- TSRS 6935816 5 1 KIEHR kB, KR IR FEMOFIE L, KERR IR
EMAERK, 7 —Em AT AR OFEES AT L

- WO18/016590 : K&k kM, BAFIE, —IREM AT LR PFEES AT L

- WO18/229880 : /KIFHE% K&

- K5BH 2019-71193 : KF REHMKL IEEL AT L

- K7Bf 2019-160427 : “IRFEHL PFEE L AT L

123



AWIEa BT LR L e L O DI2HTD | <O TR THiREZ B £ LT,

FAHSANEEEAL LTZTANT RIS, fHEHE L LT TEICSHRES ZEVWE
L2 TUMN KR RZERE T80 KB R NLX— 3 AT LAEI FERERIIE E#LEZH L
EiFES,

T D, K LORIE R THRELS S WE LU KRR AT RS
T SHS KEEMEAER. B LOITUNKRERFERE TN KEZ RV — AT LB
WA L B RN - LT,

HEAE T~ 7 U 70 AR AL BRIt AE)IPHERR I ik e IR R FIDERE—
RIZiE, ZETEAY B SALRRR A S AL DED D ABIFEDZATIC H 7 » TRE IR 272X
BRaam LOPEIEE L TOERR L THHE W EE E L, EEILE L ETET,

AREOWEE G52 TLEED, ERlE LCHUNICZHRELS 28 WE L&A T
RUERT HBERELICEHOEEZR LET, RSEOZTICH T W #EE RS2 <7230
F Ut B S ERr NRIEmIE L EAMER L, o ERICZH O ZInEL
TRt EAR AR A SR I, B RERE R A TR E S WE LAk EEE 21
T FREAMEOE T EESWE L2 $8aARF K, JIRFIRIR, 38 X002 3E%
STESWE LTRED T 2 IZEHHP L BT ET,

Rethic, BAIRABAETT NI - MR, LobB B XA TIRTVDE
R BT LET

124



