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Fig. 70 Nyquist plots obtained with the cells (as-shown in Fig. 31) of non-through-holed
cathodes at 25 °C. SOC of the cells: 50%. The blue, red and green solid circles represent the
measured data with cathodes having the LFP layer thickness of (A) 15.0, (B) 26.0 and (C) 42.9

um, respectively. The dotted lines show Nyquist curves calculated using the element values
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Fig. 71. Schematic description of discharging area in the (A) non-holed and (B) through-holed
LFP/LFP cathodes. The values shown in the figures are percentages of the areas of the discharged
and un-discharged parts in the discharging at 10 C-rate.
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4.4 HBFE

SEERLEZROEERBEBOE L — MIBIT DB 7 LRINTER S
DVHENTVWDZ LBBRITE T, BB VL L-EmEZ AV EIcR T 28 B
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TWRWz, B EDORES DLFPIIMEFHIRLITE E TWRWEHET D, Lo

S%OBBIEEDOZHEEIZR LT, LIBSHEBMEHIRAE TH DI HDDORE
ERMEIHZL. TNOOBBICK L TRBITMLIZED X 5 REBEEL 52 5 DHN
RKEBTH D, T-BHBOBENEMEICRDIZONTA =& ZARBRLS D F %
I L ZNEER L RETT DBERH D [19], 5HI1TTE 5720 BB EHZ AR 2 21}
TWROEMLET D7D ED L I REHNEETH 2O bIFRARIZR D
TLENEETHDH LV D, £, BROMITIIER L2EBZT TR, FRa2f®
RUZERLI-EBEEOHELLELLELDbND [20],
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Chapter 5
RHELFP/ACERBEEICBITALFPOR LV — M MEO R LR VRBEA b =X LD
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L— 4 —IRORPBES NIz, LFPACEBIZBVWTHHRAELS AP EBLCHA
LTCWAHERF AR CTE 7z, £72. LFP/ACEMRIZIIT HACBIILFPER TOMIL
EHEIV b L —F—DRHIZE > CTEBM BB OMAE KL VERPKREAZITH
Nz, LoxL, RdEXFEBLFP/ACEMDIZEACRE DY L —F —IILFPE & [k D
ERTOHDLILIPHERTE L, ZOFEMIIKBITLH7 L—F—DREIIZTHONT, A
WAL —Y—EBOHAEEET DM, BEMEHIEE L CIXERBEECR &, &
BEMEORIE L VWoltBr RBERRH D LEZ D, AEIOACE TOMORKE
T, ACDMRFEM D TH HT2OLFP & 2% L HEFITELS | MBLOTVIREL o7
_k#£®@~oebféﬁan5 Fig. 73122 b DEMBO B 0 IRE A BIESEM %
%wfibﬁb<ﬁ%btﬁ%%Tﬁ'% RDOSEMBIE T b ALIZAER L RFRIT

& B @ W ELFP/LFPEME & Ll 2 & R H & BBLFP/ACEMBDBE 7 L —F —H K
NI LRBEINT, o, EEEO—HBIIL—V—ICL2BENRZ T LN D
DOEMBEDOHFHAOTBFELTNDZ L PR TE T,
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Fig. 72. Typical surface SEM images of (A, B) through-holed LFP/LFP, (C, D) through-holed
LFP/AC and (E, F) non-through-holed LFP/AC cathodes (the average hole diameters: 21.7, 22.8 and
25.0 pm, respectively). (A, C, E, F) A view from the incident laser plane and (B, D) a view from the
laser emission plane. (A, B, D, E): LFP layer, (C, F): AC layer.
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Fig. 73. Typical cross-sectional SEM images of (A) through-holed LFP/LFP, (B) through-holed
LFP/AC and (C, D) non-through-holed LFP/AC cathodes (the average hole diameters: 21.7, 22.8 and
25.0 um, respectively). The lasers were irradiated (A, B) from the upper side of the SEM images, (C)
from the LFP layer side and (D) from the AC layer side.

FROFERBEY . ROEML ENZEBBIBN T, EWESEHIE DS REUIRTFE
9%, Fig. 7T4IC5BEIOERICET 2B IRELZ L L O bOE2RT, RbEEEME
LFP/LFPEMRDHZE . L—F—PAHN LIZEIZBW TEBREI RO RKEIVWHEOE
ZRLTNWD, BEBEONTLPHHNE CITEMNOROERREORMAHEOLTNSZ L
DHERTE 7z, R ZEBLFP/ACERIZI T H2ACE O OHMOERIIA3B0umTH
V. R&HEEBHMELFP/LFPEMR L Y b REWVHOHATR SN TWDZ LA b0n5
R FEEBLFP/ACEMIIM DOEM & BT 5 LM OERN/ NS, FEBO
REBZEHLZBE. ROEMIEHETZ LIl o TH A~ MEERLELTH
HIZEDMERTE T,
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Fig. 74. Design of the loading amounts, layer thicknesses and surface areas of LFP and AC on Al
current collectors. (A) through-holed LFP/LFP, (B) through-holed LFP/AC and (C) non-through-holed
LFP/AC cathodes.
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TEEZ B O % Fig. 751277, IHPRE CIXEBRO X TEWEE DSOCIF0% TH %,
GEIEMERBIZR L THEL— 0.1 CTWoLK Y LFREBIND Z &LIZX > TLFPED
BLIA A BT 5 & 3BEZX b D, Z DR, B’E SN TWRIEIZACRIZT
=FUBNRETDH, ZORE, BIEWEREDSOCIT100% & 72D, ACITILITA A v B3k
% L. LFPIIFePOLIfERBEEDENT D [1], D%, mEREGIEST LT,
IR EREICENTCACE LETT 22 EA 6N, BERERIGVACKE THETT
L7eHa, LA A U BACBIZREL, BREINTWET =AU BHBET 2B A5
hbd, ZOFE, ACBMDSOCIZ0% & 725, EDH., RENLTLIA A BEFEHE-
THELLFPEN DACE~ L = XNF—BEHBREL DL EZAOND, ACBIIRES
NTWELTAF VUDBDILFPE~EBE LI 2ITXK->,T, ACED
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Fig. 75. Schematic drawing of charging/discharging processes of the through-holed LFP/AC cathode.
(A) Fully discharged condition, (B) fully charged condition, (C) first discharging of AC at high rate,
(D) first open-circuit condition and electron and lithium transfer to charge the AC, (E) second
discharging of AC at high rate, (F) second open circuit condition and electron and lithium transfer to

charge the AC.
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Abhd, ZTO—EOREBEEOTHNIT., LFPOLEZRAWZEMRL LD L
LFP/ACEMD N ERISEBRRFENM ETL2LEZ NS, FRLIEARHEEER
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Fig. 76. Charging (red lines)/discharging (blue lines) voltage-capacity curves of through-holed
LFP/LFP and LFP/AC cathodes, and non-through-holed LFP/AC cathode at 10, 100 and 200
C-rates. The average hole diameters: 21.7, 22.8 and 25.0 um, respectively. Note that the discharging
was carried out intermittently as mentioned in the text, while the charging at 0.1 C.
FERBERENBFOLNTND I ERHRAITE 5, 10 CTOmEmEEREHKERBRIZIHB VT,
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DR TE D, UL, IKILREBICHET & BRI EE XM ERGRT & R HE £
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Fig. 77. Discharge capacity retention vs. C-rate in through-holed (@) LFP/AC and (@) LFP/LFP
cathodes, and (@) non-through-holed LFP/AC cathode. Inset is the enlarged view in the region of
discharge capacity retention from 70 to 100%.
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Fig. 78. (1) Discharge voltage-discharge capacity curves obtained at different C-rates in the
through-holed LFP/AC cathodes having the average hole diameters of (A) 20, (B) 100 and (C) 200
um. (2) Enlarged discharge voltage-discharge capacity curves to show the DC-IR drop. Discharge rate:
0.1(—), 0.5(—), 1 ),2(—), 5(-—)and 10 ( ) C.
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100 U200 pum TIEZNZ166K% N16fH L TR T 5, ROER Db L TR
%/ L CACE LLFPE % Li'A A v BB T 272D11%. FHRERICEB WV TRBFE
FTRLIAETBER LR TEHRLRNVBERE R LEZDND, ZOERDK
Bl — M ETHUEREWIZEERILFREORTICREEL RITT LHAIS D, T2
bH, BREOERITH S LFPER X CACH DL A A LB DR T ERDOEX
{LERE L OFBEMERH Y, =X VX —BEEIANA 7V v FERIZBWTHARITE
ERERO—DOThHDHI L PR TE T, Fig. 92D L — MNRBRFER L MES &R
BRLLTELDELDEZTY, RO EBMILFP/ACEMBIIKE L — b2CETH
BRUEBERBRFRLTRILTVWIOMPBAITE S, LT, HEL— 5 ChrHEH
ARZETIERI LICHESERBFRIIZEANAZ T OND, BRLEN-HERE
BREFREZ R LD ORS00 ymmOEBTH Y, 80% L LOMEBERERFTFELRL
2o IHIZHEL— 0 CTHT%DMERERFRZRLTNDDBHERBTE D,
—F T, OB KRHREV200 mOBENELZF T 2EMBE AV ZHEHREL— MO
CTIXOSUNREDHEBERERFERTHY, BHABRPRESRoTW T LIIHERE
PMEFTLTW ZEBbhol, ZHITHREMBRY DG 5 7-DC-IR dropDEEIZ X
HHD1EEEZ LI, TP REL RDIZEHERERFERMETTL0IITDRDT
borLEZILND,
INODOREREEEA T, ZXNVF—BERNAT Y v NEROFRREZEBZ &Y
FELLBAT 2012, EBMOFIBILFP/ACT IRx— MV EERL, TMEA D =
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Fig. 79. Discharge capacity retention vs. C-rate in through-holed LFP/AC cathodes. The average
hole diameter: (@) 20, (@) 100 and (@) 200 pum.

R L DT 21T o7, LFP L DRk DA NEE2H T 5 ACEMBD L E #i# % Fig. 80
2R T, HFEMIZB VTR L Z305 L ELFPER & 8 S -5 EACORORER &
DHELNTVWSZ EPEAITE 5, HEREIIEEMIZBWVTHINR14~16 mAh g TH
V. 605 FILFPEM & #Ht S ETACOFFOMBARE S E-RARLRREREEZ LT
FAAZE%20 pm& L7ZACEMZ AV /- 5H& . LFPL OEFRH 167 E T bihAC
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Fig. 80. Discharge voltage-capacity curves of the AC electrode obtained after intermittently
discharging the AC electrode and then electrically contacting the fully discharged AC and charged LFP
electrodes for 0.1, 0.5, 1, 6, 30 and 60 min using the cell system (Fig. 46) with through-holed LFP and
AC cathodes. The line colors in (A, B, C) indicate different contact periods (min). R opening: 0.5%,
average hole diameter: (A) 20, (B) 100, (C) 200 um. (D) Relationship between the electrical contact
period of the through-holed LFP and AC cathodes and the discharge capacity observed at the AC
cathode after the electrical contact. The inset is an enlarged view of the relationship in the contact

period of 0-1 min.

BUAITE 5, LFP & OBEFFEN0.55 512010 TiX L Y MEREOK T A BEE IZ8LH
T&., LFP & OEGEREA0.14 Tldd mAh g L IR DOMERE & T2 L 25% B E
ETERT L7z, ZHUILFP L OEFEREAR THIXRWIE L =1 X —BEINHE
1792729, LFP L OFEFRREEAE VIR AT L+ R XX BB Toh T
WZEERLTWD, —F T, BOE%E100 um& L7-ACEE%Z AV /2354 TIILFP
EDOBEFRIEAPID TORERKEFEDRTLBBTE S, FHAEEZ20 um& L7
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ACEBZ AW HER IR O EB/ONTRERELVI0NEERT L2, BO&
%100 pum & L72ACEMmZ AW 2B A TIES0% U EHET L TWA Z L BNERITX -,
B OB IC L DB BEREOETIIHARPREVEEEICRNATEY, D&
7200 pm& L72ACEMmZ AWZ5E8 CHRIRREME R Lz, ZO/BRITEROK
FHOE4 AT 57b ) BBELFP/ACERZ AV e Eo L — NRBRFE R L B2 R
LTWAbLDLHRTE S, LFPEME ACEROERRHICBW T, BEEMOLI A
A ALBRBE N E S FET HH ORD20 umDACK L OLFPEBOM TR b EL =
FNF—BEDL A A OBE L EIETLTNDEEZ NS, 2EV L — MR
BRERTOMEBEL— FOBEKRIZHEI MEREDOKRTIZL— FNRBR»OH b HER
BYREST L TBET LA A U BEPEEIZR o TND LWV Z D, Table 71245
ARIZBIT IR 2 20 ERREBL L LD bDETRT, EROREREILHD
BWNEL DT L ICREEPEML WD Z ERERITE -, &bic, EROBA
BANSKRDTLIZLIA A VIEERE P EMT 22 L1220, BRELTHAOR
PINSWEZRXNX—BEPEMLZEER DI LR TED, L, BHREZ LY
NELTHLRLAARTH LR LIIRERITHDICRKEAL»ND LN R-ET
BOLEDCRBENTHLERDD [9]

Table 7 Summary of geometric surface areas of the LFP/AC cathodes used in the experiments of
Fig. 55. The surface areas indicate the sum of the surface and sidewall areas of the individual parts.

Average hole diameters of ® in Fig. 16(um) D 20 100 200

Relative percentages of surface areas of AC layer (%) 2 101.1 100.0 99.6
Relative percentages of surface areas of LFP layer (%) ? 102.6 100.2 99.7

DR eing 15 0.5%.

2 To the surface area of the non-holed cathode.

126



54 R&ZEBLFPRCACEMDE T I 12— M E/MIZEIT S L— FRBR
FERUL7ZESIZHET IR— P ELVDZ RV —BENA I = X A ERF LIFER.
LFPHAC~D TR LVF —BEEZA LD & & bICLTA A OBEMA AN L TR X
TWHZENTRRENT, ZDZENL, ZOTRXLVF—BENIETLIAI=X2%
BT 27D AERHELFPRURE RS EACEBORICHA Iz L —4
—DOHBEEEL, L— MRBRICB T 2 MEABRFEOHKREZIT 572, LFPRUAC
HEIT 5 — ML OBRR A Fig. 8USFT, THRAF—BBENEIT IFx— bl
TRV FAEEBORMTIIER SN TS L IIERLTH Y, IBICLiESR
ERAWTNS, ZORICLISRITN D & FEHACEBDO L & /XL —F — %4t L TxtH
THEOIHERS YT, 2FV, FERHELFPERIIX AT OLieB AL —
KoBOLieEZMBE LTHWTWD, £, AERS X LFPEMITACEMR & Al
BAEBEAETELE LR XD IZHEE L TV 5 72 BN 3 B o SR
2L KO REREE L 2D, ZOBBMMEED B L LT, XY ACEROA M LivRE
EHEBRIGEAEL D L O REMERET L Lz, 7N & FELFPEMIZA L CLi& B A K
MLTW5 L, MEREBERNZBVCLFPEM CHHERIGEZAELTLE S b, FP
MHBAC~D T RN F—BECLI A 4 o IBE LM T2 LB TE R, 2oz e
Mo, SEIOSMETIILFPEMRICN M T SLieB A AT TICEBHE O L —F —
D EEETSHZ & TACLLFPEBE O =X VX —BEER 2 NS, =31 F
—BENEE LA A BRI N L 2GR 2B A kT A L &
BEYE L7, REMEITN6.8em?E 722 KO I/ER L, SEIDOE/ /XL —F —[325 um
DEEZFSTEY, Z0®/L—F—%1, 10, I5KO020ER-EMZER L 7=,
L7 o T, BRHEOLFPR CACEMIZIS 1T 28T b2 BERBEIE25, 250, 375K 18500
umé 725, LFPROACEMOBASRMHILIINE TLRRICHAAZE20 pm, FAARIT
0.5%& L7, & FEBMOSEME % Fig. 8211, BRIZHT S L—P—DAFILZ
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Battery tester

L1 metal LiFePO, through-holed electrode
Separator A c through-holed electrode

Fig. 81. Schematic of the cell composed of through-holed LFP and AC cathodes and Li metal anode.

NE TOLFP/ACH HEMEMR & FRRAFMEICRDLLIIIRELL, 2FV FERD
ZLFPEBCTIXBA SN TV RWVENS L—YF—BBE SN X IIERELE, £L
THERSEACEBTIIBHINTVWAELL L—F—PRHFHIND LI ITREL
7zo SEMBIZBWTAEERENS L—F —BRE 725G ThbRERBEIIRL,
RELBYVORDBANWTED, H—ICHO SN TV AR TFEERT LD LN TET,
72, LFPABMINTWAHE., X HFAE CIIHEFN Sz L —F =2 X 528
BONTIC, AlF & PR NRETHDL Z LPBETE T, —FH T, AERHEZAC
BMIZIBW TS, LFP/ACH E M EM L FIRREm THRASh Tk Y., EMmE A5
MBI L—F—EIZRB->TWe, —F TERTHIAIEIIACEROEEFIIBES
NI RBH—IZHRRBE LS BANWTWORF LR T DI LA TE L, Ll AlEI
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Fig. 82. Surface SEM images of through-holed LFP and AC electrodes measured at different

magnification. A view from the emission laser plane of through-holed LFP (A) and AC (C) electrodes,
and a view from the incident laser plane of through-holed LFP (B) and AC (D) electrodes.
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F— MV OBHEKEL — MREBEERZFig 83177, 7IX— MeLIIHT 58
HEME L — MRBRIIER & FRRFETRIEZIT 70, BNV —F — DB IDREE,
R & & LFP/ACTH i Bl & Rk R MEm 233G b7z, 7H B OEERERIGE I/ LT
REOKEBELAEITIIOMALg ' TH Y. ZHITHEL — F20CIZB N T HRIRRFED
BONTWDZ EBNHERTE R, HEL— M350 COBE. TE B OEERERG%
WELNTZREOKREREIZIOO mAh g' THoT-Z & bEL— MIXHRETK
BREPETETLTWSLEZALND, MEL— F20CETIIHETICEIT5HE
JEORBIZLHOREREERTIIBEONT, BELLEH THREISHEL TS Z
EBEBEZIOLND, ERL—F—OHBEEIOR TS E B SEBAETH, B/ L—
B —INIDOEEFL LR TRERERDH D Z L ZMEBEREDERND TIIRZIT HH
oty DEV EARL—F —OBEEEMEE T, ACELFPEMRICEIT DB TH
NIEEBEEZEMIETHLHOEVEENRNWEEZIOND, LNLERBL, B L—4%
— B E 1SHICRRE LRI B L — RS0 CTEEEIKRERREI1T 723546, ACO
HMEARII/ONTVDEH OO, 4B HOEFERERRNOHEEETH 22 VICEE
LTWDZ EPRBRISNZ, B —F2—DBEPISKHE VD RWGETZL4EIB O
BEBERBR CIIHEEEICEZL TV ARWIRETHD Z L BHERTETND, 20
ZEDLRERETRRIRVbOD, ¥ —=F —OBEPEMLIZZ LIZLD
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Fig. 83. Discharge voltage-discharge capacity curves obtained at different C-rates in the
through-holed LFP and AC cathodes having different the number of separators.
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BETLTWDZ EABBITE 7, HEL— F20 CTiE. 1EEOEmERERBRID
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TR —F —HEEHE LY bEEICRHREREORTHBER S -, RESEKRE
BEIT40 mAh g BBEL R, INETTRODRVEETH 72, MEL—H20C
DEM L FRICHEN — 7 BPHBR TR ERNICREBEEETHNIL TV ST
EBRI L7, 2V, ACTORERIEVKEL — 20 COBFE & RRICKEANTH
bEEZOLND, MEBRBERIIHKEL — F20 CE TIE3 VIHEN LHEIT L TV 223,
BEL— h%50 CETIC EREH25A/27 VEBEETMI LT LBENIEITLT
WABZ EDRHERTE T, DED, B/ —F —OHEOEMAE S EBEOEMDE
BIZLVHERBBEENPRESET L EADNS, ZTNWODRBEREEEL T L
D7 FER % Fig. 84IIR T, el L7z Fik & FERIC. BESNCREREREICT LT,
0.1 CTHROLNIZHEREZ100% L LEEBEORERFRLEH L THB L, A
L—2—RN 1 THIEE, HEL— O LRI > TEERERERBERLETL
TV ZEPBRIS NI, ZOEIFI0%RE TH Y RERBFERFROETIZER
ENRhotz, BN —F —DOEEENS TG IIBT 2 RERFREHER LT
D, MEL— P20 CETIXE RN L —F —OBEITHH L 2EmiEonehrole, &
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Fig. 84. Discharge capacity retention vs. C-rate in through-holed LFP and AC cathodes. The number of
separators: 1(H), 3(H), 10 (M), 15 (), 20 (H).
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Néb & BB LLFP/ACEMIIERERERR K VTR E A I = X LT OfERAC
CILFPE TOLIA AV OB EZHE) TXAXF—BEZEI LTI I ERRBIN
2o TOZFRLFXF—BEIOEEIZLY ., LFPOA%Z AV H & MELFPI LEMR &
D b Rdb & EBLFP/ACEMRIIEN - S ERERBRFRE RN LILLEZELLND, LFP
MHACEB~DLIA & R RN T —BEOEB 2B T 52 LB TE N, FHA
BN ZTIT NI NVZEEZRXNF—BENID R VR THACERO R EZEIE T
HZENTERLD, ERDHZZRNVF—BEFEEDOM EIZIITE 2T REBEITH
JAHZLEREHTHDHLEEZXLND, SEMBETELNZMTRELZEEZ 5 L4H
DE B EIZEAOREZ/NEIL T2 EWVNIIEBMEIORE ZMHT D O0NDEER
BERERD, £, FEROEZACEMRIIAN L TOHLLIEBZEEL T, LFPLACE
BORMICHAINIZE R —F —OBEREER LI2BE BT 2B REEERE
JERBRTIL., /83— & —OBEB T 512 L7 - T, BREFOBERCEEREF
FORTHPEZTNDZLEZHERTHI LN TE, DFYLFPL ACEMME ERED
Li'f A U= RV X —BEICH L TRELZ O LTV D ZEPBRITE . 4
% DOLFP L ACEM A AV T2A 7Y v NEBORBRRICE L T, RS MIIZHT 58
ARGEOEER, M OBESZLED THEEGHRMEBRENEEL 2D LEZIDND,
LFPL ACEZAENIAVZ23, LFPE ACKIRE SW72f [13]X°. Sie 77 774 h&iR
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EZAEIE2I2RVALLBEINTEY, ERLIEHOME 2 AW BREPLET
»5 [15], £ A 7Y v NEROMAEGOEIFACIZFH L TLY RERZRLT—
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XRAMEEZDZLIIRD, INETORDEMILENT-BEBOEMEREILEZED D
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Table 8. Loading amounts of LFP layer on the through-holed (Nos. 1-9), non-through-holed
(Nos. 10-14) and non-holed (Nos. 15-23) LFP/LFP cathodes. The samples Nos. 1-23 are
presented systematically by their colored cross-sectional diagrams where the loading amounts of
ca. 0.7-1.0, 1.9-2.1, 3.6-4 and 5.6-6 mg cm™ are represented by color, i.e., yellow, green, blue

and red, respectively, while considering the LFP loading amounts.

Nos. 1 2 3 4 5
Colored diagrams of cross-sectional = 4 ! i E g g ! 5 !
LFP/LFP cathodes ] = ==
Side of Al current collector Back front Back front Back front Back front Back front
Loading amount (mg cm2) 5.8 5.6 5.8 4.0 6.0 2.1 5.7 1.0 3.6 35
Thickness (um) 42 42 45 29 45 15 44 7 27 26
Density of LFP layer (g cm) 1.6 1.4 1.5 1.6 1.6 1.6 1.5 1.7 1.6 1.6
Nos. 6 7 8 9
Colored diagrams of cross-sectional —
LFP/LFP cathodes E g 5 E g = g
Side of Al current collector Back front Back front Back front Back front
Loading amount (mg cm?) 5.8 5.6 5.8 4.0 6.0 2.1 37 1.0
Thickness (um) 42 42 45 29 45 15 44 T
Density of LFP layer (g cm3) 1.6 14 IS 1.6 1.6 1.6 1.5 1.7
Nos. 10 11 12 13 14
Colored diagrams of cross-sectional
LFP/LFP cathodes T 1 E;% géé s
Side of Al current collector Back front Back front Back front Back front Back front
Loading amount (mg cm™) 5.8 57 5.8 3.7 5.6 1.9 5.8 0.7 39 0.9
Thickness (pm) 46 45 44 28 42 15 45 6 29 7
Density of LFP layer (g cm) 1.5 1.5 1.5 1.5 1.5 1.5 15 1.4 1.6 1.5
Nos. 15 16 17 18 19
Colored diagrams of cross-sectional
LFP/LEP cathodes B PR,
Side of Al current collector Back front Back front Back front Back front Back front
Loading amount (mg cm™) 5.8 55, 5.8 BL7 5.6 1.9 5.6 1.0 3.6 3.7
Thickness (1m) 45 44 A 30 44 14 41 8 26 27
Density of LFP layer (g cm?) 1.5 1.5 1.5 1.4 1.5 1.6 1.6 1.5 1.6 1.6
Nos. 20 21 22 23
Colored diagrams of cross-sectional
LFP/LFP cathodes @ ] =
Side of Al current collector Back front Back front Back front Back front
Loading amount (mg cm) 38 1.9 3.7 0.9 21 20 21 1.0
Thickness (um) 30 14 30 7 15 15 14 8
Density of LFP layer (g cm?) 1.5 1.6 1.4 1.5 1.6 1.6 1.7 1.4
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Fig. 85. (I) Typical surface SEM images of through-holed cathodes Nos. 1-4. No. 1 (A), No. 2
(A), No. 3 (A) and No. 4 (A) were viewed from the incident laser plane, and No. 1 (B), No. 2
(B), No. 3 (B) and No. 4 (B) from the laser emission plane. (II) Cross-sectional images of

through-holed cathodes Nos. 1-9. The colored cross-sectional diagrams are the same as those in

m
Incident plane(A)

Incident plane(B)

No.11(A) No.11(B)

No.12(A)

No.12(B)

No.13(A)

Fig. 86. (1) Typical surface SEM images of non-through-holed cathodes Nos. 10-13. No. 10 (A), No. 11
(A), No. 12 (A) and No. 13 (A) were viewed from the incident laser plane (A), and No. 10 (B), No. 11
(B), No. 12 (B) and No. 13 (B) from the laser incident plane (B). (II)Cross-sectional images of
non-through-holed cathodes Nos. 10—13. The colored cross-sectional diagrams are the same as those in
Table 8.
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Laser Laser

(A) (B)
LFP layer ‘ @ @
(front) - / :

Al current - f
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(Back) (C) Laser

Fig. 87. A schematic description of LFP/LFP cathodes prepared with a pico-second pulsed laser. (A)
through-holed structure, (B) non-through-holed structure and (C) non-holed structure of the unbalanced
LFP/LFP cathodes.
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Table 9. LFP/LFP cathodes examined in
this study.

Colored  diagrams Average diameter (um)”

Cathode o orocssectional

os.) @D 33 @ ) €
Nos.!' | Fp/LFP cathodesy (D) (2 (3) (D) (B (&) (D)
1 === 92 40 38 — — — —
> II 97 37 36 — — — —
I8

; - 86 36 42 — — — —
81 36 43 — — — —

4 !!! 1 v 4
545 — — — —

5 iRk 81 35 43

6 !' 80 40 45 — — — -—
7 == HUNB =~ ==~

8 iIE} 75 35 38 — — — —
o EEn 65 33 34 = — —~ -

20 B - - - - - - -
21 .-
» - - - - - -
23 _

1) Nos. 1-9: through-holed structure, Nos. 10—
14: non-through-holed structure and Nos. 15—
23: non-holed structure.

2) The colored cross-sectional diagrams are the
same as those in Table 8.

3) The holes prepared (D, @, ... and @D in
Fig. 87) do not have a perfect circle shape and

thus their average diameters are given.



B ELFP/LFPEM @ L Table 10. Opening rates of holes on the through-holed (Nos. 1-9)
rns . and non-through-holed (Nos. 10-14) LFP/LFP cathodes
— MNRBRER % Fig. 89
Average opening rate (%)1

L:/:J:\.j—o V“"HI*‘jJDI Cathode Nos. D — — @ — ®

2 & &

INT-EBERIIFMTE 1 24 4.5 4.1 — — — —
2 24 38 36 — - - -
TR R Wy =AY/ 3 ” e a0 = - - =
EBAREBERFER A LT 4 18 36 52 @ — - - -
7 - L REE XN TE 5 18 3.4 57 — — — —
- a < 6 18 45 57 — - - -
v [2,3]. SEIOEIEE 7 17 45 s2 99— - = =
8 16 34 41 - - - -

DRIIRDHT VNT R
9 12 3 37 - - -  —
BB CHTHANHE 10 - - — 88 27 27 10
BT & U B 11 - - — 88 17 17 38
12 - - — 82 17 17 25
BamFkOfmE R L 13 — — - 76 15 15 L7
14 - - — 71 13 13 57

72. 10 CTIiX65~75%

) @, @,...and @ show the holes prepared as shown in Fig. 87.
DEERFRNT T

DEMTEB SN TEY . ZOFERFFRIIFEEICF CEEZ 8 L7 B L Rk
ERTHDZLRRZTbND, TROLROEXEBMLINZEBTITL— FDH
RIZ» TRERFBROBRTIFBRI SN2 OO, FETARTOBEBMTEITHNL
IRFER LI oTND Z L LLFPEBIELZ D b D DIRIALEFIREMEDRE L 72 -
TWBZ ENEX LD, BEREEOHIEIC X DLIA A EEIRSUI RS ML &
STERBEN TS EEZ LN [4, 5] LFPEBOAEBRFREZ I LITRET LD

ZITKRLF RS ERTRER [6, 71 Vo2 B F LD HRLT LV TOHR BB ME
LB EHRT D, IHIZ, ROZEBROR b XHFEBEBEL AV ZE/ROL— b
RERAE R DB & Fig. 00177, R BBREMR L ARLREERMFICLIEEE. Rk
BREERFENE LN, HEL— P20 CILB T 2EBEMOFERFRIRNOEEBE
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Through-holed LFP/LFP cathode

Thin LFP layer _
N ! Thick LFP layer

Prepared through-hole

Laminate-type LIB pack

Battery tester

1 Li metal anode
Separator Al current collector

Fig. 88. Schematic description of the common electronic connection of the cells to the
charging/discharging tester and the structure of the cells used for the high-rate performance tests of
through-holed, non-through-holed and non-holed LFP/LFP cathodes (typically shown for the cell
composed of the through-holed LFP/LFP cathode and Li metal anodes).
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Fig. 89. Discharge capacity retention vs. C-rate for through-holed LFP/LFP cathodes Nos. 1-9.
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The colored cross-sectional diagrams are the same as those in Table 8.
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Fig. 90. Discharge capacity retention vs. C-rate for non-through-holed (@) and through-holed

(@) LFP/LFP cathodes. The colored cross-sectional diagrams are the same as those in Table 8.
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Fig. 91. Discharge capacity retention vs. C-rate for non-holed LFP/LFP cathodes Nos. 15-23.

The colored cross-sectional diagrams are the same as those in Table 8.
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Voltage / V vs. Li metal
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Fig. 92. Discharge voltage-capacity curves of through-holed LFP/LFP cathodes Nos. 1-9
at different C-rates. Discharge rate: 0.1(—), 0.5(—), 1( ), 2(—), 5(-—), 10 (), 15(—), 20(—) C.
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Voltage / V vs. Li metal
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Fig. 93. Discharge voltage-capacity curves of through-holed LFP/LFP cathodes Nos. 15-23
at different C-rates. Discharge rate: 0.1(—), 0.5(—), 1( ), 2(—), 5(—), 10 (), 15(—), 20(—) C.
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Fig. 94. Discharge voltage-capacity curves of through-holed LFP/LFP cathodes Nos. 10-13
at different C-rates. Discharge rate: 0.1(—), 0.5(—), 1( ), 2(—), 5(—), 10 (), 15(—), 20(—) C.

152



(A) Al current Discharged (B)

Charged collector LFP Layer

LFP Layer\,  /
Lit—s —Li’

e -y i Li

: _ == :
Li— i ¥ Li

E 41 —

Li*— —Li* § \Ll Fivs
L —Li [.,ow—ra.tc Li _’\ /—l_ " Low-rate

Li=— —1Li

Ljt—l o j+ discharging " _ discharging l l
A
F —Li’
High-rate i
discharging L '

[

High-rate
discharging

Li¥— L1
Eii— L1
L—= B 43
_ < | By
g L1
: by
I .
Low-rate l v/_ . High-rate
discharging Li— —Li discharging
Ji—= —Li

Fig. 95. Schematic description of high-rate discharging processes on (A) non-holed, (B) through-holed
and (C) non-through-holed LFP/LFP cathodes with loading ratios of 3 at low- and high-rate discharging
(e.g.,at0.1and 10 C).
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Discharge capacity retention (%)
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Fig. 96. Discharge capacity retention vs. C-rate (0.1, 0.5, 1, 2, 5 and 10 C) for full cells composed of
(a) through-holed LFP/LFP cathode (No. 7) and two graphite anodes, (b) non-through-holed LFP/LFP
cathode (No. 14) and two graphite anodes and (c) non-holed LFP/LFP cathode (No. 21) and two

graphite anodes. In every case, the loading amounts of graphite particles on two anodes are 1.7 and

0.39 mg cm™.
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1(—),2( ), 5(—)and 10 (—) C. (a): non-porous LFP electrodes with 3D structured current collector
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(c): porous LFP electrodes with 3D structured current collector (height : 100 pm), (d): porous LFP

electrodes (hole diameter: 20 pum, hole opening rate: 1%), (e): non-porous LFP electrodes with 3D

160 pm), (b): porous LFP electrodes with 3D structured current collector (height :

structured current collector (height : 100 pum), (f): non-porous LFP/graphite electrodes.
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Fig. 99. Discharge capacity retention of the cells with LFP cathodes. (a): non-porous LFP electrodes
with 3D structured current collector (height : 160 um), (b): porous LFP electrodes with 3D structured
current collector (height : 160pum), (c): porous LFP electrodes with 3D structured current collector
(height : 100 pm), (d): porous LFP electrodes (hole diameter: 20 um, hole opening rate: 1%), (e):
non-porous LFP electrodes with 3D structured current collector (height : 100 pum), (f): non-porous

LFP/graphite electrodes.
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Fig. 100. Schematic of the non-holed LFP electrode and the through-holed LFP electrode on
COMSOL Multiphysics.
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Table 11. Identified parameters for The LIBs model simulation.

Symbol Parameter Units Name
D 32x10" m?/s Diffusion coefficient
o 91 S/m Electrical conductivity
K 1 W/(m + K) Thermal conductivity
G 881 J/(kg + K) Heat capacity at onstant pressure
rho 3600 kg/m’ Density
& 0.35 — Electrode phase volume fraction
Ee 0.65 — Electrolyte phase volume fraction
r 1.2X107 m particle size
T, 1.5 — tortuosity of electrode phase
T 8 — tortuosity of electrolyte phase
A 50000 m’ Specific surface area
4.5
> NMC > 34 LFP
— 4.0 .
) O
&3 320 T
v—o1 y—
S 3.0 S 30 |
2.5 2.8 L 1 1 1 1
0 20 40 60 80 100 0 20 40 60 80 100
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Fig. 103. Discharge curves obtained from NMC and LFP cathodes at 0.1 C.
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