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Development of next generation storage devices having high performance and holed structures

fabricated with a pico-second pulsed laser and Li' ion pre-dope

Graduate school of engineering
Department of applied chemistry
Takashi TSUDA (201770194)

(Abstract]
Storage devices (e, g., Lithium-ion batteries (LIBs)) are considered promising devices for
solving the recent problems of global warming and air pollution. However, at present, developing
storage devices with high energy density, high power density, and good charge—discharge cycling
stability remains challenging. Moreover, solid electrolyte interphase (SEI) formed on the graphite
anodes in the charge-discharge cycles should be reduced and controlled because SEI formation is the
one of the causes of degradation of (A) ®) ©
battery performance. Recently, Proll et al. timaat 8 /ST‘“\” 5

-

-}

[1] have reported improvements in the

1oh- 1 on-holed . aibroughs o
high-rate performance of LIBs with Eﬁ'ﬁf ; Thongh o T Nothroug o
- i b jFatace Li metal cathode cathode
three-dimensional (3D) porous LiFePO4 anode

(LFP) electrodes prepared via the laser Separator,

irradiation process [2]. Additionally, Li*

Al current ._|
ion pre-doping is expected to improve the klogtar LSathode
irreversible capacity loss regarding SEI.  Cliging/
] discharging tester
However, the optimal shape and thickness Anode
Li metal

of 3D porous structures and have still not ~ Limetal

been determined. Additionally, the Both side-coated
through holed

fabrication of the cells with pre-doped LFP/LFP electrode D)

graphite electrodes increases the, cost, Fig. 1. Schematic description of the symmetric cell

time, and process regarding the Li'-ion arrangement of the cells used. (A) Non-holed, (B)

pre-doping method. through-holed and (C) non-through-holed LFP/LFP

In this study, through-holed porous
LFP cathodes having different thickness

cathodes. (D): the common electronic connection
of the «cell (typically composed  of the

were fabricated with a pico-second pulsed through-holed LFP/LFP cathode (B)) to the

laser and evaluated the performance of charging/discharging - ot the

the cell with porous electrodes and its charging/discharging test.

charge-discharge mechanism (Fig. 1).



Furthermore, activated carbon (AC) might

o . ) Li metal
play key role in improving the high-rate LiFePO, Separator

ko S
charge—discharge capacity retention of LIBs. R "EL

In the present study, through-holed and /1:| ; ; - . ; E
non-through-holed LFP/AC hybrid electrodes  Activated ~ i, aw -
were fabricated using a picosecond laser (Fig. carbon /

; 00
2). The LFP and AC layers were coated onto Li metal

one side and the other side. We evaluated the

Fig. 2. Schematic of the through-holed LFP/AC

electrode.

effect of the AC layer in the through-holed
LFP/AC cathode in the high-rate charge—

discharge capacity retention. Secondary, the

Li metal ““'— G

Graphite :

electrode —{lm:— <]

Li* ion pre-doping reaction speed of laminated
porous graphite electrodes with various pore

sizes fabricated with a picosecond pulsed laser

was evaluated (Fig. 3). To confirm the effect

W gy

of laser on the surface of graphite, X-ray Li*ion doping cell
photoelectron  spectroscopy and raman

spectroscopy were carried out. Moreover, Li* Ely: 3 ohenitle pETe-dopuis metion
ion diffusion path ways in the cell with laminated graphite electrodes having different diameter of
holes (10-50 pwm) were studied using electro impedance spectroscopy. Furthermore, charge-discharge
mechanisms of porous LFP electrodes were analyzed by COMSOL Multiphysics.

Capacity retention of the cells composed of porous graphite and LFP electrodes was the highest in
the tested electrodes. Furthermore, in the result of EIS tests, semi circle corresponding to the charge
transfer of the cells composed of porous graphite and LFP electrodes was the smallest that of the
cells with non-porous graphite and LFP electrodes and graphite and LFP electrodes that were
prepared with punched Cu and Al current collectors. Additionally, although capacity retention of
non-holed LFP electrodes with thick layer was decreased compared with non-holed LFP electrodes
with thin layer, porous LFP electrodes with thick layer improved the battery performance (Fig. 4). In
the discharge performance tests of the cells with the through-holed LFP/AC having different pore
diameters, through-holed LFP/AC cathode with the smaller pore diameter showed good high-rate
discharge performance. Additionally, in the result of mechanism tests, it is indicated that Li* ions
adsorbed on the AC electrodes move to LFP electrodes with energy transfer.

In the result of simulated discharge performance tests of non-holed and through-holed LFP
cathodes, simulated capacity retention of the cells with through-holed LFP cathodes was higher than
that of the cells with non-holed LFP cathodes.

In the result of the pre-doping reaction of laminated graphite electrodes (opening rate: 1%) at



various pore sizes at 25 °C, the pre-doped cell was

broken down to evaluate (the pre-doping level) the
progression the pre-doping reaction in the laminated
graphite electrodes. Pre-doping reaction speed of
porous graphite electrodes was 2 times faster than that

of graphite coated porous current collectors. In

addition, the number of pre-doped porous graphite

Discharge capacity retention (%)

electrodes was 2 times more than that of graphite 0 2 4 6 3 10
coated porous current collectors at various Rate (C) _

Fig. 4 Discharge capacity retention vs.
C-rate for non-holed ( W ),
electrodes were pre-doped completely in 15 hours through-holed ( @ ) and

(Fig. 5). In the fabrication process of the non-through-holed (A? cathodes. The
thickness of LFP laver is 43.0 um.

‘temperatures. At 65 °C, all of the porous graphite

graphite-coated porous current collectors prepared

with punching method, it is considered that graphite -g 1 s? ’

particles exist not only on the porous current collector ;é gt

but also in the pores because graphite was coated on ?} Z i

the porous current collector. During the pre-doping § Z ] . )

reaction in the graphite-coated porous current !-g ; | A ‘/9--0-”'"'1

collectors prepared with punching method, Li* ion E, (‘) 1 " o
moves from Li metal to graphite electrodes through T 0 2530 35 40 45 50 55 60 65 70

Reaction tempeature (°C)
the pores, that is, Li* ion moving is blocked by
Fig. 5. Dependence of the number of

graphite particles in the pores. Therefore, it is ] .
doped electrode in the porous graphite
(&, O, A) and graphite/porous Cu

current collector (@, A, M) anodes

considered that pre-doping reaction speed of the
porous graphite electrodes having through-holes is
faster than that of the graphite-coated porous current ) ]
(average hole diameter on graphite
collectors prepared with punching method.
layer and current collector: 20 pm),
which were laminated, after pre-doping
reaction for 15 (<), 20 (O, @), 40
(A, A) and 60 (H) h on the reaction

temperature. The opening rate of holes
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Fig. 2. Schematic of the crystal structure of LiCe.
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Fig. 4. Schematic of the charge—discharge reaction in an EDLC.
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Fig. 5. Schematic of a pre-lithiation system (perpendicular pre-doping method) industrially used in the

fabrication of Li-ion capacitors, where Li" ions are lithiated in laminated carbon anodes.
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c) 8 ns, and d) 200 ns (P = 3.3 W, =200 kHz, v = 400 mm s™"),
Tz A MRPEHEATHES reprinted from [23].
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Fig. 8. Schematic of pre-doping methods: electrochemical pre-doping using a potentiostat and

the short-circuit method.
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7z 38l TDOZENL, ZEMEFREME (TEM), EAMEFEME (SEM)., B
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T.Si-7' 7774 VEET / — Rig L OBLEM B 2188 Lo B E b EHIEREZ
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FIA LSBT, FREBME OB T TR, BEBEMBI R T Z LY
B2 FBETH D L2 5D, Section 1.3 TIlv_7z X 512, AC IXEMmI ¥ & LT LCO,
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EEUDEAN Y — MBI ERET L [43], 51X, ACREZDORERHERELA
BEFCEMEDT-DIZ, LICs DHREEZWUET L L TEERRBNZ R TEERI L, #D
X, v~ RXF v I 2AE—F—%FH\TLFP / AC%RE L. B L-EBEHAVWTE
SALFHIRBRE T o7z, L — MEERBROBREN DL, LFP/ AC BEZ AV - &M,
LFP Bz AW EMKL D b RELTARERZERFRL R LI LB ELNT (Fig

9), LFP/ AC EMZ AW-EMoHEI N L— MEBEIZ. AC DBEFEMHITER

THEMRT D ENTE D,
180 180
B0 * * ¢ & 160 * % es0s,, b
* " ..'.‘.
o~ 1404 * o 1404 2 & ¢ teo,
o . - ‘e
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Fig. 9. Comparison of the rate performance of a LiFePOy (III) electrode with that of a LiFePO4/AC

(IV) electrode. The tests were performed at various discharge rates ranging from D/10 (ca. 0.04 mA

cm ?) to 5D (2.0 mA cm 2) and C/10 (panel a) and various charge rates ranging from C/10 to 20C
(8 mA cm2) and D/10 (panel b), reprinted from [43].
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BL104pm TH Y, FRICHLTLFP B Y — FOE ST 10, 25, 50, 77, BL W
108 pm & L7z, L— MEBERBROMER TIL, 20C TONMC B LIWLFP 7 Y — K (&
S 25 pm) OEEMERFRIL, ENEN30%B LV 65% &R o7z, T DOFERIZ. NMC

(200~300 nm) BELLFP (6~8 pm) DR FRIEFEL-EEZ NS, &6

LK VEEL7- NMC &
4.5
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A 7 )VEBRFE E 2BV Fig. 10. Comparison of discharge curves for the NCM electrode at

the same current density of 5C, reprinted from [44].
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Fig. 11. A Nyquist plot and the corresponding equivalent
EIS ZfE M L CTERl s iAo

VE—F L RARNY MV electrolyte, SEI, and charge transfer between the cathode and

circuit. R1, R», and Rs are the resistances associated with the

anode materials, respectively. The inset is an enlarged view
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%, SEI & EfE OEPULILEA = AR (> 20 kHz) (ZHh D, —FH T, Ef
DOEMBENIEE FEEERE (<10kHz) (RS T 5, 41 Y E—F U ZARART Ui
INOOERMEEMEIRAFERL TFHichsZ A TE5 (Fig. 11), #V—FEB
LOT ) — FMEOA AU BLOEFREENREBINDHE. EET M ADEH
BREDT D, SBIT, Li'A A ARBEREOWEICL Y. LIBs OEALBOTH L
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BEZXbBND, LENST, AV E—F U RANT MLVD R —)Vid, B EOR
PEIZT T BREEICHKEFT 2, ERMEIOSITIZIBNT, U — hL MEFT
L. BoREHE, B IOEEBEEERHEIIHREEORERTRITEIT LN
REZBRET2DICAV LN TV SH[50-54], & 51T, Imashuku B X T Smyrek &%
KHETA 7 NVFOENNOICEEILEZRET D720 L — Y —FRBEES L EE
FERLT. 77774 87/ —KELCON Y — RD3D~ v B 7 ZMEL72[55-58],
L— P —FEBEE S NIET LIBs 0HLRERERHT272DICAVLRTEY . Tk
BYVAINBDO)TF UL A REFFEBET DN TE D, — BN XBREE
AW TRV F UV LARBERTHLII ENLELNTE AT MDY —7 135
TELY . BRI Lo THIRHPEECRETHH L bbb D, 2D Lo b —kE
BRAOKIETORETHEONIBERIIN T2 ThHo72 0, FHETHLIHEFREERH
5, LinL, L—F —FEBESHETITFHEFIH WY FULBEELLEY—2 2K
H925Z LBFEETH 5, Imashuku 513 30 Y1 7 L% D LCO BBRIZKIT AV F U A
AFVREFAAEL SOVAINBDOYF T LA TV BESHEZLBTHE, 30147
NEDY F U LA F U RBESHIIH—THHOIZH L, 50 %A 7 1% D LCO BMIZ
BIDVFULA T RESATIIERTREBID bIROMIITEBIT DY F U LG
HBHEFICELS RoTVDZENBBISNTNWD, 20, EBMOFTHEY A 7 VI
HoTVF VLA A REOABRNPELL., BB BIIHRLZIZHELLTNDLEZD
ND, TNOHDORERIT XAS T DR~y 7 THEONDIERE FRRMEM T
D LMo TNWD, EBIT, V7774 NERIZBIT 2BERKEY A 7 L4
DY F T ALV RESFIIRE—CTHHZ L BRBHIShZ, LEB-T, BHKEY
A I NFET TR, BETERBICE > THEBDO Y F U LA 4 U BESTIIRE—(L
L. EMMEEOET 2B LEZXOND, Smyrek bV —V —FEBIES L Z A
mf%@ﬁ%ﬁé%%ﬁ%@@%%@géw%%#%@%ﬁ%mﬁﬁ&ﬁwﬁﬁw
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I CHRBMEFIC) FULAAL TV BEARNTE TWEINE ) DERTFT LTz, ERERN
B DB EH T 5 LIBs EMOMAX % Fig. 12 1277, BBFTOV F 7 LA 4B
EARIIFEREY A 7 VEERDIZE - T, ZZREBHEVEE L RO EIER O R CRAT
FIUCHEML TV A Z EABEBIShz, 2%V, EBOB—MUEPENEE, VF T LA
AR EARD BTN T 2 AREMENEL RD0OB D15, ZOZ NG, Tk
BYA I NVEERDZ LK > TR Li @BOWHST VY RI 4 FREL V-
T fEERMENEEINT A Z LB bnd, LEN-oT, REY—72ZERMELERPIHFES
BROWE D ICEBMEZ BT 2 Z L BAFMERISIIE > T EME B DK T 24
HDERThHHIEEZOND, L—F—ZFHWTROEIMIEZHEL 7= NMC EfZ AV
7 LIBs {29 2 L —PF—FEBESNHIEL AW FU LA F oM ORIEIZB
T, N7 L NMC BBZAWIGE LT DLV F U AL AV RESHPE—TH
L2 EDPBRIEN TS, ZORFRIT, IETOL—F—IT SN/ EBIENT
FHEYA I NERTILEEIFLTWDLEEZOND, DEVROEIMTEK L
NMC EMBDOBAFICENT Li' A A LB SEM LI Z & iIC L > TEBD Y F
U LA FVRBEORAEIINGEI SNIZOTIERWREEZ OGNS, ZOZ &b, =R
JTLEM A LIBs [ICHEAT 2 Z &IZ ko TEMMREDRTEHS I N TELLERXD
nNd, ZTNHOFEICMZT, LIBsP3DETAEEALT, Y7 by =7 ETOE
SAEFEREY I 2 b—va VBRET SR TW5, 207 7Fu—F, LIBs OfE% %
RET2E-OICHEETH Y, T4, Habedank Hix C L— 7 X F THERIGDFHE
ZFEITL [59, 60, L—H—IZ Lo TEBILARIT bN-BERE AV -EMOKE
FIG %, EROEMRE AWVIZEMORERG & LB LTz, HFohREm#RIT. 3
2 b—vaillo TRHENZKEHBREELEL Tz, EEOBEMAER LS
BREE ROEEBBOF DEERMEBERBRICB O TENEREZTLTVND Z L2
Blc&xTniz, ZLTVIalb—Vva il 2mERKERREZ Y 7 vy =T ETIT
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Fig. 12. Schematic of the electrode having high and low porosity areas.

S72BE. EROBMERFRLRERTH L ZEPBRITE T, 2F 0, EREOBEMT
AL TWEIRBRLEBELANTZREORHEEBOEMMEN T I 2L — a3 THHE
HATETWDHLEEZBND, Li'A A BENZEAL T, $XTOEMITERL AL
xfmh L CTERILFRIRRISBEL TS, £DD, 3L EROILFAVPREL TR
BT —EEME S LR T XS BB A0 BT Z LiXTE RN, LA,
DX RWERDFETIIFHRBEFTOEBBICBNTLED L > RRIEHEITLTWVWD
DT DHTHEDRT DI LITEFICRETH D, Y Iab—Ta VEITXZOLD
RBEICEL TCHEMETLVEEE T L L TEDLSIZ LM A BBE LTS

DPEFNTDHZEDARETH D, DO ED, BEORKERICEME DM LR
DVHLIZEBPLEONIBERLID BEERMRVEONLIAIREELZHO TS, &
BRIZ 3D ET NVOEBF O LitA A U REL BRI oh - ERE A7 Elo
WIRIZIIT 5 LitA A REDOH—MN, RO LEREZ AW -ERL Y bEn
ZEERLTCWE, 2FEVEMATICE T A RBERISFD LitA 4 OABRBS T
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BERBEDKRTEZBLS BN, ROEMLEM LI-EREAWRETEE
LORELRRTEDLEZXOND, THODFRERIZE Y | LIBs ODFEBESIED A A
S RALERERDOGHTEEREBALAEOED I LIZL o TEYV RL—XIIHATE L
EDRHFEINTND, ZNHDFEZX, Ny TV —DORTr—~v o A%mEIESE
TEELRRBNZRIZTZEPHFTE 5,
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1.6 &BFFED BEY

Section 1.5.1 TH_7= K 92, 3IDMLE BEERTHZ LXK, PEREAS ) |
T 5, J LEBKONND X BBROKEAK % Fig. 131277, REHEIRITK LT LIBs
FEVZRNF—FBELZE LRTNIRLRY, 2070, ZXVXF—FEZ LY
BREIEDLTEDOFEL L TEBORBE(LA—2DOFEL LTETLND, L1
L. AR TREN TS Lo 1C, BEEMLEZEBTIIERL Y bEBANETO Lit
A A IEBEEBES R T D, DD, LitA AU IR EE L NEEFUE S K
THEEZLND, BRELT, I0EMNT CREBEZITIHERLEITO LR Do
Y ELETREBERGTIEHE W RER 2N DD 10 3 TT R TOBEMAFEZ K H
T 5L REERKERISICE L TIX LitA 4 IEBEERENS R L7 Z iz X v 1Esk
LIV O RBBERENMET T2, 202 b, EROERE AV D7ZT TIXERe2
TRVF—FEIALET 200, MEFRREREIET T 5720, Li'(A iz
Wiéﬁé:tﬁmikﬁéo%:T\Eﬁkéﬁtﬁﬁ LT a2 —
P—Z AW TROEMILEZEMEICHET Z & T, ARECFITBVWTREZN LT
Li'A AU BBETE 2L 5180 LitA & VLR B IERD R DAV TV RNE
MLV bmETArZENEBELOND, ZDOZehb, BEEICLLEZERTS Li'(A 4
BRI A L—XIZRY, FRERISHRESND Z EPHFTE S, . BELL
BRIIBVWTH RO XEML 3 ROEEICLD LA AU EBEAELT, ZHETK
VLBV T RV —BECEHELREBEEEEZMA S LIBsAHRETXLE2 N,
Tz, BM—o%72 0 IR T 2EBEEMOEXX % Fig. 14 1277, EEEEICHFE
TLEMENDIRNBEE ESVEEERET 5 L EWEI LRGSRV TR
W= IZRTH2EMMEI TH D7V I ROEEEROBEIIEMT 5, TN, &
BREZRBCHEDITE L —F —OKBUIEINT 5, IHI2. FEMIBIT 2FHHKE
RnEAE L H1OIZIIBRICHE T2 DT TERTOIMNERDHD, ZNH6DT b,
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Fig. 13. Schematic of the cells with non-holed and through-holed electrodes.

EDE PV IS BBV TEWERZ VG E LD bEFEO T RV F—FEITET
T5, —HCIEWEREER LICZBHIN TV IHAETE L AV EERDE AL
—HEOW I E VIR THIENTEDL LD LV EZL DR NVF—FE L EMICHE
T2 ENFREE 2D, SHICEMMEIZ DR D2 L TEHE IR MENED D,
UL, e Lz & 912 LitA A B B3k L 72 N O s R s sl Fe il BB PR AE
DIKTFTEHL, FZTEMIARSEMLAEMT Z &I2 &> THBEMR T HEN-EY
PEREA FHET 2 B BHE TE D AMREMEZ D T D, Ll 3D HEEDRIE LY
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Fig. 14. Schematic of the cells with thin and thick electrodes.

WEBSIRERT2E03H Y, 3D EBRE AV -HEEBMICEIT 5 TR EMEED
BREHImESNTOVRY, L7ed-> T, BE0EMRZ AV 7CRBREREFM L b RHA
TP A LIBs (Z80() 72 3D EABD T EMREICKT T 2R OBFTE T 2HLERH DH, K
METIE, Cap V2L —F—TERINEZROGEMILFP & V77 74 NERE
RAW-fERREmZER L . RMIZORZLULFP £ 77 774 NERE AVW-EREE
B HEROZHEEBERTHERSNE LFP L7 7 774 NERE OB
ZHBOTOIZ, ARERRELZHAVWCEHME L, BECIIRREBETRAET L &
DEBROBEBMFMZIT O E TR TH S0, SEITEMZEE O=IRTI2ML TE
BT COFRMEMRRBREZITo7, KIET TOFRBEMEREN R LEBREL Y b RHZ
ML ZHE L 72 EBBOFBENTNDDTHIIT LitA A EBIZB VTR S X BBD
BB THDLEEZDHZ LN TE S, £/, EIS #H\WT, 3D RHEMILFP B
FOT T 774 NERERWIEBREMONEIRILZ HERET L7z, EIS THLA
DTAFARNTry MIELXORFHEILZZA TS, b LR LERLY bAHE
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Fig. 15. Fabrication process of through-holed and non-through-holed
=X ALZEFRMETZ & LFP/LFP cathodes.

P TED, EL
TEMEIEERANTEEBBO 7 4 v T 4 VT EITIZEILE ST, BEBBFIZFET D
LitAf 4 U BEEBNICET 2 NEHEIS En DV ORETH 5203055 D THILT
NROEEMDFBMEA N =ALIE L TRERAANB BT INDEEZ BN,
ZLT,. INHORFTERZEIC. B DEIOEBEBRUIEEE LFP EMa R L,
FEHE APl L7 (Fig. 15), %72, BROEBLICE->TL—V—BEICL S
EREEDOENNED XL D 72MEm & D00 SEM BEX AW TFEM L7z, ER L7
(CIREZEMEE D 2 &L TERERERICBIT 2BERFRIIET T2, 20kd
RERREICB L CEBL LB R HEMITEM L, R EMTOFRMEIZ DN TH
L7z, £ LT, EIS Z AW NEMEHLFEAM Tid. FRAYIC LFP B Z X[ S W7o A
Y= ARBAELVEANT, BEERUERERIZEITD LitA A LD A
H=ALEFRAT D 2R AT, BELELZERIGEEAETHDH LitA 4 I8
BIPERT S, 20X RERIZH LT, RHEIIMIL L 7-EBTIENEEIUED
DI BOMNE D EEMEREFAVTEE L, EEMEERAVWEET XL X —BE
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Fig. 16. Schematic of the cells with LFP/AC electrodes.

RO EEZATL2EMOFERAZBNE LT, mEAIRFEELHE TS ACHE L —
MNEICHERISEZHWD =X NVX—FEEEZHT 5 LFP A RMERAELZ M LIE5E
W& &R Li=, LFP/AC &z H\ =B X % Fig. 16 (27”7, LFP & AC 2%
BEROENENR BT OB, BE@LERITTHD, ZOBE ML TRV
—HZ—% N LCLI&RERFMIEDL LT B2 FR L 72, Z @ LFP/AC EHRD
FERBEFIZEBWTLFP & AC RO LitA A2 OBEE L) XX —BEEZ )&
NICEEFMEFENTOND Z BRI TE D, TXVF—BEZ 5 BRO T
BAH=ALE LT, BERTIT LA A2 ACIZRE L, LFP IZIFET 5 LitA A
VRBET B, F D% ERHTIE AC 205 LitA A 2 D3BBE L RIFRFIZ LitA 4 13 LFP
THATLZLBNEZOND, ZOK, MmERET THIIL AC LD Li'A( DO

27



Opening rate 1%, hole diameter 20 pm

15:76um

SL\,?ZI-@}();UH

Fig. 17. SEM images of porous Cu current collectors fabricated with

a pico-second pulsed laser.

BEICHEWARZAT LT LI A 23 LFP 226 BB L T AC IZXT 2k &R LFRES K Z
HIENEZOND, MERLEBESNTE ACHIEEKRERIENRIDZ D, fiE
ROBML Y bENTCREFRERMEL TS Z L HHAITE D, L ZDONATY

NEBOEREZBIFT RO LFP &L ACEMA NEISEDZ LIZL DR LF—FBE) A
A= X BZDOWTRTF ZIT o 7o, ERAEIEM CIXELIZED L IT—ROEEERDT
EIZZNEILLFP & AC BT 5D Tix/el, —# T DI LFP KN AC 28 L,
ERL—F =N L TEFEDLEICRD LI L TEBEEES 2, ZOLHICE
MWzaEIL, LFP & AC DEMABRZ TN LM TS5 Z LiIZX>TAC L LFPED
TN —BENZHOW TR LT,
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Xz, BELEEBERLVEZFER L LA 407V R—=7EICBIT 2880 5%
REREICBIT2EREMEEZRFT L, ZNETIERL ORI NV—TTiEeaf L
A=Y= AN TCREZET 277774 NEMBEZ AW LICs 12815 LitA 4
TV =7 OEmEICET RS EHE L TS [61], LICs DIETHB7228 Lit
A ATV R=71X LICs DRB BV THERTERTHEM, LM+ 7L F—7F
 RBBENEST T A FEE—o— oI T & AR TH B, £ DT, REZT
TCEBERNVTHERINTROE 7774 FERIZS 4L LA A 7L =7
ZHTEE TV N—FETEDRFETH LD, KRE LT E#E{bENHERN
VETHD, BFEONRCF U TETHIT N ROEEBBELIZIER Y, vapp v
AL —P—=TLV/NEVwA 7 ot —F—TREGRIIHITHZ LR TE H(Fig. 17),
DD, REEBFIZHITTERHE 7T 774 FVEMIZBWTHARBERD Y
TNVEHBRLESGERORNNSVE LA A 7L R—=T RSP EELT 5 ¢ %
HBELTWD, BBEED =KITIC L 2 RHEREOM LT TRIZDE S 12A
BICOIREEETH LN TED, SHIKLIAA Y27 T 774 M7/ — RIZLIY
AF TV =7 LHE L@BZ2E ERWRIRE Y FU AREEMIS LT F
U LAEREMRT ) — NeffllT 5 ECHRMRFETHLI LEZ NS LigEE
RAWEEHZE XV LALLM ATV F=F SN/ 77 74 MNEBREZ AW -EH
DEGEIX, R L2 LI ICEB—DZTLIZ Li EBEREIELZENEZLNHH
ZOHE LM ATV F=7EE2ETROaz M KE, 8L e xz8#Ns
BTTLED, £2. ROEZEBERERIZI T 774 VEBATEHELDLIBEOHET
&L ERDROEEBEETIINF IR IANTyF U 7IZRDFEERY, B
IR 2 ROBFIRBE Rt~ A /0 —F—DRESHITHZ LITEE LW, FHREL
T, RBPREWEEBM LIEBM BN AN ORBEZEZ L, EWEEDEKTICE-
TZRNVF—FENMETT2R00H D5, KFETIE, <A 2t —F—TRb
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BN b Xk, Lit Fe 18 Fabrication process of porous graphite electrodes (a) and

graphite electrodes prepared with porous current collectors (b).
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Fig. 19. A schematic description of the preparation system of the
porous electrodes with a pico-second pulsed laser and a

L.1000C CEZEFE X galvanometer scanner system.
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Fig. 20. A schematic description of the cells of three types used in this study. (A) the cell composed of
porous graphite and LFP electrodes, (B) the cell composed of non-porous  graphite and LFP electrodes
and (C) the cell composed of graphite and LFP electrodes that were prepared with punched Cu anode

and Al cathode current collectors.
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Fig. 21. Schematic description of the symmetric cell arrangement of the cells used. (A) Non-holed, (B)
through-holed and (C) non-through-holed LFP/LFP cathodes. (D): the common electronic connection
of the cell (typically composed of the through-holed LFP/LFP cathode (B)) to the charging/discharging
tester for the charging/discharging test.
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Fig. 22. 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. (D) Schematic description of the surface of the holed cathode to estimate the

geometrical surface area (surface and sidewall areas) of cathode.
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Fig. 23. Fabrication of the LFP electrode with 3D structured current collector
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Fig. 24. Schematic description of through-holed LFP/AC cathode arrangement for the

rate-performance measurements.
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Fig. 25. Schematic of multiple discharging method.
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i

Fig. 26. Schematic description of the cell composed of through-holed LFP and AC cathodes and

two Li metal anodes.

Separtors

Fig. 27. Schematic drawing of charging/discharging processes of LFP and AC cathodes. (A) Fully
charged LFP and AC electrodes, (B) first discharging of AC electrode at high discharging rate, (C)
electrical contact between a fully discharged AC electrode and a charged LFP electrode (consequently
the AC layer is charged again by the LFP layer), (D) second discharging of AC electrode at
high-discharging rate.

47



24LiTA ATV F—TREBEFHE

Eaf AL —F -2 AW TROEINTZT T 774 NEBE LV —F ZIT
LTUFyvLeRLY)ZXMT 2L ICHEBSEZLICHERE v 2R L BEE L
EAWTC, LA A7 v =73/ 7774 NEBOKEIZL > TF LV F—TF
RISEEZRE L7z [1-3], BEELVOEKXK %#Fig. 281277, 77 774 FEMRIZ
FROFEEZRWVTHER Lz, @BLIOHET & &8 I 117 Graph BB O ¥+ & 8% S
T LM A D =T 2R TE&ENRROBED D VIIHRERBROKEFEIZL - THE
BENEBBOMKBEDEBE TS L F—TSn7naiMliL, ROEEEEROH
O&BICXTT 27V F—7HEORBBRERAONIT 2R, REBEEHFL LT,
100 mm X 150 mmDEEFHIZE O L1%, ORS00 mOKEXSOREHIT =TT 7
74 NEBEER L, BEELVERWEEROREREZEETH LTI L N7
BT DIRERFEZRET Lz,

L1 metal

FEEER o
i ods {REEEE o

0—0O

Separator-!‘!.-— 6
Li"ion -\-!i'g_ i

Fig. 28. Schematic of Pre-doping method
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AW LERHDINEMOLICERO—2>THIEBEO~, 7t —F—D8BH
BELTWDDONERIET 2BRIZIZSEMIZEZ Th 5,

FHERBREZ AW TCEBBORKEYT 1 7 VRESLEERERELZFADLZ L 1X

1500
(a) (b)
~ 1000
I S
WA Ca N s00
RSOI \/\/\’ | m
ct 0 500 1000 1500

72(Q)

Fig. 29. Schematic of equivalent circuit (a) and nyquist plot using resistances and capacitances (b).
Electrolyte resistance (Rso1)=10 Q, charge transfer resistance (Rso1)=1000 Q, and electro double layer
capacitance (Ca)=10" F.
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Fig. 30. Schematic of equivalent circuit with CPE (a) and nyquist plot using resistances and
capacitances (b). Electrolyte resistance (Rs1)=10 €, charge transfer resistance (Rs.)=10 2, and electro
double layer capacitance (Ca)=10" Fs®),
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Fig. 31. Schematic description of the symmetric cells composed of (A) Non-holed, (B)
through-holed and (C) non-through-holed LFP/LFP cathodes. (D): the common electronic
connection of the cell (typically composed of the through-holed LFP/LFP cathodes (B)) to the

potentiostat for the EIS experiments.
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Fig. 32. Schematic of raman spectroscopy.
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Fig. 33. Schematic of X-ray photoelectron spectroscopy.
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Fig. 40. SEM images of porous graphite electrodes measured at different magnification. (A) A view
from the emission laser plane, and (B) a view from the laser emission plane. The hole opening rate on

the electrode: 1%. The average hole size was a constant (20 um in diameter) in all the SEM images.

Fig. 41. SEM images of porous LFP electrodes measured at different magnification. (A) A view from

the incident laser plane, and (B) a view from the laser emission plane. The hole opening rate on the

electrode: 1%. The average hole size was a constant (20 pm in diameter) in all the SEM images.
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Fig. 42. Cross-sectional images of porous (A) graphite and (B) LFP electrodes.
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Fig. 43. Surface SEM images of (A) Cu and (B) Al foils punched with a metal mold and (C, D)
cross-sectional SEM images of (C) graphite and (D) LFP layers formed on the punched Cu and Al
foils, respectively. Note that the cross-sections in C and D are cut arbitrarily and thus the distances

between Al and Cu current collectors are different and also different from the hole diameters estimated
from A and B.
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Fig. 44. Raman spectroscopy obtained with porous LFP electrodes
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Fig. 45. A cross-sectional images of porous LFP electrodes using raman spectroscopy.
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Fig. 46. A schematic description of three types of LFP (A, B, C) and graphite (D, E, F) electrodes.
(A, D) Porous LFP and graphite electrodes, (B, E) non-porous LFP and graphite electrodes and (C,
F) LFP and graphite electrodes prepared with punched Al and Cu current collectors. Average hole
diameters, layer thicknesses, loading amounts of LFP and graphite on the one side of each current

collector and targeted capacities are shown.
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Fig. 47. Charging (red lines)/discharging (blue lines) voltage-capacity curves at 0.1 C rate observed
with (A) porous LFP/graphite cell, (B) non-porous LFP/graphite cell and (C) LFP/ graphite cell

prepared with punched current collectors.
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Fig. 48. Discharge voltage curves of the cells laminated with four pairs of a LFP cathode and a graphite
anode in (A-1, B-1, C-1) 25 and (A-2, B-2, C-2) -10 °C. Discharge rate: 0.1, 0.5, 1, 2, 5and 10 C.
(A-1, A-2): porous LFP/graphite electrodes (hole diameter: 20 pum, hole opening rate: 1%), (B-1, B-2):
non-porous LFP/graphite electrodes, (C-1, C-2): LFP/graphite electrodes prepared with porous Al
and Cu current collectors (with the hole diameters of 365 and 330 um and the hole opening rates of 17

and 14%, respectively).
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Fig. 49. Discharge capacity retention vs. C-rate in the cells laminated with four pairs of a graphite
anode and a LFP cathode in (A) 25 and (B) -10 °C. (@): porous LFP/graphite electrodes, (A\):
LFP/graphite electrodes prepared with punched Cu and Al current collectors, (O): non-porous
LFP/graphite electrodes. Hole diameter: (@) 20, (A\) 365 (Al) and 330 (Cu) um, hole opening rate:
(@) 1,(A) 17 (Al) and 14 (Cu) %.
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Fig. 50. Discharge capacity vs. cycle number in the cells laminated with four pairs of a graphite anode
and a LFP cathode in 25 °C at the charging/discharging rate of 2 C. (A): porous LFP/graphite
electrodes (hole diameter: 20 um, hole opening rate: 1%), (B): non-porous LFP/graphite electrodes,
(C): LFP/graphite electrodes prepared with porous Al and Cu current collectors (with the hole
diameters of 365 and 330 pum, and the hole opening rates of 17 and 14%, respectively).
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Fig. 51. Nyquist plots obtained with the same laminated cells as shown in Fig. 25 at 25 °C. (A) the
cell composed of porous graphite and LFP electrodes, (B) the cell composed of nonporous graphite
and LFP electrodes which was prepared with non-porous Cu and Al current collectors, (C) the cell
composed of non-porous graphite and LFP electrodes which was prepared with porous Cu and Al
current collectors. Average hole diameter and hole opening rate: cell (A) 20um, 1%; cell (C) 365
um, 17% for Al and 330 um, 14% for Cu. SOC of the cells: 33%. (D) represents an equivalent
circuit of the cells used. The red solid circles and blue ones (and dotted lines) represent the
measured data and Nyquist plots calculated using the values obtained for the equivalent circuit

elements, respectively.
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Table 1

Equivalent circuit elements evaluated for the impedance data of Fig. 37 using an equivalent circuit

shown in Fig. 51 (D).

Cell Ry(£2) RAQ) CPE, Ry{(Q) CPE; w
ks> 1) p T(Fs® V) P Rw (22) ris® p
A 0.16 0.10 0.00300 0.70 120 0.02800 0.60 205 196 036
B 025 1.75 0.01100 1.00 138 0.00009 0.92 299 1.09 028
(2 0.11 0.70 0.00008 1.0 243 0.00010 0.92 1.71 1.05 025
Separator (25 ptm) Al current collector (10 pum)
23 pum 23 um
D o —

¥
.
—»
i Y
_‘_:‘ ‘L!
IR R A
il
—
. %
Graphite layer LFP layer Through-hole/Electrolyte
(zmode') (cathode)

Fig. 52. A schematic description of pathways for Li* ion transfer from anodes to cathodes during the
discharging process of the cell laminated with three pairs of a graphite anode and a LFP cathode, i.e.,
Fig. 46(A). Here, note that only a part of the cell is presented schematically.
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Fig. 53. Nyquist plots obtained with the laminated cells as shown in Fig. 20 at 25 °C and
-10 °C.
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Fig. 54. Schematic of LFP/LFP symmetric cells having different layers.
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Fig. 55. Nyquist plots obtained with the laminated symmetric cells at 25 °C.
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Fig. 56. Surface SEM images of through-holed LFP electrodes measured at different magnification.
(A, C, E) A view from the incident laser plane, and (B, D, F) a view from the laser emission plane.
The thickness of cathode layers: 15.0 (A, B), 26.1 (C, D) and 42.9 (E, F) um.
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Fig. 57. Surface SEM images of non-through-holed LFP electrodes measured at different
magnification. (A, C, E) A view from the incident laser plane, and (B, D, F) a view from the laser

emission plane. The thickness of cathode layers: (A, B) 15.1, (C, D) 25.9 and (E, F) 43.0 pm.
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Fig. 58. Surface SEM images of non-holed LFP electrodes measured at different magnification. (A, C,

1000

E) A view from the incident laser plane, and (B, D, F) a view from the laser emission plane. The
thickness of cathode layers: (A, B) 15.1, (C, D) 25.9 and (E, F) 43.0 pum.
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LFP layer  (A-1)

Al current ™
collector .-

LFP layer (A-2)

Fig. 59. Cross-sectional images of through-holed (A) and non-through-holed (B) LFP/LFP electrodes.
The thickness of LFP layers: (A-1)14 + 1, (A-2) 26 = 1, (A-3) 46 £ 1, (B-1) 15 = 1, (B-2) 26 = 1,
(B-3)46 + 1, (B-4) 18 £3 pum.
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Al current ™
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Fig. 60. Cross-sectional images of non-holed LFP/LFP electrodes. The average thickness of LFP
layers: 15.2 (1),26.2 (2)and 42.8 (3) pm.
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(A) (B) (C)

Al current
collector

Average layer Average diameter (um)
thicknesses (um) @ @ ©)) @ ® ® @
15 571 20.3 254 40.0 26.0 30.0 36.3
26 58.3 19.6 30.8 37.8 24.0 23.6 359
43 106.3 293 28.3 42.6 25.2 22.8 37.0

Average diameter (um)

Avcrage layer
thicknesses (pm) @ @ ©) @ ® ® @
15 57.1 20.3 25.4 40.0 26.0 30.0 36.3
26 583 19.6 30.8 37.8 24.0 23.6 35.9
43 106.3 29.3 28.3 42.6 25.2 22.8 37.0
Average layer Average loading amount of LFP (mg cm)

thicknesses (pm) (A) (B) (C)

15 2.3 2.1 24

26 3.9 4.1 4.0

43 6.9 6.5 6.4

Fig. 61. Schematic description of the surface and cross section of LFP/LFP electrodes to estimate the
geometrical surface area of (A) non-holed, (B) through-holed and (C) non-through-holed LFP/LFP
electrodes. D, @), @), @, (D, ®: surface areas, &), ©), (9, 10: areas of the sidewall.
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OIMTICBWCHEBOROHZHERT 27D L—F—DRFZHI Lz &
ZOXIREERNERTELOTIIRVNEEZOND, BHOREZEARE LTHE
LIeHme, VL= —OARLEEORBPRIEALTEY ., FICERY EROBR QX
1325% LA ETH o7z, BROBHOENI% THDHZ ENORESEMLLTNDHZ &3
LR L=l KB NI T 2R ENBETE L, RbEHFEBEMIC
WTHEBREICRIT A ORITBEBBNIBOBORIY bREVWZ LRGN, £
L CEBEREY 0 ICBT2BBHMEIOEELZHET 2 L. BBOERY LItk T
ML TWD ZER/bik, MENREBROERBIIB I LEELTZV22mgTho
EARBERY LEBRCIIEBEENZY6.TmgiEETHY . KiBLEEOHMHN
BRITE 7, — T TROETEBEBMLEOFEBRNMLTEBOEBM B OERIZER TS
L BBOER LI > TEENBA T HEAIF LN, EREEOEAIILIELE
DSEMBE THONTERPOHAISND Z L LRBRRBERITHL LEZOND, OF
BEBICHT DR EMLEM U722 &1 & » THIC L —F — ASTE OB
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REALIZZ LI DEEBOPEE L LEZXOND, BRI OBAITEME 0 O
IANVK—BEERMDO SELZLICEB LD TE DR BEMEOREIIMZ S
NOHFHEELY, LER-T, SBORD X MLTEMBOIERIC Y 72 0 I IC BB A
RBIETICROIERIELINE VST EBEELR ST b, —HFTREL
T LI X DBBOREREOMWA L EMIERICEETIZ LB LN D, EEMIC
BIOHORMICH L TEZLIRY . ERREELEES I LICE L OFEREFg. 62
B O'Table 212779, RR LEBOFERHEEAIMBFEL R\ D, KOEDH T
BIFL2REEIIERY ERICBWTHREBRRERERD, —FH T, RHEZEEE
BOBETL L V=P —PRESNEZBIIL > TREDZ L— 2 ROMLLUNOHE
IR LTV D Z EnENEINT, £, BBOI L— 2 ROREREZHET S L
ERBVEBPFRORELRDI N oTz, BEBBE T 5 &8 L EHEREE
HEIMLTEY, L= —IC LB T LEENER Y EMIELBEETHDLER
bhd, —H T, BREESNTEROEMTEBDZ L—FH 5LV BEBVIIZE ST
AR LEZESIIAZ TN rol, OICBWTERY LizZ &iZdkoTR
EREPHER L TWDRFVBRZITONDD, be b DODREEN/ DS WIZDEENRK
Tl ZENEZOND, £, ROVIFEBBEMORE NEFICK T 2REEEIC
BT, SEMBIZE TOffA & FkIC, EBVLICE A2 RSV BE@EERL Y bREHED
BRIT/NShole, £z, Rb & Shi-B R ORERE % M L 72/ R % Table 31277
o RB—DYTCVDEY ZHL— ORI ZEHT2L177TumeE 20, WEE LT
I XMEICLFPBAA SNTREBTH D 2EBRTHL56 x 10 em® TH D, ZDHE
FE%100% & L7236 %78 LRMTEB T AN TWRWD TT X TOEMRSEM
WCBWTR—EHIZBT 5EEITIETI00% 25, LT, RHZXEHE
BRONR—EHIIZB T HEMEITI LV — % —ROWEEEZZBE LRITIXR 6%
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Unit part of periodical hole
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Fig. 62 Schematic description of the surface and cross section of LFP/LFP electrodes to estimate the
geometrical surface area of (A) non-holed, (B) through-holed and (C) non-through-holed LFP/LFP
electrodes. (D, @, @), @, (@D, ®: surface areas, &, ©), (9, 0: areas of the sidewall.
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Tabale 2. Summary of the surface areas of the individual parts (D~10) of the LFP/LFP electrodes with
the geometry shown in Fig. 62.

" inckmessen gy | Arstem) || || Areas ()
15 2.80x 10™ 15 0.124x 10

Q) 26 280x 10 | ® 26 0.254x 10*
43 2.80x 10™ 43 0.393 x 10™

15 2.80x 10 15 2.67x 10"

@ 26 280x 10" | @D 26 2.69x 107
43 2.80x 10" 43 2.66 x 10

15 2.54x 10" 15 2.70x 10°

©) 26 2.54x 10" 26 2.70 x 107
43 1.91x 10" 43 2.69x10°

15 2.75 x 107 15 0.244 x 10°*

@ 26 273x10° | @ 26 0.328 x 10°
43 2.74x 10" 43 0.559 x 10™

15 0.515x 10 15 0.192x 10"

® 26 0.632x 10" | @ 26 0.307 x 10°*
43 2.05x 10 43 0.475 x 10"

PR L TCWDRERE o7, SHIZERY SNZHE LV 7 V—F OB AHEE
FITERLTWE7), FEBLIVERY RHXBBEEBOR—EH-VIZBIT 5HE
BIZENZENI0RTNN2% LR L TWA Z LBz, —/F T, ROZIEEE
BRICBWTOASEEBERL FHERERTHY ., BROEBLICE> TR—EH
TEDIZBIT2REBITER L TNDZ EDEERTE, 20, KRR LRIMTEMRE
DL RHYEBEKVEEREMRIEBER ETCOFRBERISHEITT H2EBENIERL T
WBZ ERBZ LN, BRERE OBMMERR EL TWDZ L2k > TRIGBMEES L
TW3EE2HN5 [2, 2O EPEBOBEBRICFHRFEEOR EICHFSTL L
DIRE ST, 72, A EIOBBICKT 2 M TEMEIE R E1%, £ L THRAZ220 pm
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Table 3 Summary of the total surface areas and the proportion in the area increase of the
through-holed and non-through-holed LFP/LFP electrodes and the relative percentages to the total
surface area of the non-holed LFP/LFP electrode.

Electrode Average cathode layer Total surface Relative percentages of
types thicknesses (um) areas (cm’) surface areas (%)
15 5.60x 107 100
Non-holed 26 5.60x 10™ 100
43 5.60x 10™ 100
15 593x 10" 106
Through- )
holed 26 6.15x 10 110
43 6.82x10* 122
15 5.81x 10™ 104
Non-through- 26 6.03x 10° 108
holed
43 6.38x 10™ 114

ERDEIDITRELIEDPEAFEEZ LV RELS LIV THZ L TERORGKEEIL
WRTHZLBHIRETED, 2F Y, BEINIEHICE > TR—EHZVIZBIT R
EEZHIET L2 LICk o TRERE L EXCFEHFEOMBERBRIELND Z & AR
X,

42 R 2 BWBEELRGTICRIT 270 LRMLER, ROZEBRORHEIIER
LFPEEME D e B R DR

FEEHEE IR DB L — M1 CITEBT 5 T B li#R % Fig. 6310~ 3, BTN
HEMLAM L7722 L2k o THRBBEHMBRICIIT 2RGEMITEHL LTI ST, LFP
EMROIEBNBENANTETH 53 AVERE TRBMEBICHEITL TN LDOBRHR TS, Z
D Lh b, SEMEETIIRS X MTIZ L - TEBMEIEZEORE L Vo e EENBIE
ENTZbOD, FRERISIITEEBIIRNZ EREZDBND, 0.1 CTHLNIZFIKE
REZELDICbD%Table 4T, BONDLIRNERBIZERNBONDE D B>
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Fig. 63. Charging (blue line) / discharging (red line) voltage-capacity curves of (A) non-holed, (B)
through-holed and (C) non-through-holed LFP cathodes at 0.1 C rate. The thickness of LFP layer: (1)

14.9,(2)26.0 and (3) 43.1 pm.

Table 4 Summary of charging and discharging capacities obtained for the non-holed, through-holed

and non-through-holed LFP cathodes (shown in Fig. 60) having different LFP layer thicknesses at 0.1

C-rate.
Capacity (mAhg™")
Non-holed cathode Through-holed cathode | Non-through-holed cathode
Processes -
Average cathode layer thicknesses (um)

15 26 43 15 26 43 15 26 43
Charge 151 153 153 155 155 155 151 152 152
Discharge | 147 150 151 146 146 148 148 150 150

BLIZAT. TR TCOBERBIZBWTCLFPEROENEFE TH H150 mAh g ' BRE DR E
DELNTWVAREFEERTE, DFEVELIZTEDL CIZRBIT 2 RAERBRE R LR
RRICAHEMTIC LA FEHEEEICEA L TEENMETTA2LE W= EENRNWT &
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Fig. 64. Discharge voltage-capacity curves of non-holed (A), through-holed (B) and non-through-holed
(C) LFP cathodes. The thickness of LFP layer: (1) 15.0, (2) 26.1 and (3) 43.0 um. Discharge rate:
0.1(—), 0.5(—), 1(—), 2(—), 5(—) and 10 (—) C.

DERITE 72, HFEMIZBIT 2 ARMEREL BTS20 7 IxR— M E{ER
TEXRCFRMELFMm L7z, 4 OLFPIRE 2 F T 282 AW TERIN-E

D L — MRERFERZFig. 641277, RARLKEMNL, ROZEBEBROND X FEEREM
ZRWIZEMD0.1 CIZBWTHELNEHEBEREIXIZFZFHZTH Y, #4150 mAh ¢!
BETH-oT, ZHUT LFPOETEELFAK TH L Z &b, FEMIZIBVTHLFP
NOLI'A A BZEMY HINTWAZ ENRB I N ZHEEEIZB T 5% L — b
FEICBIT OMEHR LT 5 LRI L, KbV ENENRRRKERE? S

BATWAZ EDBBEBlINTz, L, ROZBEEMTIKRUFEEBEBO B &
2L 10CE WV o72E L— h TFIZEBWTIXIR-drop23 772 LA T EMR O 14 E dhi#k
ICRWTBRISNS Z LB TE D, Zhid, SEMBE TORRIZBWTZ L—F—K
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Fig. 65. Discharge capacity retention vs. C-rate for non-holed (A), through-holed (B) and
non-through-holed (C) cathodes. The thickness of LFP layer: 15.0 (@), 26.1 (@) and 43.0 (@) mm.

THELTWS LRI TX 2, EESEMLTWIZoR T, EL— MTFIZRIT 3K
BAEDET AU LRMITEMRICIS W TRl SN, LFPOEEAKGTIIA O AT
BEV b REWEDIEEEZOND [3], SHIZ, BEREICEIT 527 LRMLE
BOBL— MNFIRBIT2BEEOR BT L VBEEILR-> TSI EBEBIS T

KT ROEVEBROHEBEBROBEENSHERLTH, KERMEAEDERTIZER
SNippolz, BIIHEL— FBRI0COBE, R EBROFEEBEBRORERE
(3142100 mAh g BBETH2DIZX LT, BB Y SN2 LRI EMEILI80 mAh
g'L20 mAh g BEERPB ONT, £, ROIMIE2H L -ERIIEEBEHFIC
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Fig. 66. Discharge capacity retention vs. C-rate for non-holed (@), through-holed (@) and
non-through-holed (@) cathodes. The thickness of LFP layer: 15.0 (A), 26.1 (B) and 43.0 (C) pm.

BETFLTWAZEDRELNTWD, LA A IR K Lz - O EHMHEREDOET
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FRIMLEBTHEBME LICBAR SHZLFPIEWE O+ 72 Lit A 4 L LEREE BN 1FEE
LTWBd, REEMLERK L7 Z LI L 2EREET oM 5 F5 13/
INZEREZOND, —FH T, PRKVERY SNZEBERETIIRZRLOEHL—
FFICBI AR ERERBFRIRNDEMIEZMLAEAEBRLIY BETLTY

Table 5 Summary of discharge capacity retention obtained for the non-holed, through-holed
and non-through-holed LFP cathodes (shown in Fig. 64).

Discharge capacity retention (%)
Non-holed cathode l Through-holed cathode | Non-through-holed cathode
Corate Average cathode layer thicknesses (um)
15 26 43 15 26 43 15 26 43
0.1 100 100 100 100 100 100 100 100 100
0.5 96.5 94.2 94.1 98.7 96.9 94.3 96.2 95.9 94.2
1 92.0 90.3 90.8 95.3 93.7 91.1 92.1 929 89.8
2 86.7 84.4 84.9 90.2 88.4 85.6 87.1 86.8 84.9
5 76.8 73.4 69.7 80.7 78.7 76.3 78.1 77.3 75.3
10 66.9 59.1 533 72.2 70.8 69.4 71.0 69.5 67.6

DT LML, BRY SN LRMIER TIIHMEL — 2310 COR TR
BABRFEP0%ETETL TR BEOREEBL Y b20%REREKTLTND
BB INEZ LI oTL A A BRI HER L2 EZL bR [4,5].
NIZR LT, REZEBEBROFEBEERZ AV ZEMOR ERFRINEEREERBD
& LIFEERBRER G b, BERY ShEERICBWTHHREL— F0CIZE
WTT0%REOEERFERLZTIL TR, ROEIMLEM L7z Z &IZ X 5EXILFR
BICx T AAEPERREI N TVWD, 2T L—F—FRBESHIETHE LN D
T BRICBIT HIHRBEOWREIFEL TNDLEEZLND [6l, ZNHDI ENnb,
BHEEEEHRCHEONTL— MERIINOEMTOFEZEBREZRLFPEMEZDOD
DEFEEMEIIRESEFEL TN DI EPHERITE D, ZHIKHLTERY St
ERCIMEEEE BB COBR L LR T 5 &, £EEEX LOB/BEINEICKIT HLI
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WELRDHEEZOND,

4.3 R LARIMIEMR, b EEEXRONH X FFEBLFPEMIZA§ 5 EISHEIE
BEXACFRERBR THEONEBROBRELEIL, TR LRUORSE ML ENT-E
W a AW BMANETORKREA 1= XL E BT 572912, BISHIEZIT-o72 [7, 8],
BBOREZFCEME L LTHEIT A0 [9]. SOC50%E Lz b D ZE 5tk &
LCERILCEISBIE L2 A4 ¥ 2 b7 v b &Fig. 6710”7, U2 LARIMTLERZ
L L UCTERL, EBEES KT 512 L2 > THEMEST 2 R 3 Ml o
EOEKBE O, EEEEEHETIZIOQUT THLDICH L, FREVERY &
NT-BBTIXISK V40 QF TR L7 LitA & v OIER AR T A1 7 138 BMRBIC
WTHBRETH Y, FIRERLIA A UIEBE L T A Z BRI CE -, HIloRAE
TOHREICERT DL, BEE, FRILAVERY SPLZERITENENL, 1.8, 3Q7E-
7z T DOREEDOHRIZ G L7z HIlORAET 2 BEELIINTIRFO— > Th 5 EF
WARFUCER L TR Y | £EBE LICH 2 BB EHIRIE L 72 ERFR ORFTHIEE D1
(o TLI'A A VBRI OBEBEAER L2 7e D Z o X5 BB/ LN LB
Abhd, ZOBEMIZETOBERTHRRICBRIESNTZ LD, BTN
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Fig. 67. Nyquist plots obtained with the cells (as shown in Fig. 31) composed of (A) non-holed, (B)
through-holed and (C) non-through-holed LFP/LFP cathodes at 25 °C. SOC of the cells: 50%. (D) and
(E) represent equivalent circuit models used for (A) and (B, C) respectively. The blue, red and green
solid circles represent the measured data with cathodes having the LFP layer thickness of 15.1, 25.8

and 43.0 pm, respectively.
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Table 6 Equivalent circuit elements evaluated for the impedance data of Fig. 65 using the equivalent

circuit models shown in Fig. 65 (D and E).

R, R CPE, R CPE; W Ry CPE;
Average . N
Cathode | LFPlayer | (2 | {© r (@ ! r @ !
e thl(ﬂ:sss c:r:tl :LI) cr:' lg) (R p cm[gg) (R P (Fs® P cmn'lg) (F's’m p
mgem™) mgem™) mgem™) :S';
15 09 | 92 0009 |o082| 72 | 0000009 | 090 | 00031 | 046
non-holed 26 15 | 72 0007 | 097 | 13 0000007 | 093 | 0034 |.048
43 28 | 12 0057 | o068 | 36 | 0000005 | 095 | 0056 | 061
15 08 | 65 0032 | 087 05 0.0002 079 | 0044 | o5 | 20 |o032]| o087
‘h,:‘;;‘effih' 26 16 | 70 0018 | 088 | 06 0.0003 075 | 0007 | o043 | 22 | 004 0.62
43 27 | 65 0034 |o0s6f 12 0.0003 067 0.02 077 | 42 |003%6 | o062
15 13 | s8 0032 | 064 | 06 000003 | 082 | o014 | o039 ] 16 |0032| o064
m;ii';h. 26 16 | 61 0030 |o077] 105 | 000009 | 080 | o012 | o034 | 20 |oo038| o063
holed 43 23 | 90 0034 | 069 | 038 0.018 0.70 0.03 041 | 18 |0057| 087

E, oL — MRBRERERKRTHY . BEBRELIIFFEERICRLT. R"dbE
LTOMEBRNLTND EEZXBIND, Fig6Tll/EoleFT A XX M7y MIXLT
& NEHETUE DR 21T > 7 f5 R % Table 6127~ [10, 11], EREEZELL 2%
i B3 AV CEARRIESL. SEIF O A1 A v BEZEHiRG. ERFOERBERIIL
RuENTLUTBEIL TV DA F U BEZHETNEZ ZNENR. R RRBIURE LT,

SICHEBE#HEZ U — VTN T A o E—F AW E U TR Lz, SMERKICITE
FOEFNICEEE LTCPEXAWTHENT L7z [12, 13]. Ri. RIZBWTH EREHUE
DEALITRZ T o roTc, ZNIRSEMILEHHE L7722 & BNEBNEBORIB LT
ROBEHEEAICHF S L TE b T EBMIRIEGIRLSENI K L THBIMER RN EZ 52
ENTED, FERICE L UIRBITOBREEBBTHEL TVD I L BEITRERD S
Botl, ZHIVHFTEREICIVERSNZZEREZ LD [14, 15, —FH T, K
2 URMLEBTORDEHTUEN RSN E ML RDIZ LB > THRLTY
D2 B L7z, SRR LKRIMTERIZB T DIRERE TORITT2QIE ST BR
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Fig. 68 Nyquist plots obtained with the cells (as-shown in Fig. 31) of non-holed cathodes at
25 °C. SOC of the cells: 50%. The bule, red and green solid circles represent the measured data
with cathodes having the LFP layer thickness of (A) 15.0, (B) 26.1 and (C) 42.9 um,
respectively. The dotted lines show Nyquist curves calculated using the element values obtained

for the equivalent circuit models represented by Fig. 67 (D).
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Fig. 69 Nyquist plots obtained with the cells (as-shown in Fig. 31) of 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) 15.1, (B) 259 and (C) 43.0 um,
respectively. The dotted lines show Nyquist curves calculated using the element values obtained

for the equivalent circuit models represented by Fig. 67 (E).
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