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Reduction of Internal Resistance in High Capacity Lithium-ion Batteries
with 3D Lattice-structured Electrode
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After applying a 3D metal lattice structure to the
current collectors, enhancements to the cathode were
examined in small cells, and an increase in volumetric
energy density was demonstrated in laminated cells,
with the goal of increasing the energy density of
lithium-ion batteries.

Countermeasures were implemented to address
two issues with the cathodes of small cells. The
efficacy of these measures was confirmed, and the
causal factors were cataloged. The first issue is
enhancing the contact between the collectors and the
active materials. This was addressed by coating the
surface of the collectors with conductive carbon. The
second issue is enhancing the creation of electron-
conductive paths. This was addressed by applying
a fine particle conductive agent in the form of a
liquid dispersant. The results confirmed that each of
these countermeasures had the effect of suppressing
resistance and enhancing durability. Moreover, to
ascertain the primary cause of these effects, the
conductivity of the active material was evaluated
using scanning probe microscopy (SPM). The results
showed that it is because the countermeasures are
suppressing the interruption of electron-conductive
paths.

Increasing the thickness of the electrodes in
laminated cells reduced the number of electrode layers,
and resulted in a 9.8% increase in energy density of
cell elements for a cell using 3D lattice-structured
electrodes (674 Wh/L), compared with a cell using
foil-coated electrodes (614 Wh/L).
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Fig. 1 Cross-section SEM image of 3D cathode
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Fig. 2 Cathode pore distribution
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Fig. 3 Internal structure of lithium-ion battery
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3.1. wILERH

3.1.1. ERcHEEEER

% mu&ﬁ*%I%ﬁﬁAﬁmt»x/r&ﬁﬁu
72O EOBAMOBS T, EEAE LTHEHL TR
EBTHHIENS, EMICTLIZTLDELA Y b,
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Table 1 (2R,

BDHEBAERDT LI =Y LORBNDH —KR Y 2= &
DI Fig. 4 1IR3 &5 IS/ L 7=, 9, N- 2 F 0
2-Eu ) RVERBELTH—RYTI9 2710 wt%h
DEWeHFIEL, ZOHIZT LI =Y 40 3D H£EBKAIZ
BEEL I, Tv—FIckD@BEI—FR VT %
oL, =7 7u—2%hL 2. mklz, 120C THEZE
WS 28T, — R UPeEio 3D HEEREERL 72,

#— KV #8E13 0.1 mg/cem’, 1.0 mg/cm’
O=FEAVEELL 7225, 0.1 mg/cm® TIETIL I =Y LD%
ZHE— 12 X 1T, 1.0 mg/em® T =WRICHE H D22k
WZA =RV HBHGEZD 2EC T DT, I fEST
%72 0.5 mg/em® DA EERALL 7=,

3.1.2. I[E1&

WWE L U T IR KRB LiNiy5Co,,5Mny,50,
(NCM), HBEWHNITLFL T2 (BIF, AB), #
HAlE LTKRY 79tk =1Y 7>V (PVDF) ZfiH L, K
% NCM/AB/PVDF = 94/4/2 wt% & L7z, &AIZ 5 —

0.5 mg/cm’,

7=y 403D EEBARIZ, BT ES 90 mg/em® &
B EKSITHHL 2%, E@@‘?ﬁﬁgﬁ 3.2 g/em® 2B kD

12120C O =L TV ATT VA L CHBMAE RS 872,

Jr— R EWE L7 3D BEKAMH L, LidkFMKICIE
Wi A EBLL 7. EEHDANL AB DISMS, N- A F)L -2- ¥
RN 37018 frﬁ%/ﬁ%ﬂbﬁ]%%ﬁké%f:ﬁﬂl@iﬁﬁ/‘\
tL® Conductive Slurry for Battery (ML F, CSB) >V — X
D CSB-2 #fiH LT, Lit&FMRICIEMmAFRL 72, &
EHAONREN 2% Table 21289, CSB-213, AB
ISR LR PRV NS WO T, RN 5. Z i
e, WROREEERT 7 ALY -n- 7 FILIGIE
(DBP #5HE) 2L Tk D, BRRROREEZE M X &
LIRS, HEEBEEMI I yamDT7ILI =T A4

i B ETZ2h2h 90 mg/em®, 45 mg/em’ (275
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Table 1 Physical properties of Celmet
Aluminum Celmet | Copper Celmet
Porosity (%) 97 97
Average pore size (um) 550 550
Specific surface area (m?/md) 5500 5500
Thickness (pm) 1000 1000
Area density (g/m?) 100 200

Table 2  Physical properties of conductive agent

AB CSB-2
Particle size (nm) 48 23
SSA (m?/g) 41 133
DBP absorption (ml/100g) 114 220
State Powder Dispersion

BEIICHEATL 2k, BEREE A 32 ¢/em® 128 B &SI
fEBLL 72,

3.1.3. &if

WPE L UCRRES (Gr), EEMAIE LT AB, #
LRl LTAFL Yy T2 YTy TA (SBR), BREAIE L
THLKRFY AF LT —Z (CMC) i L, fklL
%, Gr/AB/SBR/CMC = 96.5/1/1.5/1 wt% & L7=. &7l
AT =%, #0 3D H£E/BKIZ, HHTEA 45 mg/em’® &
225 mg/em’ &5 K5 %?’L%hﬁf;ﬁbflfﬁ IR
P15 g/em® 2B &I IZFRTu— LT L 2 L C(HEitE
ST X H 7.

—J7, BEHEAEMIL 10 pm O, Wi H A &2
NEFN 45 mg/em® & 22.5 mg/em’ 12785 K5 ITHA L 7.
Z D%, BMEEHN 1.5 ¢/cm® 12455 X IZFEHOT— )L
TLATTVALT, Btk 5EmR g7z

314 w/NL—2%

JEX 15 um B TF L VML FUB AR L 7-.

3.1.5. BRERK

Wi, =FL v hr—K3r— b (EC), VAFLH—K
$— b (DMC), ZTFLAFILH—FEx— I (EMC) DRSS
Bt U, ¥ 4 EC/DMC/EMC = 30/40/30 wt% & L 7=.
ROVBEICXFHEONR 7 vfb) VBY) F 9 4 (LiPF) &
1.2 IV CUAM X & CERGRE L.

(a) Carbon solution (b) Dip (d) Air blow

(c) Narrow down

Fig. 4 Schematic view of electrode carbon coating
process
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3.2. HILERIAE

3.2.1. /B LR

3D IEM D ERIEHT & 4 2 L PE Ok &S24 5 H Y
T/ LB A& FEHE L 2. /N VIR, B SV
& SN ERE T &, INERIRET & 1 A 2 A Mg
THZLENARETH D, B E MG T 255213650
Thd. R L5 IEMIE, BEEISAA % B L 72 1B
(DU, $EHEMEIEMR), 3D HEERICHAE T L 221 (L
T, 3D Ak (fE48)), & — R VR4 87 L7 3D 1M (L)
T, 3D 1EME (C 27— b)), XU, EEHAI CSB-2 %
F U7z 3D 1EM (BIF, 3D Ak (CSB-2)) D 4 ffH& 4 %
1IEMR % 30 mm X 40 mm, Eifi%d 34 mm X 44 mm, /5L —
A% 40 mm X 50 mm 2§ B 7z, Fig. 5153 L5 1S
FBRRE LSL— R ARMBLTIL AV FAEEHILZ 53
2= F7 4L % 88 mm X220 mm 12 BIEE, —OHrD
IZLT, ZONERIZTL A Y &AL, B AL,
BEEb LT, S I3 — b AERLE Lz Zzh?
NIMHEL, FHiKERE LT, 2OV ERHL 7.
F 7z, KL OREK % Table 312787

3.2.2. T&E VT

D M A A & BB L 22 A ORE T f oL ¥ —
FEOFFEE, 7 O Ol A WigE 4 5 B TR
gL ORIl A FEhE L 7. R ILTIE, L& LTofk
I XX —FEOME, BL, 24 7 EDHMMEED
7oL & U COPiE A Wit T& %, 1IEMi% 71 mm X
81 mm, B4 75 mm X 85 mm, £/ — & % 80 mm X
90 mm 2T Bz VT 7Ly XEME L, 3D Eiv
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Fig. 5 Small cell element
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Table 3 Small cell components

Table 4  Multilayer cell components

NELT, ZhZFhFig. 61T o ICEME L/SL — 4
ERELTIL A Y FEMERLE 35— T 400 %
125 mm X 135 mm 1247658, =L A Y bO L FICEE L
3WEFIEL 721, EfRETTRL, Bkl T, 73
F— PN AEEL = kEE N ENSMEAE L, S0
FERELT, 2O FHEERHALZ. 72, YLOMK%E
Table 4 12787

3.3. LIVEHTI A

3.3.1. ERMERER

YL OFEE MRS 5 HI TR RERBR & £ L 7.
I—Y Y RHEE LT, L a 25C OEEMIcHRE L, b
FREE%# 4.2 VELTO01 CTEER (CCREL, EE

Y

5 layers
(a) Reference cell (b) 3D cell
71 mm 75 mm 80 mm
IS £

E £ E
- 0 S
© @

Cathode Anode Separator

Fig. 6 Multilayer cell element

Foil coated cathode cell | 3D cathode cell Reference cell | 3D cell
Cathode active material LiNi,sMn,sCo, 50, Cathode active material LiNi;sMny5C0,,50,
Cathode active material content 94 Wt% Cathode active material content 94 wt%
Cathode loading 45 mg/cm? I 90 mg/cm? Cathode loading 45 mg/em? 90 mg/em?
Cathode density 3.2 g/cm? Cathode density 3.2 g/em? 3.2 g/cm®
Cathode collector Aluminum foil | Aluminum Celmet Cathode collector Aluminum foil AIur(Tg:lncuorztﬁzl)met
Anode active material Graphite Anode active material Graphite
Anode active material content 96.5 wt% Anode active material content 96.5 wt%
Anode loading 22.5 mg/cm? Anode loading 22.5 mg/cm? 45 mg/cm?, 22.5 mg/cm?
Anode density 1.5 glem® Anode density 1.5 g/cm?® 1.5 g/cm?®
Anode collector Copper foil Anode collector Copper foil Copper Celmet
Electrolyte 1.2 mol LiPF, EC/DMC/EMC = 30/40/30 wi% Number of electrodes 9 5
Electrolyte 1.2 mol LiPF; EC/DMC/EMC = 30/40/30 wt%
Separator 15 pm
- — - Separator 15 pm
Negative/Positive ratio 12 Negative/Positive ratio 1.2

£ (CV) Bl & 1 iR & U 22 @ B EIEATE (CCCV) %
BZawv, TIMKIEL, FREEZE 25 VELTO02 C
TCCHETAZELAE1H 42L& L TED VA 2 ILIELE
L7z, ¥ Lo REIE, FREFEA 42V ELT03CTCC
KBET AV, CVI % 1R E L CHRBL 728, 18
RfRIE L, TEREEL 25 VE LT, 0.3 CTCCHEL
REXORELE L kb, CL— FOERIE, 1M
WHE T A EWMEA 1 C & L, C = LD E-mKERE
[BCREND. 2FD, YLOEED—EDLE, 05 ClE
2 IR TR T AWM TH D, 2 C i 0.5 BTk
B LEMETH 5.

3.3.2. 10 BEREHE (10-sec DCR)

YL DONEBIKYT % Gl % HYT 10-sec DCR ll3E %
Fhi Lz, L OFTEEE (SOC) % 50% ISFHEL 2. &
12, HXEBERETLI0DEBEL, 018, 18, 108
AR OB A ME L. BEdEiiig, 0.3 C, 0.5 C,
0.75C, 1.0 C, 1.5C, 2.0 C, 2.5 C & L7=. #lili=ER
filf, MR & LT, FERMEICH T 5 BHER OB %
Jay ML, ZOMEE AP E U, 10 B TOME 4k
EHUlE L U7z, E72, B2k %, 0.1 BREO I
(0.1-sec DCR) # % 7441 (LLF, #&PTA), 0155 10 F
TOHESUHE ((1-0.1) -sec DCR) % KIS (LA, #PT B),
1725 10 B % TOESUE ((10-1)-sec DCR) % A F > ik
I (UUF, 51 C) e and L2 ®),

3.3.3. 1 VLB

YL Ot A A& G4 5 B TH 4 2 )L akBaE & 2k L
7z, HIL & ASC OfEEMICHE L, EIREEA 42 V, T
FRETA 25 V& LT, &% 0.5 CDCCiE, £E4
05 CHCCCV &L CV A 18R E L, RIEBRERZ 1
B & UCRRIl L 72, 200 94 2L Z k12, {HiEHE % 25°C
12U CEBRERBE COREZMER L 72, 600 914 7 Li&
THFIZ1E 10-sec DCR #HI%E L 7.
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3.4. EBD A/

3.4.1. SEM

Eharh OEYE L EEROEARRE 2T 52 HINT,
suazv sy g vARY vy THmAHITEL, Carl Zeiss
118 ULTRAS5 1 SEM % FWTHEISE L 72,

342 . 8F7O-TJ~4 707+ 714 Y% (EPMA)

BERahOSMBO S EIREEERT 2 HNT, 7a2
oy avRY) Yy TR ZHIEL JEOL 3 JXA-
8500F % FHWWTH#ig L 7=,

3.4.3. #FLA TBIE

ERROMALAG % Ew L $ % HIVT, Quanta Chrome ft:
B AL A ESREE POREMASTER 60-GT % Hw
TKGYEAETHE L 72,

3.4.4. FE T 0 — 7 §8MsE (SPM)

FA 7 IVIRERRT I 36 1) 2 IEARP OTEIE AN OE T4
INZDZEALEERILTZHMNT, Ar4F Y I v 7ick
D BRI A ER L, Bt S e A e ) Y —
?Eﬂfﬁ% SFT-3500 # T, Fig. 7 DBEEXNIIRT LS
SLTHEWBER T eI EhTh T — 7 2 EH, i
%E@ﬁh#%ﬁbfﬁﬂf%éSV@n%?X CHERAE]
al L, BHE A S BB A S L 72,

' : Active material layer

@ : Current collector

'— : SPM probe

Fig. 7 Schematic diagram of SPM

4. FEREER

4.1, EBOKEERER

Fig. 812 (a) 3D iEAR (f4E) & (b) 3D 1M (C 27— ) &
(c) 3D 1EH# (CSB-2) DWifi % SEM THIE L - F & /v g
Fig. 9 1= 3D IEM& (f4g) & 3D IEMk (CSB-2) ® EPMA T
WUIREBL 7 v ROILE Y vy ¥V T &Y.

Fig. 8 K0, (a) Ti&, WWE A HEEAICE LA L T
W WRRAAETE L, IR LT B IWEWEAEET 5.
hy, BEOBIMOEIZ 4 5. (b) TiX, Kbk
PRT KD, EEBROEKIZ S — R VGRS ST L

T, EWESEERDO S — R VAN UEERIC I
il CWBZEAMER LS. LEdoT, BBEREEWE
DOEDOEFEMELrHm LT3 &I2K-> T, BEROEFIK
Yoz PIl§ 2 s R0 if ¢ & 5.

Fig. 8 ® (c) TI&, WHHER T OBREIZ, EEEAI DA
L, AL TnwaZ & EERLZ. 2hiZ, WHED
WERH AB O—YOR 71£4 48 nm T 5 DIZKE L, HE
% CSB-2 O— Yk FEAVESLIF D 23 nm Th %728
FINOFTEERR ELZ2EEZE L 6N 5.

3D collector
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material !

) i *
am ---....’."--0
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(c) 3D cathode (CSB-2)

Fig. 8 Cross-sectional SEM images of 3D cathodes
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Fig. 9 k0, #ifatkE LT, (a)l2xfL, (c) TI13EED)
FlaRyREE, N YV EERT T 9 ZOHMER L
TWBZEMNERTE S, g, TEIAIZ ATk
SR B RETHEHH L -2 212K, Z6FO
SHENE L L7z FE L NS, ZOMBITER2 S,
B MNOE EEVEME LU, BOADT 2 P4 %
SRPAGCE 5. 72, EBROBEMNE AR L E 5729
WS 554 v 2%, 2 EARIEEBRISICIEFS Lk
WOT, FEIESMEO S BN 5 Z e s T2
22 (c) 3D 1FMk (CSB-2) Tld/ sS4 v & Ot Asm b3
% 2 &C, IR RISHPUA S 2 50 S iR T 5.
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4.2, IEBOMRIEMATE SR

Fig. 10 (2% 1EM D 10-sec DCR DR A 73¢. HEEHIE
I3t LT, §XCO 3D IEM TP 2 HH L Tnb Z
& AHEREL 7z

P A&, F2PRG 2 ETETTTH D, HEEEIE
M3 104 Q-em® 123U, 3D IEMR (FE4E) A3 8.8 Q-cm’® T
HBDT, 3D EBEROHFIZED 1.6 Q- cm® DICHNR
ERER L. %72, 3D EM(CI—1)237.9 Q-cm’, 3D
1EA% (CSB-2) 28 7.2 Q-em” TH V), 3D 1EA (FEHE) 12xF L
T, EHICHHIL TS Z & &AL 2. Zhid, Fig. 90
Wrifi SEM mi{% TSR L 7z & 512, 3D 1EMs (C 2 — b) i3,

(c) 3D cathode (CSB-2)

Fig. 9 EPMA elemental mapping analysis of 3D cathode
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EEA L EWEO R OEMYEH R L7222 &C, mWE
CHEBARM OB RSN mL 2R e &2 60 5. 3D
1EMk (CSB-2) i, MWBERICEEHAINTIHE S Z &
T, WWEB OB TEEE R E LR EE LN S,
INEORERNS, ZOOBEEROMRIZLD, ThTh
BROBE TP APIHITE 222 & 2HEGREL 7=

P B &, F72 2 PR DA KIBIEPTTH b, HEBEIE
> 0.9 Q-em® 12X L, 3D 1EMR (F24E) & 3D 146 (C 2 —
MIZZFNZEFNT16 Q-em’ 1.7 Q-em® EEIL, 3D IEA&
(CSB-2) TIX 0.8 Q-cm” LHIHIL T3 Z & ZHfEsd L 7-.
Fig. 10 D EPMA 2L % 7 vy RDOTLHR~Y vy ¥V 7T, 3D
TEAS (FEEE) 1334 v & D5y EE DM < RAE L T 5 (& &
MRRL, ZhARIBIHI AN E e T B2 6N75.
DM (Ca— 1) 3R ATY —%2MHL TWBDT,
FREOMERTH 5. Ak, 3D IEM (CSB-2) i3/ 34
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Fig. 10 Results of 10-sec DCR for cathodes
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Fig. 11 Capacity retention performance of cathodes
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Table 5 Change in cathode resistance

Reference |3D cathode|3D cathode|3D cathode
cathode | (standard) | (C coating)| (CSB-2)
Resistance A | Before 10.4 8.8 7.9 7.2
(Q-cm?) After 26.5 12.3 8.3 8.8
Resistance B | Before 0.9 1.6 1.7 0.8
(Q-cm?) Aiter 47 5.0 4.4 32
Resistance C | Before 1.7 1.9 1.4 1.3
(Q-cm?) After 3.2 26 2.3 1.8
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Fig. 12 Resistance performance of cathodes retention
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Fig. 13 Results of conductivity measurements by SPM
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