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Cathode materials

Theoretical capacity (mAh

o

)

Advantages

Disadvantages

Good cycle life

Thermal mnaway

LiCoO, 274 . .
O Good energy Low practical capacity
Good thermal stability ) .
LiMn,0, 148 Inexpensive Moderate cycle life
. - Lower energy
Good Power capability
Good energy Thermal rmnaway
Li(N1.Co.AD)O; 274 Good power capability Sensitive with moisture
Good cycle life Moderate cycle life
o Good thermal stability .
Ni.Co, ) 27 n a 5
Li(Ni,Co.Mn)O 4 Good energy. power. and cycle life Patent issues
Good thermal stability Low enerey
LiFePOy 170 Good cycle life i .’_y )
. o Elevated self-discharge
Good power capability =
LiFesouF High potenial Tosicity & envitonmental impac
LiVPOF 3 Low activation energy pé

Low cycle life
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O[20| 2YZA (111) HE 2t Mot YEEO A= rock salt =2, M2HE 0|=20] cubic

of
close-packed H{EE ZtTICL O|2{3t F£XRE 03 FXREtD BHCE Li*Qb Co+Q TSHXto|7t A,
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2R M7 25l 2M7t BYSHH 78 0| ~140 mAh g 22 F|SHEICE

@® Oxygen
® Lithium
O Cobalt
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- LFP (LiFePOy)
LFP &= orthorhombic crystal system O &3 A0 22|28l +xE 7tEICE. FeO6 octahedra 7}
corner-sharing St bc-plane 2 T35+, edge-sharing LiO6 octahedra 7t b-axis & M2} stacking
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Theoretical Percolation Threshold
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30%
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Carbon Fiber
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Carbon Black

Spheres (L/ID=1)

(LiD~1000)

{LID ~100)
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- EalrRE

H 2. SWCNT 2} MWCNT 2| H|u [35]

Properties Units SWCNTs MWCNTs
Specific gravity (bulk) g/cm? 0.8-1.3 1.8-2.6
Specificarea m2/g 400-900 200-400
Young's modulus Pa ~1,000 ~1,000
Tensilestrength Pa (3-50) %1010 (1-15) x 1010
Thermal conductivity W/m/K 3,000-6,000 2,000-3,000
Electrical conductivity S/em 102-10° 103-10°
Thermal stability temperature in air °C 550-650 550-650

12| HEj2 HLHoE HEE RE)

rm
&
I
H
3m
T
R
Q
o
@]
>
>
Q
>
(@]
—
C
O
o
(@)
pd
3
rir
rm
i
[Ho
Ral
N
£
r2

SENE el Aot FEHIE CHAEY Fd oY EtALILERH (single-walled CNT,
SWCNT)O|H, 02|50 &&F2 7HX= HWHE COFEY EALLEFE (multi-walled CNT,
MWCNT)2t22 BHCF SWCNT = 04 ~ 2 nm 9 &Z2Z 10° S cm-1 9 MANEEZE HQICH

MWCNT 2| 2F ZZAZ2 2 ~ 100 nm O|H, L{F HZEEZ 1 ~ 3 nmO|C}. ZO0|= 02 ~ &= ym 2

O|20{X U SWCNTLHH| e £=X|Q 105 S cm Q| MEEZE LIEILHC YHIMOZ Z0| 0f
AU+E 2Hg0| 20[5tH 7+A0| X HS}LC,
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1400

SWNTs
1200 +
calculated with
dC-C =0.1421 nm
1000 + d(inter-shells) = 0.3400
e
o~
£
. 800+
o
g 2WNTs
9
<
® 600 T

3WNTs

SWNTs
200 + k 10WNTSs
20WNTs
- .
0 + + + +
0 5 10 15, 20 25

Nanotube diameter - d, (nm)

a3 5. EtalteRE X F0 ME HEHEY HI [36]

rlo

SWCNT 9| HEBEHAEZ 1315 m? g' 0|, 0| =0ld+& HRHZZ2 ZO0=Ch 0|F5H

EtALt- FEOl A2 680 ~ 850 m? g 0|, MWCNT &= 295 ~ 430 m? g' Q| H{EHAZ 7tZIC}

74

e 3

rlo

2t a8t

00t

k0| QICH.

rir

H

w3, CNT7H M2 SRESE
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SHEA0 s 240] O[FOX|= HAHLF2 CHEd 2t =5

£ L|E1} substrate Of M
Q71510 M7|&0| TpsiX|H LIS LHFol EMHo| MAt= EMZ M2} O|sstl EH2 HEHO|
LMotz CHHEICE O MEHO|AN FAZIE ZOF&= LHi MI[E0 s 80| L 2=

Lt =Ch ol Kol w2 H7|H A=Ha #HY

18

of = OIRA &[EM HEY 2

2HS 0TI Q7tEls YOl YAEES EHA =T HEHZS| EOAM fine jet HEHZL

LFEFLED jet 7F THR|IBHA MBS O

-

rir
0

Dl

F=0| droplet HEfZ FALEICE O droplet 2

X E2 Rayleigh limit & MELE 0l £ BHE0M 7HE 5=

= e HOjel HotEds LIEHHD

QZ 1/3
"Rayleigh = (6471’20‘80)

(2)
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Droplet O| substrate 22 O|&dt= YA droplet o E0f&= JZE=Ct Ol FH7|H o
olsfl F|ete O =Ets| Ao{HtCh [MakA droplet O HtA r O EO{EH EX|Zt EHO| CfHE

Yrtel Mtz Q £ S R WEO| YRS gy

= ==

u
o
oy

OF
__
[al
o
o

ot
o

o
o

EHA Z™ coulombic fission O s Cf A2 droplet 2 dJd3tCt O|E charge residue

model 0|2} otCh SHH, PAFHES FAl WOZE T E YASS droplet 22 O SZo

-_—

gtEEE JHXL ACHE Of S ofast

oI8 fission O EtMSI7|E =0 O|Z ion

= =

evaporation model O[2} BtCt O] F7HX| 1PFO0| =eHO|HAM AXZXo=z ZIAME 0 droplet

o] URHSO| ZAEITE (37-40)
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SRNVXHAT")s
A

Conventional thin film electrode Conventional thick electrode
L
[ Electrode material Electrolyte Current collector ~——> lon pathways

a3 8. M3 FM| 710 M2 tortuosity S7t0 CHsH O &. [17]

SHAITH 7|Eo] &4 Sz Hed IS 2 WS WM, Mool o|8HEE S7HAIA H=

=o| Al | M =
Meg B7tAZ = Atk 55 I FH7E SI6HA EH Tstel olg Z2It MdEFo=z
S7t5t= Z40| OtL|2t exponential St S7totCts ZAS FEsHOF SHCh ESH 2|eE= &OH2
Stz Qlel HIQIE et =M 7F M3 HEHBOZ migration T/0] EFLsH 8HH| BEZE of7|st1

FSOIA = E0| st ALE TTEALt =0 #2|== =X 7F UL

X
P
EJ
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3.1 A &AL

12 ml 2| N,N-dimethylformamide (DMF, Sigma Aldrich)0{ polyacrylonitrile (PAN, Sigma Aldrich)

0.012g 2 HE7I5t1 65°C O|A 12 A2t O] wEtstol M= DHSRACE PAN A0 0.6 g 2

LiFePO, (LFP Alfa Aesar)@t 0.0375 g 2| multi-walled carbon nanotube (MWCNT, 224 33t5ha
22 5| nHAAH Z4s THERACE
HHEAE 15 kv o HMYS QISIHA 14 pyl min' 2 =22 S8HZ FUstH T AL

L|S2} substrate @] H2|= 15 cm & =H3UCE

a8 10. BHEA & HO{Z LFP/MWCNT S|



32 H= M=

=2 HRE ) 2 7t SRE ZH[SIAL. RHEM= YHUZAME LFP/MWCNT SHE

AHgeh TS, FHME 22 =4S 7HKle e 9dst SO0 LFP/MWCNT S2HHIE ALE

ret

=2 electrospray ™=, the= UM 22 M= conventional ™=0[2t X|ESHZUCE

M= FH| 082 CH3t ZCf Electrospray =2 LFP/MWCNT S&HE 224510 Tt Ht o
T ZHEE® (super P Alfa Aesar) =X} & poly(vinylidene fluoride) (PVDF, Sigma Aldrich)
HFQIL 7} 23lEl N-methyl-2-pyrrolidone (NMP. Sigma Aldrich) 40| €3 20 £7t 2ASIQCt
20T £2f2l= LROs TN ZEYSIH 100°C 2 TS2E0M 40 22 X = 30%
calendaring o F 120°C 0i|A TS AZSI0 T= LR EUE FZAIZILE Conventional TS

re) C
2 Yy 5

SYUSH WHOZ |Fp MWCNT, 7222 2t2to| M9t PVDF 28U

Ot

i 20

Hr

ool =M 2 conventional M= AL LFP 80%, MWCNT 5%, carbon black 5%, PVDF 10%,

electrospray ™ =0{ A= LFP 80%, MWCNT 5%, carbon black 4.2%, CNF 0.8%, PVDF 10%0|C}.
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33 2d EIt
3.3.1 Scanning electron microscope (SEM)

Mzt LFP/MWCNT =gtNel dHdE &S| 28l cold field emission scanning electron

microscope (cold FE-SEM, SU8220, Hitachi)& Ar&3SIEICt H= M & M=o #H A CHH

kI

POl = =23t SEM 2 AR8SHRILE.

r

3.3.2 Transmission electron microscope (TEM)

LFP/MWCNT SE&x ol dd L MWCNT &2 28l Cs-corrected transmission electron

microscope (Cs-TEM, JEM-ARM200F, JEOL)Z AF-E5tSILCE

3.3.3 X-ray diffraction (XRD)

LFP/MWCNT SgtH|el A RE &QIst7| I8l X-ray diffraction (XRD, Miniflex 600, Rigaku)2

AHESIRALCE 10° - 80° HRAMA ATHEZE 10° min' 22 ZHSIRULE

3.3.4 X-ray photoelectron spectroscopy (XPS)

LFP/MWCNT S2tH|el 2 242 28 X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo

30



3.3.5 Thermogravimetric analysis (TGA)

LFP/MWCNT O A Ef27F KX|St= Hlg2 AMSHZ| @8 thermogravimetric  analysis
(TGA/SDTA851e, Mettler Toledo)E AHESIRALE. At Z(7|0AM EHE[E THSIAD o200

800°C 7ItX| 10°C min 19| S22 HAESHFLY

3.3.6 Raman spectroscopy

LFP/MWCNT ME0A LFP 2t MWCNT 2| HEE =QI57| {8l Raman (HEDA, Weve) &A15 AL}

-

SoR 3ol BT HO| ¥ exsitu ZHE U To|2 AMSHACH

3.3.7 Rheology

LFP/MWCNT 8] CNT &4t HEE =2I5t7| 28] rheometer (HR20, TA Instruments)S O|&3}10f

so2|2 =8 FEALL
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3.4. ™7|=tst "ot
3.4.1 Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), galvanostatic
intermittent titration technique (GITT)

Mol Al

[

o

4rgol Jojs 9l

El

o} PRS2 =Q18t7| QI8 cyclic voltammetry (CV) 2A15t%ILCEH
25 -43 V FUE 01 mV 122 AL} Electrochemical impedance spectroscopy (EIS)2t
y

galvanostatic intermittent titration technique (GITT) 242 M3 WEOA 2| 0|29 i8S

A LS| sl TISIYICE 25 potentiostat (Biologic, SP-200)E AMESH0] 25°C 0| A ZYSIRACE

=9 Y, &% U +YEHEES =57 I8 constant current ZEZ AMO|Z HAEE

LIS ACH HAEE battery testing system (MIHW-200-160CH, NEWARE)E 0| £23}0] ZIalis Lt
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4.1 LFP/MWCNT =

4.1.1 Scanning electron microscope (SEM)

a8 11. (A) H=YZ2| LFP, (B) OI0[|3 2 AZAL| LFP, (C) MWCNT

LFP 2 OFO|3E AtO|=2| LFR, MWCNT O|Ct Ltk ALO|=2Q| LFP 2| 42 2F 200 - 500 nm ¢l

33



Aoz =0l0| £, OO|AZ ALO|=9| LFP & ~ 6 pm 2 ZQIEICE MWCNT o 32 =

HHEEA 0|7 ¥O{El LFP/MWCNT ETHE 38 11 (A LIEFLHRACE LFP 2 MWCNT 7t Z

SatElof HE HEYYE RE

i
[tot

FOISIRICE Ol N, 2%17I01M 700°C 2 2 A2t E@XM2|35t0

polyacrylonitrile (PAN)S EtStA|Z! Ol ZQISIRAS O 319t Boh= LIEFLEX| RIQCH
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4.1.2 Transmission electron microscope (TEM)

0.393 nm
(210)

ojo|x|

TEM 2 O|830 LFP/MWCNT S2HE EMIJAS W LFP YAt MWCNT 7h A 2tEEQID,

= YXAts LFP 9| 10O sigsts HZE 2|7t =elEo mep Lrp o Hs & 5 RUE

—_

ojn

Mol Yxt= MWCNT 2| XN Y2 LiEel FE JEE 7tX= AS =SHAL.
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4.1.3 Energy dispersive X-ray spectroscopy (EDS)

A& 14. LFP/MWCNT SgHH|e| STEM-EDS £4.

a2l 12 of LIELH LFP/MWCNT £ STEM-EDS 24 Ed| da2Mg TGt ™AL
LFP & TMStE= Fe, P O7F YUXtO| DEA 2ESH= A2 =QISHIUCH AR FHO|A MWCNT Of

sigsts ¢ 2o Mzob =elFIth FAMeR, TEM J2[=0] EtAZAEO0| oA 10
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4.1.4 X-ray diffraction (XRD)

LFP/MWCNT
_ LFP
MWCNT

g lg B
jJA.J LT R WO TN WY W W

(002)

‘-—/_/L (100) (004)
I I ‘ LFP PDF# 4001846
| I I I | [ TR I.P L "l 1 | B o e Il.n N

I I| [,
10 20 30 40 50 60 70 80
2 Theta (degree)

(311)

(101)
(111)
(020

% (301)

(222)

Intensity (a.u.)

1% 15. LFP/MWCNT 2&4|e| XRD TfH

LFP/MWCNT 2| XRD 24 ZDt LFP o CHPF peak = Q10| T[ASLE MWCNT Of CHgH H2

LIEfLIX| RHRAE Ol & =2 7o X2 2838 X0z 2Ig Z1to|ct
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4.1.5 X-ray photoelectron spectroscopy (XPS)

Cis o1s P2p
(P04)3'
- (PO,)*
=i 2pyp
T Cc=C
2
®B c-C
cC 2p
1/2

2 c-0
= c-0

288 285 282 537 53 531 58 138 135 132 129

Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

a8l 16. LFP/MWCNT =&HH|e| xps ZjE

HT

XPS

Z4 'c'>'F01| [H

(==

rot

M7}

ot

MWCNT Of s kl= C-C Z2ga C=C

TZHoA LFP 2| P2} O

38

Fe2p

2py2

2ps,

Fe*

Fe?

736

728

Binding Energy (eV)

720 112

ZeS L= (PO, SEHS P-O 2 O|HX[7} LIEFRLCE [41]

704

MZ Sl LFP/MWCNT 2| EHO| Cist HEE =QISHACH C 1s Of CHSE peak Of|A

OIE[RAD, O 1s, P 2p Of SHEE[=



4.1.6 Raman spectroscopy

215

285
984

Intensity (a.u.)
150
454
1051
1356
1585

387

T T I T I T T T I T
0 300 600 200 1200 1500 1800

Raman shift (cm™)

a3 17. LFP/MWCNT S&H|2] Raman 241,

LFP/MWCNT Of Cthet == 2t E240M g=t5] 2QIZ QAT 984 2 1051 cm™ Ol M LIEtt=
peak = PO4 2| v; 2t v, O SiY3t= intermolecular stretching mode O|Cf FIHE S 2 1356 1t

1585 cm-1 O Ml= MWCNT £ O|F1 QU EtA2| D 2t G band Off CHSE signal O|CH H2FA] A

AT
1
rot

XRD, XPS Zit S22 H[F & I LFP/MWCNT S A7} LFP 2F MWCNT 2 &[0

A

30
n
rr
jo

UTL + ACL[A2)], [43]
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4.1.7 Thermogravimetry analysis (TGA)

A B C  Average
Carbon contents (wt%) 7.92 8.37 8.22 8.17
106 108 106
= LFP bare == LFP bare = LFP bare
104 | = electrospray 104 = electrospray 104 ] = electrospray
IQI 102J— WUZI
g F z
E 100 4 E 100 E 100 +
§ 8 § % 1 ;'-? ®1
*1 Sample A *1 Sample B *1 Sample C
= 100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (*C) Temperature (°C)
d3 18. LFP/MWCNT S&H|9 TGA 24M. 3 3 HrE4d)
LFP/MWCNT 9| Bt &S A 4SH7| 8] TGA 242 HAISHRALCE LFP = MAER|7|0M S2
Al 300 - 600°C TZHO M 238 %|0] Li3Fe2(PO4)3 2t Fe203 & - dotct
. 1 1. 1
LlFeP04 + 202 - ELL3F€2(PO4)3 + EF6203 (3)
Ol2Xoz Lhotbt30| 2Oolts W 5.07%2 2 J7t7F AT MWCNT 2F CNF o 82
H==oh 22 17821 400 - 600°C O|Af b7t 4ot CO2 7 &[0 RTO0| Z AT} MhatM

2X2| O|= LFP 2} LFP/MWCNT 2t

=13
=

Al

O||_'_|- Al

AN

rE

.3 gh&

St

O —

ol
12

2

| =

20| C}.[44], [45]

M

MWCNT, CNF 2| &1

79

3@

b LFP BEH

40

HolE H|wdt0] LFP/MWCNT O &=
S I 8.17wt%o| ZtS QUL

&= 1

=13
=

M ez &



42 M= =9 H7
421 &2{2|9 SHEM =X

LM electrospray ™= £2{2[2 conventional M= &£2{2(29 FHEES 2A4IRUCE &2{2] HF0

=575 012t YHsts HEEHO| HoX|7| Mo Fd0| S7tot=

30

MWCNT 7t & 2420

£ds 2otk

108 10°
electrospray
conventional

v 6 ® | 03
T 10 cbocecccse®?® 5 o
= YL L o &
e T v i Q
= o a
3 00" >
2 10*4 500" - 10" —
@]
OOOOOO
O
o R
O
102 1— T . . T — 107
1072 10 10° 10" 10? 10°

Shear rate v (1/s)

3% 19. Electrospray =1} conventional 32| M HH.

M2 shear rate & HIAIZ|HAM 10| ME 22| IS FYOIRALE LY A =2

A

H= 282lE MZME M electrospray T=0A ©f 102 Pa-s 7t =2 H-J0| LIEHRLCE MEtA]
LFP/MWCNT SZH=z £22|8 HM=SAS M MWCNT 2o 4980l {XEL=E AS

0I5} L}
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422 M3 180° peel test

Electrospray ¥1=13t conventional =2 HAHE ZHE57| 2510 180° peel test & TS AULC

A ¢ B ¢
— conventional [ conventional
—— electrospray [ ]electrospray
34 3
£
£
z z
T 2 c‘é 2
] A
Q
(=]
o
2
1 Z 1 H
0 T T T T T 0

0 20 40 80 80
Displacement (mm) Sample

J% 20. (A) conventional =1} electrospray 32| 180° peel test, (B) 3 3| Y5 AT

Y
=
mjn

27 WA L.

ols
S Lot

I
=

dr 8 FEEXHOZ HZESH electrospray =1t conventional ©=2| peel test Z1t

electrospray H=0|A 2F 2 Hi Olde FEHZ HIAJCL Ol HQIH st 2Z=E Qlot

ZIO|CE LFP/MWCNT S AOA Mol MWCNT 7t 24tE|0f HEJZE x5 Hd5HN

HrQIEe| otojdgfojldE AHMstRR7] WEM O =2 = FAHEO0| LIEHLL. OE d52=2

o M |

HHESI0] 33 dES T

Of

B

mjo

o 2z Y

rir
:aN]

£O| LIEF&HCY.
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Coating blade Coating blade Coating blade Coating blade
height LU height CLALT height SO height oo
Thickness Thickness Thickness Thickness
(after drying) 3100 (afterdrying) 120~ 150mm (afterdrying) 70 240pm (after drying)
Thickness Thickness Thickness Thickness
(after calendaring)  °¢ ~ 7OHM (after calendaring)  °° ~ 102HM (after calendaring) 10~ 160 Hm (after calendaring)

Coating thickness increase

2l 21. Conventional B3 MXxX £ A

—-

Conventional 30A= ZE Zg0|E =0|E 600 ym 2 AESFS WHEH HA=X
LIEtEE AS & 5 QUCH 800 um 7t =™ M=0| AN Lt 24F5| g2z IS
ARALCE
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o [u o

Coating blade Coating blade

Coating blade Coating blade Coating blade Coating blade
heighta 200;1m height 400 4m height 500; tan) height 900 gl height 1000;1sm height 1200 ym
Thickness 5 Thickness 5 Thickness E; Thickness = Thickness » Thickness. A
(after drying) 133~ 155 pm (atter irying) 188 ~ 200 pm (e g 230 ~ 260 pm (after drying) 300 ~ 350 pm (afterdrying) 350 ~ 420 pm (ater drying) 430~ 530 pm
Thickness Thickness Thickness Thickness Thickness Thickness
(after calendaring) '*" ~ 112 MM (afier calendaring) 2%~ 130 B (aqer calendaring) 170~ 180 ¥M (after calendaring)  2°° ~ 280 MM (agor calendaring) 2% 390 M (afior calendaring) 010~ 325 ¥m

 —

Coating thickness increase

J& 22. Electrospray M= H= F AEL
Electrospray M30|ME coating blade #=0[E 1200 ym 2 &M IELSIAS WIX| H20

0| ALK UUCH Of= &M S2{2] HEe peeling test O A 2RI AX0| ZLEA U=

MWCNT 7t A=Al Zd &= BHIE Oro[agojds sut¥ez AX|stR7| {=0|Lt.
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424 M= ®™ Gl .t

e
HI
1z

SEM 2 0|83t =2 EHI HHHES FAMSIACE

conventional - 8.24 mg cm2 electrospray - 8.24 mg cm2 electrospray - 20.58 mg cm2

S b

Jz

13 23. Conventional M3 1} electrospray M=32| #H &

ol
St

futot

g3 =29

o

7tX|= conventional F=1t electrospray H=2| EHZ M M,
FEPX|E Ko7t BEEX|E AUYACE (A 22 (A), B) E2H 2SS T7HAZ MIME 2

XtO|7F LIEFLER] QERLCE.

R T, o

conventional - 8.24 mg cm2 electrospray - 8.24 mg cm2 electrospray - 20.58 mg cm2

13 24. Conventional 31} electrospray M=32| THH FXM,

Conventional ™1} electrospray =2| At0|= = CHHOIM FEBX|A LIEFGCE (A)OA
conventional T= L{§0| HEtMo=2 MWCNT 7t SEEOU= F20| ZHEEACE BHH (B)Q

gl0] = o] BHEL

3@

Ct. O|& electrospray =29

I

electrospray ©=0M= SEE £
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ZEU0E

rlo

EY0| =2 M LKt AME JR/UCL FIHEOE electrospray M=2 &

H =2 FH7F HER=H Ol MWCNT 7t = LR 40 @RE7E ZOotRY| WZ0|ct

conventional — 3.57 mg/cm?

conventional- 5.92 mg/cm?

Conventional ™30M= E2Y0| &2 Z20= MWCNT 7} a8U

rir
i
Hr
o
i
m
4
ful
N
=

S2t0|2 LiEtH RE0] SHE MWCNT O[Ly O[F =gt AZE (A2 W 2ER

LHEFLH ACE.
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12 26. Conventional ™=

oA C o

Conventional M=0|A MWCNT 7}

MWCNT 7}

LIEFLER] BEQACE OFEfA Of=

b signal 2

1 LFP of CHsl

of
PN

47



St
ol

43 M™7|3}

E
=

M
o

Bt

4.3.1 Cyclic voltammetry (CV)

conventional electrospray
A 5.0 B 5.0
— 1st 01mvs'! ——1st 01mVs'
2nd 2nd
3rd 3rd
25 4th 25 4th
% 5th g 5th
5—, 0.0 1 \{ = 3 0.0 — /
2.5 251 ‘ /
4.99 mg/cm? 4.89 mg/cm?
24 28 32 36 40 4.4 24 2.8 3.2 36 40 4.4
Potential (V) Potential (V)
6 electrospray . electrospray
Cc —1st 0.1mvs?! D ——1st
——2nd —— 2nd
3rd 3rd
4 4th 4 4th
z 5th T 5th
£ E
£ =
g o
5 04 ——— L 5 04 e
4 -4
10.65 mg cm? 1549 mg cm?
24 28 32 36 40 4.4 24 28 32 36 40 4.4
Potential (V) Potential (V)
1% 27. Conventional =31} electrospray M=2| Cv &4,
Electrospray =1t conventional =2l cv =E Zu, Hxot 2EdS A= AFA BE
HlwStA =S Mf electrospray F=0IA 4tzl/et@l 2h39| MEA0| ZAH FHEEZRUCH EDH Atotet
ShAO| M= TN FE| =2 T/ 40| LIEIRCH Ol= & 23 - 25 0f|Af LIEtH Zat
Z0] MWCNT o # st 2 Ao 2|st X}tO|O|C}. Electrospray M=2 MWCNT 7t 127 £IL &[0
EEN EOels ddstr] Mo WREXNEES =0 Tr|esttsel fA3HE SIAIZLL (B),
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SHACE =7HOStA R H=of FH7t S7reof et

SHAA v 245
dgs 2t
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4.3.2 Electrochemical impedance spectroscopy (EIS)

conventior:jl electrospr?zl conventional electrospray electrospray electrospray
Dy 6.32 x 10- 214 x 10
Ra (oh) 118 015 Mgﬂsg(;r;?i)ng 177.3 86.95 75.16 9374
M(arfls Igre;l]c_jzl;g 509 500 (mg cm?) 9.25 11.75 14.60 20.79
400 9
—e— electrospray 300 —e— conventional (9.25 mg cm?)
—e— conventional —e— electrospray (20.79 mg cm’2)
300 4
CPE
. 200+
S 200 R, S
£ Ry z, £
N N
° 100 4
100 4 T e o ° P
..o/:;,.o/"/.’. ,r’/.ﬂ.;.\ko‘ .'/./.
M‘W’ * i.no V’
0 04 e
T T T T T T T T
0 100 200 300 400 0 100 200 300
Zge(€2) Zze(Q)
13 28. Conventional =31} electrospray 32| EIS M 9 2[E0[2 =MA = A4
Hl=$t ZYO0|AM Electrospray =1t conventional = EHO| HMIMFNAS ZHYMS )
electrospray ©=20|A 915 Q 2Z conventional =9 118 Q It HLMS I =2 ZLO|
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4.3.3 Galvanostatic intermittent titration technique (GITT)
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Abstract

Thick lithium iron phosphate (LiFePO,) cathode, which is relatively thicker than conventional
electrodes, has garnered interest because it enables the reduction of component parts such as
separators and current collectors and the increase in energy density for next-generation lithium-ion

batteries (LiBs).

To achieve a thick LiFePO, cathode, it is essential to depart from conventional LiB chemistry and
opt for engineering progress. Specifically, replacing carbon black, a zero-dimensional conductive
agent, with one-dimensional carbon nanotubes (CNTs) is crucial. This substitution ensures efficient
electron transfer pathways throughout the cathode, from the bottom to the electrode surface.
However, due to intrinsic characteristics of CNT, such as high aspect ratio, significant Van der Waals
interaction arises. This renders dispersing CNTs difficult as they tend to aggregate themselves,
thereby leading to rapid degradation of thick LiFePO, cells. In this work, we adopted an electrostatic
energy-driven spray method to get a homogeneous dispersion of multi-walled CNTs (MWCNTs) and
LiFePO, for thick cathode. During the electrospray process, the uniform distribution of LiFePO, and
MW(CNTs is facilitated by the charge residue model (CRM) and ion evaporation model (IEM). This
approach yielded e-LiFePO,/MWCNTs composite with a uniformly dispersive morphology, even at
high MWCNTs concentration, as confirmed by cross-sectional scanning electron microscopy (SEM)
and microcomputed tomography (micro-CT) scan analyses. The thick e-LiFePO4/MWCNTs cathode
exhibited a notable reduction in overpotential during the electrochemical Li ion redox process,
coupled with enhanced areal capacity and capacity retention, achieving 7.27 mAh c¢m2 contrasted
with the conventional mixing-only method. These outcomes are attributed to the uniform

distribution of MWCNTs, as proved by electrochemical analyses.
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