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[ Chapter 7: Conclusion and Future prospect |

Fig 1.1. Overview of this study.
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IEA International Energy Agency
FIT Feed in Tariff
ZEV Zero emission vehicle
LIB Lithium ion battery
PVDF-HFP Poly (vinylidene fluoride-co-hexafluoropropylene)
SLIPS Slippery liquid-infused porous surfaces
PAN Polyacrylonitrile
CNF Carbon nnofiber
ISO International Organization for Standardization
. TS Technical Specification
. NNI National and Nanotechnology Initiative
. TCD Tip to Collector Distance
NMP N-methylpyrrolidone
FE-SEM Field emission scanning electron microscopy
. PEO Polyethylene Oxide
. PAA Polyacrylic acid
. PS Polystyrene
DSSCs Dye-sensitized solar cells
. NIPS Non-solvent-induced phase separation
. PFPE Perfluoropolyether
. DMF N,N-dimethylformamide
SEM Scanning electron microscopy
. EDX Energy Dispersive X-ray Spectroscopy
. UV-vis Ultraviolet-Visible Absorption Spectroscopy
. T.T. Total light transmittance
. PT. Parallel transmittance
. D.T. Diffuse transmittance
. IS Japanese Industrial Standards
. FF Fill factor
. EV Electric Vehicle
. NEDO New Energy and Industrial Technology Development Organization
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#C.0> William Gilbert (& & » T#4s & 7201, 1885 4F, Lord Rayleigh |%, D=L 7 k1 A
=2 7 DA O BERAIRH & #R ik L 726

BB, MIMORTHEOBEE TH D, =17 hr A =2 ZIEORIIORFFIX Gooley
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2 =4 (n = 3) 0117y &

1971 #-121%, Baumgarten |X7 7 VL~ 707 7 A N"—DT L7 hRr AL =2 7IZDOWT
#iE LB Larrondo 3 X O Manley X, AU ~—EMHO=L 7 hr A= 7T 5—
WO AERE L7 |, 1970 FFRICITEEILORA L Z AT =17 hu A =72
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D2 Lo 7B m BT N AT 2 SRR O E - SIH SR T — & X— 2 Th
% Scopus THMFE L=l 7 hr A= ZEBBRTHIREN TW D5 OHER % Fig. 2.1
27”7, AR Reneker 23 3% WS L CHAFEILT 2000 4 AR, HIAR D3 kRIS
KREEIZHIN L TWD Z & ™50 5,

Fig. 2.1. Numbers of publications from 1960 to 2017 with the keyword of ~ “electrospinning” (Source

from Scopus) .

F 72, [AFEIZ Scopus THRFR L7ZHIR STV DL O BF b3 % Fig. 2.2 1239, ZiL
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Fig. 2.2. Field ratio of publications from 1960 to 2017 with the keyword of =~ “electrospinning” (Source

from Scopus)
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T 7 hrAE= L THEEORKERIL, mEEER, ALy NEkRar s Z—n=
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BZTHICKREL D ETA T —a— 2 O BRRIZM D> T2 Y =~ FD
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X, ZOEA I TUBETHDL, AT Ly MESOT A F—a—rhbalb g X —~0Dii
HIC, WA ZRTET 2 ETIXEMD A S, [BEUET 5, WO ZRIE TR O AN,
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Reneker 573, FEANIZHIE LT 500
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Fig. 2.3. Schematic illustration of the basic setup for electrospinning.
24, TV hR A=V TIEORKIEINT XA —X

L7 haAE= U ZIRIZEBNT, ALy MWD ITEZRIROIR DS, IR
57 7 A N—JRRA~NEAT 01T, WERNAEF Ly hhb a7 X —ICBET 2B
&5, Fig. 24 [T X2, ZoBELER T, @ELZHMINIZEEICE, KEHT
TA: 8K, B: Bifi, ¢ B, D 7—a S, B ZEESKROHRMES O 55
DOOBER LTS I 2 bokkx e 1 Nbs Z 2k > T, BIREBEE S,

Electric field

-

A: Electrostatic force C l

oo — __

B: Drag force
C: Gravity

E: Surface tension and viscoelastic force

Fig. 2.4. Schematic illustration of forces acting on the charged droplet.
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D350 RO, 2 FEPREKRORY v —#HOMIE M2 Eikx 72 /3T A —
BAHRAFT D), REZHIET 27200 /R7 A—2 L UCIE, o7, IWIRIERE., ok,
ERZETHND, LovL, EERICHELZREST DRICEE MEA S 01%, o5, B
FeE, IREREXLD WRIREZHWD Z LR Z0,

DRI BREELEMEOR)~—DEFOETHY | TNEZWEST 2720213, B
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B id, W - AR 22 dil59 232 < L M OAFEE TRIFIVTFBMEICE L T RERFE D,
T BATIEAL, FTEONTEORY ~—RNRICAND Z EBNRERZAENZ N,
NOHOEBNG, 5T EIT/NT A—2 & UGERMEIR, WEREICR LT, iS5
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— 7 IR, —MREICAR Y = —IREEOHINI - T, IR ORE ITHAIA I
IMF 572 KEEDOHIEI T 2 —2 & LTINS T W), sliFE T 2 BRI IR E T,
77 AN—DROVIZE—AVPFREINCT N &0, BREETIIAE ST Ly Ok
WCIREDNFEZ VR T W R CICEETAILERSH D, RIS L L, XQ) TR L-E
D, 77 AN—RBICE LU BER EF T2 L1085 TT 7 A =TT DM L,
WHTARKEE DAL, 7 7 A N—RIHE T %,

SZH L LC, BLUF IS S22 CHUS L 7= PVDF-HFP (Mw ~ 400000, Mn ~ 130000) % .
NMP [ZHRE 15wt.% & 25 wt% CEN TN S Bz =L 7 hr A= L e &
?® FE-SEM 8% Fig. 2.5 (Z/R T, ANCFEHE Lo — Gl v ICRENEV (=@kE) 56
I, E=ANESRoTNDZE LT 7 AN—EREF LTS ZERHRTE D,

Fig. 2.5. FE-SEM images of electrospun PVDF-HFP nanofiber membrane at a concentration of (a) 15
wt.% and (b) 25 wt.%.

2.4.1.2. {mER

T L7 bR A= IEIROLEROGIENL., WK TPICHESCEBROTINC L - Tithihu b
ZEMB, RN, BIROA A AREROEEINE SETGE. 7 T A NR—DT 7
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Fig. 2.6. Schematic illustration of the behavior of this solution during the electrospinning process.
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Fig. 2.7. Schematic illustration of the behavior of the solution using volatile solvent under high

humidity during electrospinning process.
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Fig. 2.8. Schematic illustration of hollow and core-shell nanofibers by coaxial spinneret.
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Table 2.1. Electrospinning parameters and their effects on fiber morphology.
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Fig. 2.9. Schematic illustration of (a) dye-sensitized solar cells and (b) reduction of contact resistance

by electrospinning.
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Il Silicon B Lithiated silicon B Mechanical clamping layer
Fig. 2.10. a, A solid silicon nanowire expands upon lithiation. A thin layer of SEI forms in this lithiated
and expanded state. During delithiation, the silicon structures shrink, and the SEI can break down into
separate pieces, exposing fresh silicon surface to the electrolyte. In later cycles, new SEI continues to
form on the newly exposed silicon surfaces, and this finally results in a very thick SEI layer on the
outside of the silicon nanowires. b, Similarly, a thick SEI grows outside the silicon nanotube without
a mechanical constraining layer, which also has a varying and unstable interface with the electrolyte.
¢, Designing a mechanical constraining layer on the hollow silicon nanotubes can prevent silicon from
expanding outside towards the electrolyte during lithiation. As a result, a thin and stable SEI can be

built. Reprinted with permission from ref 39. Copyright 2012 Springer Nature.
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ME | TEOREIE DB E > Tz,

(a) (b)

Cassie-Baxter state Wenzel state

- |nterface

Fig. 3.1. Diagram of (a) Cassie-Baxter and (b) Wenzel state

INHOMEIIKIET20E2DT AT T & LTHTE =023, SLIPS & MEEN 5 BhiG
T& D, SLIPS |E, Aizenberg 7 /V—7NRE LT YR I Y TITA LV ANRAL T Sz A
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WOBREZ TS TWE1DTH D, —DHIIKMAR EDNREAE U254 T LM
DIRETHH7-DICEDORMAE CHEDIZIT W HABEEEBA LTS Z L, =2
FIIAREBE O M ~DOW Y Z H 230G 1L L, B ORRE I Ao T\ b 7o
DRV e 27V 2 (< 25°) CTHLRHEBECBETLIZENTELZLTHD, *
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ZOHBIEH L TOELIL, %BlT 508, ZORMENSH 57201 SLIPS ZiER$ 5 Z L1
Ko T HEFIBLEN G KD THIE ORE TR SOBRE /e EOFIFIN 2 Ipofzfzdblz, T/
& DOBRPIEDIEF IR E < I oTe, BEAFIEE TIX, 26 OFEIZHER L, 2 < @ SLIPS
BT &t L T AU 2 6 0B TIISE O T, AIFFE T, Fig. 3.3 TRL7Z
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a b

@ Silanized epoxy M Dyed pentane
Functionalized Lubricating film Test liquid O Non-silanized epoxy B Lubricating film g,
porous/textured solid" (I|qu1d B) (liquid A) Stable film disrupted

e

Ordered nano-post array Random network of nanofibres

t=0.00s imm t=077s

ppery surface

Fig. 3.2. Design of SLIPS. a, Schematics showing the fabrication of a SLIPS by infiltrating a
functionalized porous/textured solid with a low-surface- energy, chemically inert liquid to form a
physically smooth and chemically homogeneous lubricating film on the surface of the substrate (see
Methods Summary). b, Comparison of the stability and displacement of lubricating films on silanized
and non-silanized textured epoxy substrates. Top panels show schematic side views; bottom panels
show time-lapse optical images of top views. Dyed pentane was used to enhance visibility. ¢, Scanning
electron micrographs showing themorphologies of porous/textured substrate materials: an epoxy-
resin-based nanofabricated post array (left) and a Teflon-based porous nanofibre network (right). d,
Optical micrographs demonstrating the mobility of a low-surface-tension liquid hydrocarbon—
hexane-sliding on a SLIPS at a low angle. Reprinted with permission from ref 9. Copyright 2011
Springer Nature.

‘ Fabricati
GGI-SLI P ‘ :‘JU;':: ls:‘lprgrocess

v Quick simple process
v’ High transparent
v’ Self-standable Mixed solution

........ /i @ W~ 30s

A Wy s

oné porbus Phase separation
-RVDFIH P fdm -~ 30s

Quick simple process w

[ < 5 min], [Room temp.] Extraction of DBP

Fig. 3.3. TOC of High-transparency, self-standable Gel-SLIPS fabricated by a facile nanoscale phase
separation. Reprinted with permission from ref 12. Copyright 2014 American Chemical Society.

GEL-SLIPS %, SLIPS OA#ALELE T 5 Bk 42 FLUE & 12 NIPS % CEHRL L 72 PVDF-HFP
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3.2. EERHE

3.2.1 Bgt

TV 7 huAE =V TIRIERORE T D PYDF-HFP <L v b (CE#455 -8 : Mw ~400,000,
ERJEAEE © Mn ~130,000) % Sigma-Aldrich, &£ Td 2 DMF % BURA LR )N b £ L E Ul
AL7z, L7 ha A= T %2479 HEME L THWAD ST T A (S1226, refractive index
1.52) ZANRAS 7 TENDEEA LTz, F7=. SLIPS O & L CHWD PFPE |7 =R >
NOHIEA L, Z OB, 49 17 mN/m ORWRE R/, -60 °C OKFEE A, 1.92 g/ ml

(0°C) OFE, 82mm*/s (20°C) DIEEHFTLH, Fo. SFFHIEOIEHOEI =D
BEBHE LT av A A L EGEEY ) a—rnBBA L, L7 hrAE=2 710
AT 277 2AF v 7)o bdét 21G12) 1%, T rEnbBEA L,

3.2.2 R E

Nanofiber-SLIPS (%, Fig.3.4 (29 XK 52, OPVDF-HFP Tz L7 frm AL =2
ECH T AR ISR 2 TR g IR A2 EAT L2 TROKE LS ST T o0
TE®® %,

Materials.

« Poly (vinylidene fluoride-co-hexafluoropropylene)
+ N, N-dimethylformamide (DMF; 99.5%)

+ Glass as a substrate.

= Perfluoro-polyether and Silicon oil as a lubricant.

High Voltage
Supply

PVDF-HFP Nanofiber @

g PVDF-HFP Nanofiber
Under layer
~
S 37 /“\7\\\,/}/
2K N

15t STEP

|||1

Pibwiciiad FNEF-LE Hnoie Infusejn\:litsI\TEiricant Completed !!
by Electrospinning
18t STEP: Electrospinning 2"d STEP: Infusing Lubricant
The concentration of PVDF-HFP/DMF solution : 20 wt. % » PFPE and Silicon oil lubricant was infused into the
The applied voltage : 10kV PVDF-HFP under layer.
Tip to collector distance : 15cm » Lubricant infused PVDF-HFP film on glass was then

Flow rate : 1ml/min blown with air to remove excess lubricant.

Fig. 3.4. Scheme diagram of Nanofiber-SLIPS.
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(ZHEIRRE A O CHERF 24T o 7o, BB . VB A AR A N C PVDF-HFP FHuE LIZHE T
Lz, B2, =7 7m Y =2, i F%?O PVDF-HFP FHUEIZFE > TV DR
PFPE %R L7,

3.2.3 Tk
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(Quantax70. Bruker nano GmbH) % H\CHIE L 7=,
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B L CiX, UV-vis (UV-mini 1240, EERAERT) 2 W THEEZNE Lz, 7 4 VL0 T.T.,
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TENT 7 AV a3 KGEMR (Artec) O -V #hifE 2.8 cm? O~ A 7 FEIKIZK LT 100
mWem? D AML.S YV —F—3 X a2 L—& — (UXL-500SX, 7 AR THRE L THIEL
72o JEIRITIZ. S00W D Xe 7 v 7 % H =,

33. =L 7 Fr A= 7 ETRE L7 PVDF-HFP F #ijg & Y

Nanofiber-SLIPS ¢ H{A&ZEAf

SLIPS i, &&= — /L — O & RFR I = 1L —0O g0 S S5, SLIPS
DRNET H5M0E, (1) BERZE SRR (= 1KEm= /X —0#Em) 1L, BEER (IKELE
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DEBZITHLHET O TRITIUER B2, (3) REHL S ORI I K EA 2
ZE @) IR ALBIHERMLTORITIUIR LN EORELI T TL4O083H D,
ZZC. Fig. 35 TRT X OIR=ZDODMKEE X D, THENOIREBORS R - K= x
NX—% Exn (EIHLE O THEORR TR X—L DG, E (EH. HEEH&X O THEO
Kii =X —0OHM), E (HiEhE THEORET= R LX—DF) &725, ZhbDHhT
OB Vol BEH R (Fig. 3.5 O B) Tk <, ##K (Fig. 3.5 DIRIKA) B F
HIEIZFE > TV DR A TH D, TNERET D 720I121%, K A 13, Fig. 3.5 Ok 1 B X
D2 IZHARTRZETRITIUT R 220, DED | A OS2 B=R/LX—13MK 1 3
FO20ZN LY b REL RITNULR D20,

[ Liquid A

[ Liquid B
@ Rough solid
Rough Solid (Roughness, R)

Configuration A:

Ey=Rysa+Va
AE2=EA—E2>0 AE1=EA—E1>0

Rough Solid (Roughness, R)
Rough Solid (Roughness, R)

Configuration 1:
E; =Rysgp +vp

Configuration 2:
Ey =Rysp+Yap+7Va

Fig. 3.5. Conditions required to achieve stable SLIPS. Ei, E;, Ea are the total free energy of

configuration 1, 2, A, respectively. R is the roughness of rough surface. ya (yg) is the vapor/liquid A
(B) interfacial tension. ysa (yss) is the solid/liquid A (B) interfacial tension. Reproduced with

permission from ref 28. Copyright 2016 The Royal Society of Chemistry.
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— RIZTHBORIM S & T D&, ExZRysa+Vas EsZRYsp + Vap + Vas E2&Rysp +v5&
EFRTED, Znbx2RA (1), ) IWRATDEEUTO LD IZEREERD

R(Ysa —Vsp) —Yap >0 3)
R(Ysa—Vsg) t+¥a—Vvp >0 (4)

FICY o ZOREANTRET S EUTO LIRS, 22T, 0,&0513 AB %
IF VDN O R o 23 L T3,

R(ypcosfp —y,c056,) — Y45 >0 (5)
R(ypcosfp —y,c0s60,) +v4—yp >0 (6)

X (D) £ 2) WS RWEE, WEITEEmTIcREZLTLES, H#EX (5)
BEO (6) £V, SLIPS O FHUE PMEWEH =R F— L RIS NBETH D Z L0350y
Nnb, Lo T, ABFFETiE, PVDF-HFP ORI R /L ¥ —E 2L 7 hn A=
TUWETERT 2 Z LIc ko T, RRFE = RLF =0 O@mWERM S 2 £ F Hg 2 /Fi 5
HZ EHMoT,

RIS, T 7 FrAE = TIEIC LT, EOREDOREM S 2 /FRTR D )% g
L7=0IZ, PVDF-HFP J/ 7 7 A N— FHiJF OREME DT L7 b o 2= 7R OHY
INZRE S 2L & JE LTz b—W — B8 M 4 % Fig. 3.6 IR,

Fig. 3.6. Laser microscope images of PVDF-HFP nanofiber underlayers after electrospinning times of

0,2.5,5,7.5, 15 and 30 min. Adapted with permission from ref 28. Copyright 2016 The Royal Society
of Chemistry.
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TL 7 hrAE= VRO, L— 3 —BEEEO 3D BiRIZI 1T 5 FH GO O
PICE o> TREND X DI, T AEROB A HD SE 5, PVDF-HFP 7/ 7 7 A /3—
. AEF Ly "B & #8 L7- PVDF-HFP R U ~— L BEICRE S -8 L7
PVDF-HFP F / 7 7 A /_—FHuJg L, [F CHEZ OO C, M0 R0 % 77 A HM BT
FERNATET D,

WIZ, FxL 7 ha A= FRMICET S PVDF F/ 7 7 A N— FTHIE R D Roms %
Fig. 3.7 127”7,

Fig. 3.7. Rums values of PVDF-HFP nanofiber underlayers after electrospinning times of 0, 2.5, 5, 7.5,
15 and 30 min. Adapted with permission from ref 28. Copyright 2016 The Royal Society of Chemistry.

ZZTCHERATD R lZLLTFTO LD IZEFRET D, 2 ZTIE ZUIHESTOR I OM, Zi
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N—THIED 6~11pm & V> 5 &iFH D Roms fEIZ. GEL-SLIPS (23513 % NIPS ¥ THUMEE L 7= F il
JEDR LT 0.2~0.5um & WO fEIZXT LT, 10 f5LL ERE W,

WIZ, HF=L 7 b A= ZHRBIZE TS PVDF-HFP F / 7 7 A /"— F i@ 3 1 DK
2%t B il % Fig. 3.8 IR,

Fig. 3.8. Water contact angles of PVDF-HFP nanofiber underlayers after electrospinning times of 0,
2.5,5,7.5, 15 and 30 min. Adapted with permission from ref 28. Copyright 2016 The Royal Society
of Chemistry.

PVDF-HFP 7/ 77 A N—THfgZ a—7T 1 74252 LIZL > T, REIBokMEIZZ
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WS FBRICRKRTHDH Z EITR LT, #iAIRRICR LR o7, ZHUX, Fig. 3.7 T
Hom L7 L DT, =L b r AV = U VDY 5 S OREETIE, BIKMETH D 1T AFRKEN
TH L TWD72D, 5 0ko#faIE, 7.5 oHURRICR L TR Ro/o b B2 b b,

Fr Ly hr A= R BT SN2 EAT D% D PVDF-HFP F/ 7 7 A
— THUE O T E {5 % Fig. 3.9 [Z~7, BVEMEARIO PVDF-HFP F/ 7 7 A /S— T Hifg D
KL, ZOEWERE S KONEOZLEBELUER S 2 % HFEELR O 720 FLAAICH
25 —J. HEMEAR, PVDF-HFP 7/ 7 7 A /— T O R EHDFL A A 6 ERIC
LTz,

I 2 72T S Ri% O PVDF-HFP 7/ 7 7 A 73— T Hiifg > SEM Hi{§ . O EDX + v
Z Fig. 3.10 1T d, V@M, 7/ 7 7 A N—iHER 02 A2 R STV D 2 & 2350
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Fig. 3.9. Photographs of the PVDF-HFP nanofiber underlayers before and after infusing lubricant, for
various electrospinning times. Adapted with permission from ref 28. Copyright 2016 The Royal
Society of Chemistry.

Fig. 3.10. SEM images and EDX maps of PVDF-HFP nanofiber underlayers before and after infusing
lubricant for an electrospinning time of 30 min. Adapted with permission from ref 28. Copyright 2016
The Royal Society of Chemistry.
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Fig. 3.11. UV-vis absorption spectra of PVDF-HFP nanofiber underlayers (a) before and (b) after

infusing lubricant, for various electrospinning times. Adapted with permission from ref 28. Copyright

2016 The Royal Society of Chemistry.
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Fig. 3.12. Types of scattering.

Fig. 3.13. Histogram of the diameter of PVDF-HFP nanofiber underlayers before infusing lubricant.
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Fig. 3.14. Optical properties of PVDF-HFP nanofiber underlayers (a) before and (b) after infusing
lubricant, for various electrospinning times. Adapted with permission from ref 28. Copyright 2016

The Royal Society of Chemistry.
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Fig. 3.15. Models of (a) specular reflection and (b) multiple scattering of PVDF-HFP nanofiber

underlayers after infusing lubricant.
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Fig. 3.16. Optical properties of PVDF-HFP nanofiber underlayers before (a) and (b) after infusing

various lubricant. for an electrospinning time of 15 min.

TV O YT R & BELEPE O BIMRIEIC DWW T L 0 3EMIC#ER T D 72010, iMoo JE
P18, PVDF-HFP & i O S 2 % O Haze % Table 3.1 (2% & 7=, F£7-. PVDF-HFP &
T O B R 1 O Haze OBIFAMEIZEE L C Fig. 3.17 IR L7z, ZHHDFERNS 1D D
L HGELRE, RO EITRICRE < B E 2T 52 & Th H, PVDF-HFP OJEHr=R T
B D 1.4 [T WVEPTER A FFD KF-50 & KF-96 Z7EA LB L CTid, miFikaELiisiEi &
2, TN DOFERIZOWTIR, T7 L RADIERING, T 7 7 A "= L JEITRN TN
HMPAEASILD Z LI K- T KA S g T HEL I Sz & W OGO AT
%I EELOIHNZ OV T REETH H, L L, PVDF-HFP OJEITHETH D 1.4 LB D
JEHT# % £52 Krytox GPL103 & KF-54 (X, SN ETIIMHI STV DA, FRIC X > TEE
ICHGELMHI SN TV D DT TRV, %FHEL ISl SN -B 42 7 L L oL
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Table 3.1. Refractive index of various lubricant, reflectance of the interface brtween PVDF-HFP and

various lubricant and haze of PVDF-HFP nanofiber underlayers infusing them.

Lubricant Refractive Index Reflectance of the interface Haze
Krytox GPL103 1.296 1.488E-03 31.92
KF-54 1.505 1.306E-03 20.17
KF-50 1.427 9.122E-05 0.94
KF-96 1.403 1.146E-06 0.69
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Fig. 3.17. Relationships between reflectance index of various lubricant and haze of PVDF-HFP

nanofiber underlayers infusing them.
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Table 3.2. Refractive index of various lubricant, calculated reflectance and experimental reflectance

of the interface brtween PVDF-HFP and various lubricant.

Lubricant Refractive Index Calculated reflectance (%) Experimental reflectance (%) Difterence (%)
Glass 1.52 8.52 8.89 -0.37
Krytox GPL103 1.30 592 6.33 -1.07
KF-54 1.51 8.32 8.93 0.55
KF-50 1.43 7.35 7.32 0.77
KF-96 1.40 7.07 6.29 0.12
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Fig. 3.17. Sliding angles of 20 pL water droplets on Nanofiber-SLIPS. Adapted with permission from
ref 28. Copyright 2016 The Royal Society of Chemistry.
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Fig. 3.18. Sliding angles of 20 pL hexadecane droplets on Nanofiber-SLIPS. Adapted with permission
from ref 28. Copyright 2016 The Royal Society of Chemistry.
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Table 3.3. Photovoltaic performances of solar cells **), Copyright 2016 Royal Society of Chemistry.

Voc[V] Jsc[mAcm?] FF Efficiency [%)]
Glass 3.96 2.13 0.721 6.10
Nanofiber-SLIPS 392 2.09 0.719 5.88
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Fig. 3.19. Photocurrent density (Jsc) versus voltage (Voc) of a bare solar cell covered with a glass and

Nanofiber-SLIPS ), Copyright 2016 Royal Society of Chemistry.
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Fig. 4.1. Development roadmap of secondary batteries
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Fig. 4.2. Basic configuration of LIBs
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Fig. 4.3 Potential map of various batteries
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Fig.4.4. Volumetric and gravimetric energy density of various metals.
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Table 4.1. Specification of NCR18650BD !

Item Performance characteristics

Nominal Voltage (V)

3.6
Typical Capacity (mAh) 3180
Charge Voltage (V) 42
Diameter (nm) 18.25
Max Height (mm) 65.1
Approx. Weight (g) 49.5
Gravimetric energy density (Wh/kg) 231

E. BETH S 300 Whikg 3RS 5 7-0121F. 2 NCR18650BD (D= R L X — 55 Ji
25 231 Whikg 72 D C, TRVX —FE & 30 %FLE LT 22T U T 72202 E 830D,

ARFFEClE, Fig. 4.5 TRTEY . TRAX—EEN EOZDICKEL ST T oDar
7 MRS,

Increase energy density

- Ir \I Ir

Adopting higher capacity active materials Reducing non-active materials

Conversion reaction materials
= Metal oxide/Carbon composite structure

Self-standing structure
=+ Binder. Conductive aid & Collector less structure

FE-SEM image

Conventional structures This Study
FE-TEM image

Fig.4.5. The concept of this study.
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=S (R s— ¥
g 20 i S ol .
o -~...__.____. i 20 = Parts item Value
w oy
10 1 E 10 Thickness variable
E Electrode
0 T R S S S R S Sy — E o Density 1.7 g/cm?
0 50 100 Thickness 10 um
Cu collector
Electrode thickness (um) Density 8.94 g/cm?

Total weight Cu collector --@--Reduction ratio

Fig. 4.6. Reduction of Cu collector amount self-standing concept.
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Electrospinning Vacuum filter Vapor deposition
iy
Filter » ;'_
ﬁa—
Pump
Process type Rb:)'nh-«mn-v.;!mﬂlen:)u;k--m pressure Rmn:m»;-«m,u-w,,:: spherc pressure High w:rl..yu.:-- vapor
Direct forming possibilities Possible Possible :&ms:im:’
Raw matoril selectivity A wide variety Only fiber shape Oply Sasification
E’g:fzx:&‘ﬂ'fg;: Inexpensive Inexpensive Expensive
Equipment size Small Large Large
Production method Roll to Roll Batch Batch
Running cost Inexpensive Expensive Very expensive

Fig. 4.7. Comparison of manufacturing method of carbon nanofiber nonwoven fabric.
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Fig. 4.8. Schematic illustration of heating protocol.

Fig. 4.9. Schematic illustration of the electrospinning CNF fabrication process.
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oo
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Fig. 4.10. Schematic illustration of cell assembly process.
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Fig. 4.11. FE-SEM image of electrospinning CNF: (a) carbonization at 600 °C, (b) carbonization at
800 °C, (c) carbonization at 1000 °C.
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Fig. 4.12. Histogram of electrospinning CNF: (a) carbonization at 600 °C, (b) carbonization at 800 °C,
(c) carbonization at 1000 °C.
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Fig. 4.13. Sheet resistance of electrospinning CNF: carbonization at 600 °C, 800 °C, and 1000 °C.
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Fig. 4.14. The ratio of the Ip and Ig of raman spectra of electrospinning CNF: carbonization at 600 °C,
800 °C, and 1000 °C.
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Fig. 4.15. FT-IR spectra of electrospinning CNF: carbonization at 600 °C, 800 °C, and 1000 °C.
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Fig. 4.16. (a) C 1s, (b) N 1Is and (c) O 1s XPS spectra of electrospinning CNF: carbonization at 600 °C,
800 °C, and 1000 °C.
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Fig. 4.17. Weight retention of electrospinning CNF: carbonization at 600 °C, 700 °C, 800 °C, and
1000 °C.
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Fig. 4.18. Discharge curve of initial 3 cycles of electrospinning CNF: Carbonization temperature at

(a) 600, (b) 800 and (c) 1000 °C.
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Fig. 4.19. Capacity of initial 3 cycles of electrospinning CNF: Carbonization temperature: 600, 800,
and 1000 °C.

Table 4.2. Discharge and irreversible capacity values of initial 3 cycles of electrospinning CNF:

Carbonization temperature: 600, 800 and 1000 °C.

Carbonization Discharge Capacity (mAh/g - electrode) Irreversible capacity (mAh/g - electrode)
temperature 1st cycle 2nd cycle 3.4 cycle 1st cycle Cap. - 3rd cycle Cap.
600 °C 1031.2 408.1 369.1 662.1
800 °C 709.2 381.0 363.0 346.2
1000 °C 582.2 280.4 263.0 319.2

Fig. 4.20. Relationships between irreversible capacity and Ip/Ig ratio of electrospinning CNF:
Carbonization temperature: 600, 800 and 1000 °C.
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Fig. 4.21. Capacity retention of electrospinning CNF: Carbonization temperature: 600, 800, and

1000 °C at various discharge and charge current loads.

-73 -



Fig. 4.22. Discharge curve of electrospinning CNF: Carbonization temperature: (a) 600, (b)800, and

(c) 1000 °C at various discharge and charge current loads.
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Fig. 4.23. Charge curve of electrospinning CNF: Carbonization temperature: (a) 600, (b) 800 and (c)

1000 °C at various discharge and charge current loads.
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Fig. 4.24. Cole-Cole plots of electrospinning CNF: Carbonization temperature: (a) 600, 800, and
1000 °C, (b) 600 °C, (c) 800 °C and (d) 1000 °C at 25 °C before cycle test.
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Fig. 4.25. Equivalent circuit to fit impedance spectra of electrospinning CNF after carbonization at

600, 800 and 1000 °C.

Table 4.3. Charge transfer resistance of cathode per weight of electrode of electrospinning CNF:
Carbonization temperature: 600, 800 and 1000 °C at 25 °C before cycle test.

Charge transfer resistance of cathode per weight of electrode
Carbonization temperature

R4 (ohm*mg)
600 °C 1804.67
800 °C 54.7
1000 °C 6.72
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Fig. 4.26. Experimental and fitting (a) Cole-Cole and (b) Bode plot of electrospinning CNF:
Carbonization temperature: 600 °C before cycle test at 25 °C.
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Fig. 4.27. Experimental and fitting (a) Cole-Cole and (b) Bode plot of electrospinning CNF:
Carbonization temperature: 800 °C before cycle test at 25 °C.
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Fig. 4.28. Experimental and fitting (a) Cole-Cole and (b) Bode plot of electrospinning CNF:
Carbonization temperature: 1000 °C before cycle test at 25 °C.
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Table 4.4. Activation energy and frenquency factor of charge transfer resistance of electrospinning

CNF: Carbonization temperature: 600, 800 and 1000 °C before cycle test.

Carbonization temperature Activation energy (kJ/mol) Frenquency factor
600 °C 34.44 1890.02
800 °C 11.05 31.09
1000 °C 15.77 242.51

Fig. 4.29. Plots of charge transfer resistance of electrospinning CNF: Carbonization temperature:

600 °C as a function of temperature in the form of Arrhenius manner before cycle test.
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Fig. 4.30. Plots of charge transfer resistance of electrospinning CNF: Carbonization temperature:

800 °C as a function of temperature in the form of Arrhenius manner before cycle test.

Fig. 4.31. Plots of charge transfer resistance of electrospinning CNF: Carbonization temperature:

1000 °C as a function of temperature in the form of Arrhenius manner before cycle test.
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Fig. 4.32. Experimental and fitting (a) Cole-Cole and (b) Bode plot of electrospinning CNF:
Carbonization temperature: 600 °C before cycle test at 40 °C.
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Fig. 4.33. Experimental and fitting (a) Cole-Cole and (b) Bode plot of electrospinning CNF:
Carbonization temperature: 800 °C before cycle test at 40 °C.
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Fig. 4.34. Experimental and fitting (a) Cole-Cole and (b) Bode plot of electrospinning CNF:
Carbonization temperature: 1000 °C before cycle test at 40 °C.
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Fig. 4.35. Experimental and fitting (a) Cole-Cole and (b) Bode plot of electrospinning CNF:
Carbonization temperature: 800 °C before cycle test at 10 °C.
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Fig. 4.36. Experimental and fitting (a) Cole-Cole and (b) Bode plot of electrospinning CNF:
Carbonization temperature: 800 °C before cycle test at 10 °C.
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Fig. 4.37. Experimental and fitting (a) Cole-Cole and (b) Bode plot of electrospinning CNF:
Carbonization temperature: 1000 °C before cycle test at 10 °C.
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Fig. 4.38. Experimental and fitting (a) Cole-Cole and (b) Bode plot of electrospinning CNF:
Carbonization temperature: 800 °C before cycle test at 0 °C.
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Fig. 4.39. Experimental and fitting (a) Cole-Cole and (b) Bode plot of electrospinning CNF:
Carbonization temperature: 800 °C before cycle test at 0 °C.
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Fig. 4.40. Experimental and fitting (a) Cole-Cole and (b) Bode plot of electrospinning CNF:
Carbonization temperature: 1000 °C before cycle test at 0 °C.
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Fig. 4.41. Capacity retention as a function of the cycle number of electrospinning CNF before and

after cycle test: Carbonization temperature: 600, 800 and 1000 °C
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Fig. 4.42. Discharge curve of electrospinning CNF: Carbonization temperature: 600, 800 and 1000 °C
every 100 cycles.
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Fig. 4.43. Cole-Cole plots of electrospinning CNF: Carbonization temperature: (a) 600, 800, and
1000 °C, (b) 600 °C, (c) 800 °C and (d) 1000 °C at 25 °C after cycle test.

Table 4.5. Charge transfer resistance of cathode per weight of electrode of electrospinning CNF:
Carbonization temperature: 600, 800 and 1000 °C at 25 °C after cycle test.

Charge transfer resistance of cathode per weight of electrode
Carbonization temperature

R4 (ohm*mg)
600 °C 114.70
800 °C 84.32
1000 °C 24.79
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Fig. 4.44. Experimental and fitting (a) Cole-Cole and (b) Bode plot of electrospinning CNF:
Carbonization temperature: 600 °C after cycle test at 25 °C.
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Fig. 4.45. Experimental and fitting (a) Cole-Cole and (b) Bode plot of electrospinning CNF:
Carbonization temperature: 800 °C after cycle test at 25 °C.
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Fig. 4.46. Experimental and fitting (a) Cole-Cole and (b) Bode plot of electrospinning CNF:
Carbonization temperature: 1000 °C after cycle test at 25 °C.
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AREOWNEIL, 2017 412 [Influence of carbonization temperature and press processing on the
electrochemical characteristics of self-standing iron oxide/carbon composite electrospun nanofibers |
Mz T Lz,

Conventional structures This Study

i

Active materials Binder @ Conductive auxiliary agent MW Carbon nano fiber

Fig. 5.1. Schematic illustration of self-standing active material composite carbon nanofibrous
electrodes for lithium ion battery applications. Adapted with permission from ref 11. Copyright 2017
The Royal Society of Chemistry.
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1st STEP: Electrospinning 2nd STEP: Carbonization

+ The concentration of PAN/Fe(NO;)*-9H,0/DMF 10 wt. % « Stabilization 280° C
+ The applied voltage : 10kV « Carbonization 600, 700, 800° C
« Tip to collectordistance : 15¢cm
+ Flowrate : 1ml/min

18t STEP: Electrospinning 2nd STEP: Carbonization 3 STEP: Cell assembly

\ R Top case (3US)

L e

J o Gasket

3rd STEP: Cell assembly

+ Cell size: 2032 coin
» Separator: Polypropylene
+ Electrolyte EC/DMC

Fig. 5.2. Schematic illustration of experimental method.
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WBRZAT DR o T2 b DIk LT, RENZZEOMALDBIZEK S TWD Z ERgnoTz,

Fig. 5.3. Low magnification FE-SEM images of self-standing iron oxide/carbon composite electrospun
nanofibers: (a) carbonization at 600 °C (b) carbonization at 700 °C (c) carbonization at 800 °C, without press
processing. High magnification FE-SEM images of self-standing iron oxide/carbon composite electrospun
nanofibers: (d) carbonization at 600 °C (e) carbonization at 700 °C (f) carbonization at 800 °C, with press
processing. Low magnification FE-SEM images of self-standing iron oxide/carbon composite electrospun
nanofibers: (g) carbonization at 600 °C, (h) carbonization at 700 °C, (i) carbonization at 800 °C, with press
processing. High magnification FE-SEM images of self-standing iron oxide/carbon composite electrospun
nanofibers: (j) carbonization at 600 °C, (k) carbonization at 700 °C, (1) carbonization at 800 °C, with press

processing. Adapted with permission from ref 11. Copyright 2017 The Royal Society of Chemistry.
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Fig. 5.4. Weight retention of the self-standing carbon nanofibers and the iron oxide/carbon composite

nanofibers without press processing for various carbonization temperature and press processing.

B R RERIT, BEL RO FIEE AW, ZORENG ., BEks & A7T2 PAN
T T 7 ANRN=IX, PAN T 77 A N—HRE I LT, RACRFOEBBRD P RENT &
ZRLTWS, £/ FIUED Fig. 4.16 TAR L7Zi@ Y \PAN F/ 7 7 A /S—EKTIE, 1000 °C
FTHRALTE D, LS EEA T D LR LT LEN, RILTDHZ ENTE b L
ol THHDOFERMNS, =L 7 hr AE =27 CNF & B LD AbD SeAThHFZEE10
TS EVFER SN TRV, BEERICIE, CNF Ok 2R3 26N H 5 Z &
NP EIND, —FH. Fig. 5.3 @ FE-SEM BIZH W TiE, REEEICKRE S ENHTWEY
L RALEROF L, THREK LT, EREFRRIIEEL B R) o1,

Table 5.1 [ZAHFLPARHIELERE CHIE L7 RAGIREE Soh T T 7 L R AL HE D bk/ Ik
FHEAET /) 7 7 A 3—0 BET K& %Z /"7, £/, Fig. 5.5 ([ZHE L7 RALEE ST
TOT VAN EDORRCE/IRFBEET ) 7 7 A X—OWEFERMRE =T,

Table 5.1. Comparison of BET specific surface areas of self-standing iron oxide/carbon composite

nanofibers for various process parameters.

Carbonization temperature Press treatment BET specific surface area (m%/g)
600 °C Without press 251.3
800 °C Without press 182.6
1000 °C Without press 189.5
600 °C With press 233.0
800 °C With press 186.6
1000 °C With press 204.1
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Fig. 5.5. Gas adsorption-desorption isotherms of self-standing iron oxide/carbon composite nanofibers:
(a) carbonization at 600 °C, (b) carbonization at 700 °C, (c¢) carbonization at 800 °C, without press
treatment; (d) carbonization at 600 °C (e) carbonization at 700 °C, (f) carbonization at 800 °C, with
press treatment. Adapted with permission from ref 11. Copyright 2017 The Royal Society of Chemistry.
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I carbon nanofiber . Iron oxide

Fig. 5.6. Models of mechanism of the difference of the surface structure by the press treatment.
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Fig. 5.7. (a) Thickness and (b) Electrode density of the self-standing iron oxide/carbon composite
nanofibers without and with press processing for various carbonization temperature. Adapted with

permission from ref 11. Copyright 2017 The Royal Society of Chemistry.

FIRALIRESRMF T TOT L ALBIED A LER/IKFEET ) 7 7 A NX—D T~ AT b
/L% Fig 5.8 & Fig. 5.9 1T 7, F/o. HA4ETHEMLIZEY ., Ip L lcDT VAT hL
tt % Fig. 5.10 (29,

INLORERNG, RIGIBEZ EH S5 & BEMEMEE S v, RGBS 600, 700,
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T L7 brAE =7 CNF YRR & RO ThH S, LU, In/lfE & LTI, 800°C
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Fig. 5.8. Raman spectra of the self-standing iron oxide/carbon composite electrospun nanofibers; (a)
Carbonization temperature: 600 °C (b) Carbonization temperature: 700 °C (c) Carbonization
temperature: 800 °C, without press treatment. Adapted with permission from ref 11. Copyright 2017
The Royal Society of Chemistry.
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Fig. 5.9. Raman spectra of the self-standing iron oxide/carbon composite electrospun nanofibers; (d)
Carbonization temperature: 600 °C (e) Carbonization temperature: 700 °C (f) Carbonization
temperature: 800 °C, with press treatment. Adapted with permission from ref 11. Copyright 2017 The
Royal Society of Chemistry.
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Fig. 5.10. Raman spectra of self-standing iron oxide/carbon composite electrospun nanofibers; (red)
carbonization at 600, 700, and 800 °C without press treatment; (blue) carbonization at 600, 700, and
800 °C with press treatment. Adapted with permission from ref 11. Copyright 2017 The Royal Society
of Chemistry.
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Fig. 5.11. 1% to 3™ charge—discharge curves of self-standing iron oxide/carbon composite electrospun
nanofibers at 100 mA/g; (a) carbonization at 600 °C, (b) carbonization at 700 °C and (c) carbonization
at 800 °C without press treatment. Adapted with permission from ref 11. Copyright 2017 The Royal
Society of Chemistry.
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Fig. 5.12. 1* to 3™ charge—discharge curves of self-standing iron oxide/carbon composite electrospun
nanofibers at 100 mA/g; (a) carbonization at 600 °C, (b) carbonization at 700 °C and (c) carbonization
at 800 °C with press treatment. Adapted with permission from ref 11. Copyright 2017 The Royal
Society of Chemistry.
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Fig. 5.13. Capacity of self-standing iron oxide/carbon composite electrospun nanofibers carbonized at
600, 700, and 800 °C, with and without press treatment expressed in (a) per unit weight and (b) per
unit volume. Adapted with permission from ref 11. Copyright 2017 The Royal Society of Chemistry.
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Fig. 5. 14 [CEMRIEHUICR Lz, ZOfEIEX, 1000mA/g THEE L7-RHOBERE F/oHH L
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Fig. 5.14. Direct current resistance of self-standing iron oxide/carbon composite electrospun
nanofibers: carbonization at 600, 700, and 800 °C with and without press treatment. Adapted with

permission from ref 11. Copyright 2017 The Royal Society of Chemistry.
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Fig. 5.15. Rate capabilities of self-standing iron oxide/carbon composite nanofibers: (a) carbonization
at 600 °C, (b) carbonization at 700 °C, (c) carbonization at 800 °C, without press treatment. Adapted
with permission from ref 11. Copyright 2017 The Royal Society of Chemistry.
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Fig. 5.16. Rate capabilities of self-standing iron oxide/carbon composite nanofibers: (d) carbonization
at 600 °C, (e) carbonization at 700 °C, (f) carbonization at 800 °C, with press treatment. Adapted with
permission from ref 11. Copyright 2017 The Royal Society of Chemistry.
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Fig. 5.17. Discharge capacity of the self-standing iron oxide/carbon composite nanofibers (a) without
and (b) with press processing. Adapted with permission from ref 11. Copyright 2017 The Royal
Society of Chemistry.
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Fig. 5.16. Cycle test discharge curves of self-standing iron oxide/carbon composite nanofibers; (a)
carbonization at 600 °C (b) carbonization at 700 °C (c) carbonization at 800 °C, without press

treatment. Adapted with permission from ref 11. Copyright 2017 The Royal Society of Chemistry.
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Fig. 5.17. Cycle test discharge curves of self-standing iron oxide/carbon composite nanofibers; (a)
carbonization at 600 °C (b) carbonization at 700 °C; (c) carbonization at 800 °C, without press

treatment. Adapted with permission from ref 11. Copyright 2017 The Royal Society of Chemistry.
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Fig. 6.1. Schematic of the entire experimental procedure. Adapted with permission from ref 11.

Copyright 2018 American Chemical Society.
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1cm

Fig. 6.2. Photograph of self-standing tin oxide/carbon composite nanofiber. Adapted with permission

from ref 11. Copyright 2018 American Chemical Society.
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Fig. 6.3. Schematic illustration of experimental method. Adapted with permission from ref 11.

Copyright 2018 American Chemical Society.
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Fig. 6.4. FE-SEM images of (a) electrospinning CNF and (b) tin oxide/carbon composite nanofibers.
(c) low magnification and (e) high magnification of tin oxide/carbon composite nanofibers. Adapted

with permission from ref 11. Copyright 2018 American Chemical Society.
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Fig. 6.5. FE-TEM images of tin oxide/carbon composite nanofibers. Adapted with permission from

ref 11. Copyright 2018 American Chemical Society.
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WH, AERLLT=T ) 7 7 A N—1E, ARXDEEtM & CNF OB THER S ND Z ERbhbd,

Fig. 6.6. EDX spectral graph of tin oxide/carbon composite nanofibers. Adapted with permission from
ref 11. Copyright 2018 American Chemical Society.
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Fig. 6.7. TG-DTA analysis of tin oxide/carbon composite nanofibers. Adapted with permission from

ref 11. Copyright 2018 American Chemical Society.
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Table 6.1. BET surface areas and BJH pore volumes of electrospinning CNF and tin oxide/carbon

composite nanofiber. Adapted with permission from ref 11. Copyright 2018 American Chemical

Society.
Tin oxide/carbon
Electrospinning CNF
composite nanofiber
BET surface area (m%/g) 164.9 216.7
BJH adsorption: cumulative pore volume of pores
0.011 0.029
between 17-3000 A (cm’/g)
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D ERREND,

Fig. 6.8. XRD patterns of electrospinning CNF and tin oxide/carbon composite nanofiber. Adapted
with permission from ref 11. Copyright 2018 American Chemical Society.
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Fig. 6.9. The ratio of the Ip and I of raman spectra of electrospinning CNF carbonization at 700 °C,
1000 °C and tin oxide/carbon composite nanofiber carboniztion at 1000 °C. Adapted with
permission from ref 11. Copyright 2018 American Chemical Society.
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Fig. 6.10. (a) Wide scan XPS spectra and Narrow scan XPS spectra of (b) C 1s, (c) O 1s, and (c) Sn
3d of CNF carbonization at 1000 °C and tin oxide/carbon composite nanofibers carbonization at

1000 °C. Adapted with permission from ref 11. Copyright 2018 American Chemical Society.

Fig. 6.10 () T/RL7ZTU A FAF v XPS A7 hinb | Nig®DE—27 28, KRS HETD
TLZ hBAE=UT CNF ORIZHND 2 E WD, BIEARIRFEET ) 7 7 A
— T, Cis & Ny E—Z [ZBINCTHL< 20 | Ny E— 2713k T 5, 2F0 ., KEEGKAE
192 LIk » T, RENFHEEICBIEARTEDLONWRL D IR R0 D, DD
FERIX, =L 7 hrAE =27 CNF 2348 10 nm OE X OFRLA X IZ L » THFE ST
HZEHRLTNDTEMBE —FH LTS, O MU Snyg DT H—ZF ¢ » XPS A7 |
JVTCIE, SnO, DFFEI e B — 7 BB SN D, (LA RX/IRFEET /) 7 74 /3—D 01 A

134 -



7 MUIE, 0-Sn & O-Sn*" D 2 DOV — 7 IZHBECE 5, BMbARXIRFEEET /774
R—=D A7 hUiE, Sn* 3dsp, Sn*t 3dsp, SN’ 3dsp ICENENRIET D 2 oD EE— L
1 SOOI — 7 ITHBESND, SPIDE—7BEND, BL A R/IREEET /7
7 A N— REIZHEF SN TZBBIEA O KE7IEL SnO IRFEEICH D E B2 HIDd,

6.4, BBV ARIIRFEHEETL V7 Nu A= 7 F ) 77 A4 13— DEK

LR

Fig. 6.11 |2, =L 7 hr AV =22 CNF LBL A R/IRFEAET /) 77 AX—DY A7 Y
v 7RV E A N ) =R ORI 5 A 7 VBT D B A 2R3, Fig. 6.11 (a), (b) TR
LB A 27V v 7RV Z A R —IZB\WC, =L 7 hrAE =27 CNF |%, SEI ®
TFERICENT 5 1A 7 VEIZBWNTOHR 05V TE—2Z %2737, 0OVNDH03VOE—7
I%. Fig. 4.18 ORCEIMRE O HNS = L7 hr A =27 CNF B{RO ERISICER T 2
EEZEZBND, BEARXIRFEE T/ 7 7 A /3—IZDOW T, [AEkD SEI OIS
HE—=ZHR05V TE—7 TR TE, FFRIC1 A 7 VHIZBWTORBIEIN D, M
T, L7 hr A= 7 CNF T, g SN ig o lofigfbiZct— 27 21”4 1.0V & 1.25
VD2ODE—I M, BILARIRFEET ) 7 7 A N—ICBW TRk, #2917
JVINGEE S A 7V ETO CV HIifITIFITEL > THY | SnO, DAl & NZERL
ARIRFEAET VT "R A= T F ) T 7 A N—DRARYA 7 VEFEZ R L T D,
INBHO CV MRS, LA RIRFBEET ) 7 7 A N—I@mW itk 2 635 2 LT
HTED, =LY hr A= 7 CNF LA XIRFEE =LV he A= 7F ) 77
A N—DFREEREE ZNE I Fig. 6.7 (), (IR T, =L 7 hrAE="7 CNF %, 712
mAh /g 705 282 mAh/g ETOH 1 FA 7 ANBHE2 A 7V ETORE RMBEBRERKE
RL, LA RIRFES T ) 7 7 A 13— \meM@ﬁ%ﬂ%mM@if@k%@W%

REBRELEZRT, INOOKRERARHERRL, BERCETHLIZ LD, =LY b A
= /7CMWﬂMbuwrﬁ@A%/774ﬂwi M CRIMIGIC E > CHl&ERZ &N T
wék%z%héoik;nnm7Fnzt:/WCNFk%kzz@ﬁﬁ%%f/774ﬂw
1z, B2 VA 7 VBURIE, BEEIRITIZEER>TEBY, 427V v 7 RLEZ A K
U — L RRIC BAF 2 A 7 VL TEMEZ RS, mMXXW%@A%/774A%®ﬁM$E
BriE, BEFNO0SV LR 125V D2 >O7 T h—Elk a7, [KEE (<085V) KW
mEE (>125V) TOBEAXDESILFRINT, FNENEaSRISKETar "—T g
VRIETE D EWEIILTWAI, B, BMEAXRFEEGT ) 7 7 A N —DfiER D 2
UN=Ua UROGE, TA 7V v TR E A R —FERNG ERN DI, MR TE
o Te’, 1OV AHETEZ 2 SIS D,

-135-



Fig.6.11. Cyclic voltammetry curves for the first five cycles of (a) elctrospinnning CNF and (b) tin
oxide/carbon composite nanofibers at a scan rate of 0.5 mV/s in the voltage range of 0.05 — 3.0 V. First
five charge—discharge curves of (c) electrospinning CNF and (d) tin oxide/carbon composite
nanofibers at current density of 50 mA/g. Adapted with permission from ref 11. Copyright 2018

American Chemical Society.
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Fig. 6.12. Rate capabilities of electrospinning CNF, tin oxide/carbon composite nanofibers, and
commercial tin oxide nanoparticle electrode. Adapted with permission from ref 11. Copyright 2018

American Chemical Society.

DX 7 — MEEDOZEIL, PLOEWZ LD LD THDL LE X, RifiA v E—H A
ZHWEHE L7z, £ OFER %A Fig. 6.13 1237, ZOEPUEDOFHIE L— MO T3 & [F]
CTHDHIENL, HAENG, Hm L TWDHHEY, L— MEtEoZEIL, Lo ZEICER L
TS EZEZ NS, IEMOBEREYZ Y OEMBGEEGTII, Table6.2 D L D IZENHD Z &
Doyinotz, Fi12. Sn0yF / ki 1ML, CNF & H\ W\ 2Bk L CELRMEPUR D IC b K
TN Dol

20
15
e Tin oxide/carbon composite nanofibers
610 | e Tin oxide nanoparticle electrode
\é ® CNF carbonization at 1000 °C
N
5 |
[
0 M SR ®

Zre (Q)

Fig. 6.13. Cole-Cole plot of electrospinning CNF, tin oxide nanoparticle electrode, and tin
oxide/carbon composite nanofibers. Adapted with permission from ref 11. Copyright 2018 American

Chemical Society.
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Table 6.2. Charge transfer resistance of cathode per weight of electrode of electrospinning CNF, tin
oxide/carbon composite nanofiber and commercial tin oxide nanoparticle electrode.

Charge transfer resistance of cathode per weight of electrode (ohm* mg)

Electrospinning CNF 55
Tin oxide/carbon composite nanofibers 33
Commercial tin oxide nanoparticle electrode 366

F 72, CNF ORAGIBEENTE U— M2 IS L2 R % Fig. 6.14 1279, ZOfER
PHb, HSETHm LBy MOWRIGIRETT 2 Z &I2 K> Tl— MEENRIEIC K E
DT ENDND, AET, bmE L — MeEZ R LIZBEA XIRFEHGT L7 b a
A= TF ) T AN—D L — MNEEE Fig. 6.15 1ZR LT,

Fig. 6.14. Rate capabilities of tin oxide/carbon composite nanofibers, carbonization at 700 °C and

1000 °C. Adapted with permission from ref 11. Copyright 2018 American Chemical Society.

Fig. 6.15. Rate capability of tin oxide/carbon composite nanofibers at higher current densities '/,

Adapted with permission from ref 11. Copyright 2018 American Chemical Society.
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Table 6.3 Comparison of rate capability obtained in present study with that of tin oxide/carbon

composite anodes. Adapted with permission from ref 11. Copyright 2018 American Chemical Society.

Materials Self-standing ability | Capacity retention Refs
C/Sn0O: No 43%at2.0C 13
C/SnOx/ZnO Yes 36%at 0.9 C 14
C/Sn0; Yes 45%at3.6 C 15
C/Sn0» Yes 48% at 5.4 C This work
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7 A N—EMRIL, 850 VA 7 N TH K 485 mAh/g DL R EA /R L, BI-Y A 7 LIERE
R L TWD,

Fig. 6.16. Cycling performance of tin oxide/carbon composite nanofibers as monitored every 50 cycles

at a current density of 0.1 A/g. Adapted with permission from ref 11. Copyright 2018 American
Chemical Society.
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Fig. 7.1. Future prospects of the electrospinning for the battery in this study.

Fig. 7.2. Schematic of the high — (a) electrical conductivity and (b) ion conductivity carbon melamine
sponge structure (c) Comparison of the discharge and charge rate capacity retention ratios of 3DCS

and ES-CNF. Adapted with permission from ref 1. Copyright 2017 The Royal Society of Chemistry.
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Fig. 7.3. (a) TOC of “Deep-Eutectic-Solvent-Infused Carbon Nanofiber Networks as High Power
Density Green Battery Cathodes” (b) Experimental procedures. (a) Schematic models for preparing
CNF including electrospinning of polyacrylonitrile in DMF (I) and two annealing steps (stabilization
and carbonization) (II) and (III). (b) Photographs of the preparation of FeU-DEC by mixing
FeCl3-6H20 and urea in a molar ratio of 2:1. The mixtures became a dark-brown liquid after stirring.
(c) Schematic models of the design of a FeU-DEC-based battery with CNF. The battery was composed
of FeU-DEC, CNF (cathode), LATP, lithium, and LiPF6 in EC/DMC (anode). Adapted with
permission from ref 2. Copyright 2018 American Chemical Society.
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