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Experimental and Theoretical Calculations of Fluorinated
Few-layer Graphene/epoxy Composite Coatings for
Anticorrosion Applications
Hao-Hsuan Hsia!, Geng-Hua Li!, Yun-Xiang Lan?, Ria Kunwar?, Liang-Yin Kuo3*,
Jui-Ming Yeh?*, Wei-Ren Liu!*

! Department of Chemical Engineering, R&D Center for Membrane Technology,
Research Center for Circular Economy, Chung Yuan Christian University Taoyuan
32023, Taiwan
2 Department of Chemistry, Center for Nanotechnology, Chung Yuan Christian
University, Taoyuan 32023, Taiwan
3 Department of Chemical Engineering, Ming Chi University of Technology, No. 84,
Gungjuan Rd., Taishan Dist., New Taipei City 243303, Taiwan
Email: WRLiu1203@gmail.com; juiming@cycu.edu.tw; L.kuo@mail.mcut.edu.tw

ABSTRACT

Corrosion protection technology plays a crucial role in preserving infrastructure,
ensuring safety, reliability and promoting long-term sustainability. In this study, we
combined experiments and density functional theory (DFT) to investigate the mechanism
of corrosion for fluorine-doped few-layer graphene (F-FLG). We introduced a facile
approach that combines environmentally friendly jet cavitation with hydrothermal
processes to synthesize hydrophobic and anti-corrosive F-FLG from graphite (G). By
coating F-FLG/epoxy composite film (F-FLG/EP) on the surface of cold-rolled steel (CRS),
we found that the addition of F dopant enhanced the hydrophobicity of the F-FLG/EP
coating from 78.89° to 106.3°. Notably, the corrosion rate of the F-FLG/EP coating is 8.279
X 107° umpy, which exhibits four orders of magnitude lower than that of the CRS substrate.
The DFT calculations indicate an increased band gap for F-FLG. Moreover, the energy
barrier for the oxygen diffusion through F-FLG is larger than that for FLG, indicating
improved oxygen resistance for F-FLG. These results indicate the high efficiency and
potential of F-FLG as a highly promising agent for preventing corrosion in various

commercial applications.

Key words: Hydrophobic; Epoxy; Anti-corrosion; Fluorinated; Few-layer graphene;

Density functional theory.
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Britre = 0 MR IERE A L B P F LR Gl g foR i £ 517
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Jeehg po Bl G F AR T R R RN 0 e v AL AR R Y
e ZRLBDFA > TRARFEFERSLR AN R L AN B DG ET A
g BEL AW

BAFZ MK REF RN o BFT R K 7 8% (FLG) PHei 2 &
% (Graphene oxides, GO)'"*'V% » 43 s REF R B F aopfl > 7 0 L 48
e* o e BT ERAFEENI B FLYEE i?wiaw -k kR R R A
XS HcF W E B RPRRAAPFA S 6 LG EE o g 721
Mohamed ¥ * F* 3 B Fidp 11 2102 £0.01 MA ke fiqiz ik @ cnsg % K Apr o
TEGEKELG LR R aoEER > LG LR kR E (161.47) (4% K o
R E S1557) s ptebYu® x Ty BB RF e % (PS) /Re ffgit
TF -7 &% (PS/pv-GO2) 3 A 4 & M e 8 T i % & (deor) 3 3.69 X 1072 pA/em?>
Fabid ¥ (reom) »1.69x 1072 uA/em? » 12 % 3~ & £ (milli-inches per year, MPY )

Lot 0 W R AP 2wtk feng B L G RN § TS S ey
3§99.53%[201 o
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kBB REE a gk (F)BRMNELAFF B AAGA - k7 ERFS5S
i K P50 Zeng® A pT § BIR AL T - fEhdR (Al) & £ 0§ iR
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Qem? 2t > 2P H L4 8 R g R w5k Yang % w20 - AH T
F o U RAp e £ 5% (FG) ‘I?ﬁlﬁid@i% AZ#kFGI ¥ % & (FGe)
tdF (Cu) Bt FGe T3 3 A0 % & P £ F & M dicon’ 5 5.01 x10° 10 A/ecm? >
é??“%&%@%(Gm)%&;ﬁ%@%(Bu)oﬁBuww’@?GﬁﬁG
5 Pl e K P B Freons B 5 1.69 % 107°4r5.89 x 10 mm/year » &7 i § %
o PR LR (Electrochemical impedance spectroscopy, EIS ) ¥ =i & T 2 (Re) 4 *
ki o e A AL > 4R B FGesR. i 4 5 5.24 x 10°Qem?» & *BLefrGOc
#11.4 x 10° Q cm?4r2.5 x 10° Q cm? 271 -
AP UERERRESE KBS FE IS AR LR SF-FLGER 8 0 A

s % ¥4 4 ® F Bt (Scanning electron microscope, SEM ) v 7 i 3% T & Bk
4% (Transmission electron microscope, TEM ) BL% 7 FLG{-F-FLGHt# 1% & A} jfe
Bk g o @ 2 E Rk b kg (FT-IR) foXdsts % § F it ¥ (X-ray photoelectron
spectroscopy, XPS) 4 #7453 7 F-FLG® ehF3 o £ 1 &3 6 > @ * $54 (Tafel)

) ~ EISfeit & ﬁ(m@mm)xw BHAR K & penT i BT CRS
AMfeg ki §F 7R 0 Fla ol e AT DM ETF o 0 AP
T BCRSAM T b A L2707 & 480/ FFen@ FRIGE > Medrt P A K ¥ BB
EET A e e AT Y RE T FEHRIRGTE o R AR LSS (DFT) ¥
57 3 FLGIrF-FLGH R 3 fo 3 480 112 § A3 &8 ¢ it £ $F-FLG/EP
MERR D FENEFTT 20 Y 0 % GFFLGHRE AL A1 £ ¢ T35
3R R RERET £ ¥ B

9

A
3

N = ;L- 4z -)ﬁlgr
2.1 FLG‘frF-FLGﬁ’J{:‘. oy

AT APRA L FEG)EA S TFLG H* HERBE AT ® 3 reniE R
(Jet-cavitation) = j* > & 7 7 heE PR T VR B Gk e G
BAFLGo B i T i 73 S%AMZ 0T &/ KR FR B iTh i
i%#@*éiﬁﬂ@*g@ﬁP@7ﬁ»ﬂﬁni A 4 & ERASFLG
iz Lo B e fed gyl

% & 2F-FLG> #1353 L W FLGE 1% E £ F ~ k& 7 7 Nafionsh > 4 #f%y
7% % (Nafion > Sigma-Aldrich > 5% € £ 7 4 kR 3 M g g fok ¥ > 2k 5 15-
20%) ~ #7030 % ANN-Z 7 A ¥ gkoe (DMF ; Riedel-de Haén > 99.5%) - 425
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240 pF S EE RS L I RRE TR F BR 5 1 0 B (8 280°CT B Z % 100)
LA R A R R BT RS SF-FLGE & ¢

22 35 & & LK

PR BOSUERE SRR DE &G A (4oFLGIeF-FLG) 4 B4 » 3|7%
A eNN-Z 7 f 2 fEd= (Dimethylacetamide, DMAc » Macron » 99%) » 42§ it &
F305 450 78D SR E B RIER P P 3R F 4 (EPS Sigma-Aldrich
95.0%) FE# 2 50°C > $FF 104 a1 556 B indsfd o 5 {8 > #0.550 PEP4e » 3 i 5
Reigin® o 3 BB HAL B pE L 4e ~ B 14 H|(T-403; Sigma-Aldrich> 97.0% )
P B R L 524 pF > 1 EE 95 FLG/% ¥ B (FLG/EP) & F-FLG/% ¥ #;
(F-FLG/EP) i & Bt o 2% > #3p & cnfop* B g (120uL) % 46> CRSAH
Foo B120°CHE Y B LS AR B R G150 + Sumenic% 25 %R -

23 BELH

o % Hfrdo 49 # & 1 * Bruker eco D2 Advance % % i€ {7 X &4 4 48+ (XRD) i
T SEST R4, 620=10-80" rﬂ% FIpN o3& k24 471 * Horiba iHR550i% % »
FOE R R532nme # L ImWo Bl AR TRIE o4 T 5 BAkSL(SEM>
Hitachi S-4100) fe # it £ §¢ %6 3 (Energy-dispersive X-ray spectroscopy, EDS ) P&
it{o B A 7RS5BT 5 B (HR-TEM > JEM2100  JEOL Ltd) * 257 3 48 & Hiteh
FAREIAE AT > 21 BEFHR-TEMRIE » R85 % A 4c e iR ° o tdr
B b #380°CT 5% o+ 4 B pcsr (Atomic force microscope, AFM) iLip] = %
Pl &_i¢ * Bruker Dimension Icon®f iicdi i€ (7 BLE > AFMk 53 -~ 40k 2 480 &
FRAFEeFWUE o k& 4R E AFACECBVP A3 g7 » #9 jFik¥ 870
Az Fidp JEREF - R X R RERIE > L 9L loeme @ XA ET
+ it 2 (XPS ) (JEOLk § + it 3# i% ( Electron spectroscopy for chemical analysis, ESCA )
{rIPS-9200 » ¥ 4 Al-Ko) 7 7 FE # 4 ¢ ~ % chiv £ § i  Fourier 3% iz *h sk fe %
## (Fourier-transform infrared spectroscopy, FT-IR ) #JASCO 4200i% % } & {7 » 8
T #4540 B 5 4000 - 400 cm ! e
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24 T RERA

* k & * EC Lab (Biologic Potentiostat » 3] %% : SP-200) i& {7 7 CRS ~ Epoxy »
G/EP ~ FLG/EP{cF-FLG/EP%-¢#1Tafel ~ EIS{rBodei] 3%  {F % &+ hCRSE /= 5 18.2
mm: & B 5 1.177 mm > Tafel @ 07 f;‘:ﬁ*a‘*’%[ﬁ] —025VIH025V FhiE F 502
mVs'e higiFg %‘ffrilv*«?l WAoo 1 IFTRARIRET A BRI g 4 (NaCl)
7R 304 A8 fr24] SAEELRBRI LA T AepBdpl P EAERGT
=t o il 3§ .1 MHz % 100 mHz*&iﬁ"%lﬁ]ﬁ i FEISH % Kp| Tk Snfeidie 3 5 %358
B FREE L 47K (GTRIO-GPA) #latm (0.101 MPa) T g {71 pF -
FH 7R ASTM B117 ~ CNS 88864rZ 80261 f¢ * SST Ai& {7 » ptvb » * 3t @ &%
WS pds (CS) =~ 510 cm x 7 cm x 0.8 mm > CRS§-CS#24d Shiny Chemical
Industrial Co., Ltd®#% & o

2.5 ®HP ¥ A

AR PR AT G k> 2 (Projector augmented wave method, PAW) fetic
#3+ ¥ #088 (Vienna Ab initio Simulation Package, VASP) i& (FDFT:* & > #73 DFT
3t 3 54 * Perdew—Burke-Ernzerhof (PBE ) 2 & & 17 17 R 4% 4p B /2.3 (exchange-
correlation, XC) it & » # EFHA & * 4 x4 x B 72400 K™ 7 6x6x 1 kghae
5007 F RaFehi B8 0 L2 1074F F RE107F F kA £ 404 Joactk
B NPT 2 AR R AR 7 3.125%Fk A o e R # FEF e

8 (H 5 Fop=C) ~FF st p hit @ (FL5 Froe=C) ~ 1 2 Fiest gk cnf - (FE
% Foridge=C) > 18 % 48 x 48 x 1 kgL 3+ X 7 it # SHfrii % & (DOS) - & g *
T107F F REF T F et B {o-0.027F F REF/AGS JractRE > A Ps @ E
F Js3t % i (CINEB) 3% 7 #4cBH > #¢ » ADFT-NEB# ¥ 5 » @& 7# 1 x
DX TKBEIT S Bk TArS00T + RAFIFS £k o &0 5% > Bk * VESTARLA ¥
ERpE RS B

2 RBEAER

Bl- (a)& 7 7 gk fodf 4 140 F-FLG/EP & %342 - G & ;lﬁ’) R R é
J\z%‘w%@ﬂ'ﬁﬁw A Bk FLG» %56 F 433 > @3] F-F J[;% i
M R 4] 0% 4 429 F-FLG/EP JE41 2§07 CRS % 6 < Bl- ()& 7 7 G~FLG

SEMMHBEEER (5—H1113.12]




4o F-FLG 3 #8448 ¢0 XRD Bl > 2 £ 4% 3 20 = 26" 4v 54° » A 9% (002) e
(004) T & » @ 334 =3 447 R (100) T & 7 BE > 2+ *t > & FLG §r F-FLG t& &
dOA R ELB I g o B T S MR BUR-r#8 e A2 15 FLG v F-FLG 0
MASHL A o kA > & F #3@&7 ABLERD|E G chi=F 0 T oA &d e F
LR e P CE Kk ‘Hﬂ” ﬁ‘él%i’%éﬁ RGN MR T R 5
K 3 55 1 B efR PP FLG fe F-FLG e & £ 34l - () #7778 » & 1350
cm ' e 1580 cm ™! tiT ) I fﬁdé@;ﬁrfli‘j;; DirG# > 87 1 o et i
#4 o #20 G FLG v F-FLG DG # 5 A&+ & (In/lg) A % 5 0.172~0.327 =
0.381 4E% G ¥ A fic e dldeis i f Ak It AP BT P 4 B RA L BT
I/l W & » iF 4k Fat ae F 4325 FLG SH7 SR FIM LR e d o @F2
ey & F-FLG enffin™ o Ip/lg ¥t i - #H 84 1 0381 > £ P #8147 #1a
Gl B - BBRESFEFFLG Y i #5 M o RE T Bt e ke
F2 8oyt ¢t > B- (d)B 7+ 7 G/EP ~ FLG/EP 4r F-FLG/EP % & -k 45§ 4 - & G/EP
dookendRfg & 5 78.897 AP A &G s Ak #8A o & FLG/EP - F-FLG/EP
Gk e & RRE AN 5 900 10670 & P & & E F $F hgi-k i+ FLG/EP
f F-FLG/EP g K23 4 ¥ a0 jf F150 K i “ o F 2 Z ahsl » o §510 F A4
VHERIAF L AR E o AR P EEPB AT AT Y AR B
g R CR AR A 4 0 BT RS Ak e T - 2 G o BT U5 g
kRO NP ARA T F AR SRR AR I RS T O AT P o
FOREAG o

AFM % 47 % 0 fg T FLG #8505 & > Bl - (e)fr B - (e)E 7 1 & Cut FLG 9
AFM B > 7 fr e '—F-»aﬂm T FLG 5k ehh 75 o B¢ o B L 5K
FLG > @ & % 3 5 ap a8 endf 6% 32 > Bl - (D@l - (91 7 ¥4 FLG ihh & - 5 %
B3 FLG #ehB A FER25m 2 40mm 2 > $E> 32 6 KE K 7 5%
o Ao @"’é‘ﬁé\ﬁ C e B & Tf’ 2k 2B R : 0.68nm ie- AT E K E
T FLG angdhe s o
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5 Microwave-assisted
hydrothermal synthesis
Graphite Few-Layer Graphene —
(G) (FLG) —
Jet cavitation =  Add F-based
=— p—— precursor
—— / 180°C,30 min ' Radiated FLG
450w ®F-based precursor
F—FLc_-i Nr..w Fluorinated FLG
2 e eoatlng Corrosion protection Mix with epoxy (F-FLG)

with F-FLG coating and curing agent
_l e Ay A
Ovendry 8hrs

=

1002)
3 b FRG | S ¢ FFLG d G FLG F-FLG
& (100} {003) 8
g FLG ‘E FLG =
2 g y
= G E G
10 20 30 40 50 60 70 80 1000 1500 2000 2500 3000 o _ o _ °
20 (Degree) Raman shift (cm™) oG =78.89 Qg = 90-520 @i = 106.31
6
Ta f g
Si wafer Ez 3 35'40
@ 1| =30
w i ———V‘//__\’\i §
£ € 20
= @
ﬁ4 initial final| % 10
5 Scan direction i
1.0 15 20 25 30 35 40 <2 2.53.03.54.04.55.05.5>6
Distance (mm) Thickness (nm)

Bl - (a)i¥.G & = FLG/EP {r F-FLG/EP 4f & ##% <7 X % > (b) XRD Bl3# > (c)+- %
% ¥ 4r(d) G/EP ~ FLG/EP 12 2 F-FLG/EP vk #8 & » (e-(e ) AFM B i} » (f) FLG &
2w fo(g) FLG & R chkiit A 0 o
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Converting Organic Wasted Materials into Porous Carbon for
Electric Double-layer Capacitors and Optimizing Their

Properties
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ABSTRACT

This review article discusses recent advances in porous carbons as active electrode
materials for electric double-layer capacitors (EDLC), as well as the best structure and
optimization of EDLC electrodes. Porous carbons are the core materials of EDLC, and
due to their low cost, high electron conductivity, chemical stability, ease of doping
additional elements, and changeable pore shapes, they can be easily scaled up for mass
production. However, the choice of porous carbon sources, treated methods, and
procedures will have an effect on the properties of the resulting porous carbons, either
directly or indirectly. In this review, we focus on carbon sources derived from
environmental wastes and sustainable recycling through simple carbonization and
activation to produce pore architectures adjustable porous carbons, which are then used as
active electrode components of EDLC. In addition, we depict the effect of electron
conductive fillers on EDLC electrode stability, as well as the fabrication of EDLC
electrodes under aqueous environment. We also present novel concepts and effective
solutions for the long-term recycling of environmental waste materials into energy-storage

devices.

Key words: Electric double-layer capacitors, porous carbon, electrode
property, environmental wastes, electron conductive filler
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Review on the Progress of High-Voltage Supercapacitors and

Electrochemical Activation Techniques

Chi-Chang Hu™!, Chen-Wei Tai!, Liang-Chieh Tseng!, Yun Ku', Yan-Shi Chen?,
Kun-Ping Huang?
"Department of Chemical Engineering, National Tsing Hua University
’Refining & Manufacturing Research Institute, CPC Corporation Taiwan

3 Mechanical and Systems Research Laboratories, Industrial Technology Research Institute
Abstract

This paper comprehensively reviews the current development of various
supercapacitor systems, ranging from electric double-layer capacitors (EDLCs) to
hybrid capacitors with high energy density. Firstly, we introduce the diversity of carbon
materials used in capacitors, including activated carbon, soft carbon, and hard carbon,
and discuss their applications and limitations in these supercapacitors. To enhance the
energy density of capacitors, researchers are focusing on expanding the operating
voltage. For instance, by applying organic electrolytes instead of aqueous electrolytes,
the operating voltage of symmetric activated carbon-based capacitors can be increased
from about 1.2 V to 2.5 V, significantly boosting energy density. Secondly, we review
the concept of electrochemical activation (EA), a technique that applies high voltage to
promote irreversible intercalation of anions or cations into the carbon layers. This
process increases the adsorption/desorption sites of the electric double layer, thereby
improving the reversible specific capacitance and operating voltage. Non-typical
symmetric supercapacitors composed of electrochemically activated carbon materials,
such as expanded mesocarbon microbeads (e-MCMB) or alkali-treated soft carbon
(ASC), can achieve an operating voltage of up to 4V. However, the electrochemical
activation process may cause electrode expansion, affecting the stability of the capacitor.
Therefore, it is necessary to carefully design the electrolyte composition or binders to
overcome this challenge. In summary, this paper highlights the latest advancements in
carbon materials and their configuration engineering. These developments significantly
enhance the performance and application potential of supercapacitors, offering valuable

insights for future research.

Keywords: supercapacitor, electrochemical activation, high-voltage capacitor
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Biomass waste conversion into carbon materials for sustainable
remediation of polluted environment

Chin-Jung Lin

Graduate Institute of Environmental Engineering, National Central University, Taoyuan City,
Taiwan (R.O.C.).

Abstract

Carbon materials derived from biomass waste are sustainable and eco-friendly to respond to
the growing global concern over environmental pollution. These materials, including biochar,
activated carbons and carbon nanotubes, have shown immense promise in the remediation of
polluted soils, industrial wastewater, and contaminated groundwater. The review elucidates
the intricate processes involved in the synthesis and functionalization of biomass-derived
carbon materials, emphasizing their economic viability and life cycle assessment. With their
distinctive structural attributes, such as high surface areas, porous architectures, and tunable
surface functionalities, these materials emerge as versatile tools in addressing environmental

challenges.

Keywords: Biomass waste, Carbon materials, Environmental pollution
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High-Value Biomass Carbon Materials: Development

and Verification of Energy Storage Applications

Cheng-Wei Huang, Yu-Hsien Liao, Tzu-Hsien Hsieh*, Yang-Chuang Chang
Green Technology Research Institute, CPC Corporation, Taiwan, No.2, Zuonan Rd.,
Nanzi Dist., Kaohsiung City 811251, Taiwan, R.O.C.

Email: 29593 1@cpc.com.tw

Abstract
Biomass materials are renewable resources derived from agricultural and forestry waste.
In this study, high-value-added hierarchically porous carbons and hard carbons for
energy storage were prepared using biomass as the raw material. We produced biomass-
derived carbon materials on a pilot scale and assembled supercapacitor modules for
practical evaluation in energy storage applications. The biomass-based hierarchical
porous carbon exhibited a specific surface area of over 1200 m*/g, with mesopores
accounting for 20-50% of the total surface area, ash content below 2%, and a tap density
greater than 0.2 g/cm’. The biomass-based hierarchical porous carbon electrodes
delivered a specific capacitance of 94.8 F/g in supercapacitors, and 117 F/g in lithium-
ion capacitors (LICs). The energy density of the LICs can reach 69.3 Wh/kg.
Additionally, the biomass-based hard carbon electrodes in sodium-ion batteries
demonstrated a reversible capacity of 240 mAh/g with an initial coulombic efficiency
of 80%. The cell also showed superior capacity retention of 86% after 2,000 cycles at
4C rate. For energy storage modules, we assembled 48 V modules using 40138-type
supercapacitors. The cells exhibited a low internal resistance of less than 2.0 mQ and
maintained 80% capacity retention after 50,000 cycles. The combined modules,
featuring both supercapacitor and battery components, were tested in practical vehicle
applications. These modules complement each other, offering mutual benefits. In this
work, the as-prepared biomass-based carbon materials demonstrate significant potential

for energy storage applications.

Keywords: biomass-based carbon ~ energy storage ~ supercapacitor ~ sodium ion

battery
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Evaluation of Lithium Battery Recycling Technology Using

Supercritical fluids

Ching-Chen Wu'*, Chie-Shaan Su?*, Feng-Shun Tseng!
1Green Energy and Environment Research Laboratories, Industrial Technology Research
Institute
2Department of Chemical Engineering & Biotechnology, National Taipei University of
Technology

Email: ccwu@itri.org.tw ; cssu@ntut.edu.tw
ABSTRACT

Due to the gradual popularization of the electric bus and electric vehicle market and
the large-scale construction of energy storage systems internationally, the demand for
lithium batteries has increased significantly. In the future, it’s a big problem of aging
batteries that cannot be used. Due to the complex composition of lithium batteries. If there
is no appropriate technology for recycling, it will definitely have a serious impact on the
environment and is not conducive to the sustainable development of the environment.
Therefore, in recent years, many research institutes and academic units have been
developing and researching recycling technologies for lithium batteries and based on the

characteristics of various types of batteries to reduce the impact on the environment.

Recycling lithium batteries typically involves mechanical, solvent, or calcination
treatments to recover valuable metals, followed by purification through hydrometallurgical
and pyrometallurgical processes. However, these traditional methods are highly energy-
intensive and environmentally harmful. Therefore, this report emphasizes green
technologies, particularly the use of supercritical fluids like CO2 or water. These fluids
offer several advantages, including high efficiency, low energy consumption, safety,
cleanliness, and environmental protection. As a result, the use of supercritical fluids for
lithium battery recycling has become a significant focus of recent research, presenting a

promising solution for sustainable battery recycling.

Key words: Lithium batteries, Supercritical fluids, Recycling technology, Battery life

cycle.
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Cathode material Nominal cell Specific energy Lifespan (cycles)
voltage (V) (Wh/kg)
Lithium cobalt oxide 3.6 150-200 500-1000
Lithium iron phosphate 3233 90-120 1000-2000
Lithium manganese oxide 3.7 100-150 300-700
Lithium nickel cobalt aluminium oxide 3.6 200-260 500
Lithium nickel manganese cobalt oxide 3.6-3.7 150-220 1000-2000
2 I Ts ndE gyl
Battery Component Yow/w Most Commonly Used Material
Case ~25% Steel/plastics
Cathode a7, LiCoO3, LiNian5-Cong, LiMny0y4, LiNiO;,
LiFePOy
Anode ~17% Graphite/LiyTizOq2
Copper and aluminium foils and current —13% CuwAl
collectors
Solution of LiPFg, LiBF,, LiClOy, and LiSO,
Electrolyte ~10% dissolved in propylene carbonate, ethylene
carbonate, or dimethyl sulfoxide
Separator ~4% Microporous polypropylene
Binder ~4% Polivinylidene Difluoride (PVDF)
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gt > FBEE Y BBE AT BRI AT AN ET R IR E AR
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#§% 2. LIOH-KOH (3:7)% B 4 425 Ad > £ 4 » &9 LiCoOs H » 158 300 °C
82500 °C A [ 2 4o BB AT 0 i f?w%‘rs\/»\é % 8 LiCoO; THEH#2 3 #2 2
FRem = fsf rookied pite Baf > L QB Ric WL 2 T RME A 28
§R B A EREL 4 52 LiCoO B M > & ﬁ‘ﬁié’ AR i 2 g et B

B Spext batieries crushing | AL Cu, Separator |

Mixed pawders Reaction Reaction No.

LiCoO; = 1/2Li,0 + CoO + 1/404(g) R-1
2KOH = K50 + H,0 R-2
2LiOH = Li;0 + H,0 R-3

F  LiCoOy + 1/4C = 1/2Li,0 + CoO + 1/4C04(g) R-4

¢ LiCoO; +1/8CaHaFa(g) = 1/2Li20 + CoO + 1/4C0,(g) + 1/4HF(g) R-5

S GHyFafg) = 2C + 2HF(g) R-6
C+0(g) = CO(g) R-7
C + 4LINO3 = 2Li,0 + 4NO,(g) + COx(g) R-8
CaHaFa(g) + 202(g) = 2C0(g) + 2HF(g) R-9
CoHaFy(g) + 8LINO; = 4Li,0 + 8NOa(g) + 2HF(g) + 2C0(g) R-10

B> - B REE 2 LiCoOr Hfimatr R Mg & 5 PY
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= RTRRARE AR T A v E N

AL §7-7 /7 48 (Supercritical fluid) 4= B #7173 A2 B R L R4 AR LR E R
B4 pE S AT 2 RAEAp 0 H AR R T L BB Z AT o B RET 2 ne s 2
BPEFLLF R RgEE Plod 427 0 LA BARTRE £
@k R AP § 2 % At 4 (Solvent power) © P H E §oAp§ B 2 TR H i
(Compressibility) » ¥ J5d i A& RS A AL <A RARL Vs - BFF
ﬂﬁi@m@w,ﬁwgdﬁ%ﬁﬁﬁﬁ%ﬁ%%?iﬁﬁﬁmwﬂiﬁﬂ&’?
&% &% P~(Extraction) ¢ 4 45 (Fractionation) % 4% 1% o b *b » A2 q R Ji 48 2 FF4c ik
(Diffusion coefficient) /i ** § # {42 & > 2 H l“&m.h}i:(Vlscosny)ﬁ’ G I
(Surface tens1on)%3‘r Moo R ALTRR R Y R * >0 2 /2 (Impregnation) 3 22 AT M 2. B
iF o o PFg R 3 203 A st R A R B U'H‘»“ia%?ik Ko R BRI ER 2§

A Bk RGBTS0 m T F 3K (Reaction)Z K BB K o F F R
R 2P %‘r;}a HiphigE s B L9 Hedx u- % ;LE}{(COZ)L&:,J{% BB
iﬁ*i%?’wﬁ%**ﬁ%ﬁb@%w,@ﬁ@#**ﬁ%a%ﬁ%%oé*
ATl AR R 2 it 4FM > p o e 3 % 2T Electronic waste (e-waste)¥? Plastic waste
2 Gl Td B w g R ES A lilJ LR RS AR w s 2 & p4cCo~Lis
Ag~Pd& Alw Jc 2 B 3 = B 2 ~ s rﬁ% EFREFE B2 PlonTa g
& RIA AL TR - F R B ALTRA ko 7 e 3k A (Hydrothermal) Bt et s 3 4L 4~
T AT 2% R I

el

2% = f’fa‘ﬁ‘%ﬂ‘ Ry pta # ; pres @%@ B2 ,]vgt_%mu ifi%\» [25]

Fluid Density (g em ™) Viscosity (Pa. s) Diffusion coefficient (cm? s™1)
Gas (0.6-2). 103 (1-3). 10° 0.1-1.0

SCFs 0.2-0.9 (1-3). 10 (0.1-5). 107

Liquid 0.6-1.6 (0.2-3). 10 (0.2-3). 10
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N\ N\ N\

I “E :
1 ,~ Ethanol
(@) f L Te = 240.75
1 y P =6.14
I
I - -
o h 1S
] ! i
f Liquid
2 phase
g I
R

 Gascous
I phase
] —————
Temperature (°C)

Bt - 7R iiHip T 1 By

SCW System + Chlorination process,
Temperature = 350 °C, Time = 30 min, >95% Co
additives PVC >98% Li

Waste

Dechlorination
efficiency => 90%,
Recovery of additives:
plasticizer, stabilizer,
and lubricant

96.4% Ag
93.7%Pd

SCW System+ Sc-C02

System, o A
lithium- ion
Temperature = 440 °C + batteries Near critical methanol
50 °C, Pressure = 30 MPa, = system.
Time - 60 + 10 mi PVC —medical waste: %

Waste PCB Transfusion tube (TFT) Temperature = 250 °C,

sample collector for urine (SCFU) Time = 60 min,
Pressure = 4.1 MPa

additives : acetone KI-12

Plastic-aluminium
packaging Electronic display housing
\ plastic

Debromination
efficiency=99%
Dechlorination

Fiber-reinforced plastics f efficiency=99%

Pure Al decomposition
emdency of

Btz Agfef e T3 2L REDFE I B o)

3.1 AZTRA - 3 PR

ARTEh - F CROTAT S vl & Bt 5 T f2 7 (Electrolyte)2. B2 Wz
ikl 1$'wﬁ7w= EESBEGENSHTEME LF L EBR I
[ U ;a AR R AR IR S R o A R PR 3\7&‘»%%“,%’
ra ;Eﬁi%_‘rt‘ TEFEAF O FRGoRT e MTEELAIY ot RRTE 7
?%kégiiﬂbﬁ’¥%ﬁﬁF A 0 g B AR P A R A 2 e
HF g * XA KA EREen TA PR BXERY RAZRERBFTNE
AfEA L FEAF A& T R A & A 2 Solid electrolyte interphase (SEI) & »
TR AT T B E A B R 6]4e50%

B3

BT BEG LY NT AT A A v e LY R

EEMMRBEEE (5—H1113.12]
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FETA G RBMEFTIRFFT2EPw e R fI* 2R - §F PRIT L F B
FEERf VAR FEAS S SRR B iRE T TR
ﬂigﬁﬁguf&‘ﬂm s s B4 MER 2 G BEERN S A
EC G eI RTRA - F PR RFARSI TR ABTLER AT L &2
B+ TP ?ﬁ*?@ BT HFRL FHRFITESFfoF P RRARELEIF R -
B ARG REET RS ¥ B3 A ¢ § M2 B s &oDMC & Ethyl
methyl carbonate (EMC) ; # 7k ;& & ik fig 4o Propylene carbonate (PC) 2 EC - % &L 2. #
% B 3 4e Lithium hexafluorophosphate (LiPFe) & Lithium Tetrafluoroborate (LiBF3),
Lithium bis-(oxalato)borate (LiBOB) 4 % 5 ;% 4% Ionic liquids (ILs) % 2% - # 2 2 %
g ET B2 SR AT

4.4

}4

[+]
o o} [¢] o
X 'S T X
o o )_/ o/ N o D/ P 0 o/\
v yleneE% — Pro Pﬂen‘;? —— Dimeth% bonaw. Ethylrnelréy'l‘ :::arbonata. Diethyl E;:;‘r:bunats.

Lit [ ,f’.'rl;ii ]

BLe ¥ LT REaseET Asgp

VAGTRA - F P REFEMET TR L RFT YL F b2 6 o Griitzke et al. >t
2014# gt AZTRA = F R I MR EFAREI IS ARTERAY
FHEEWR LTI AT FEFEEA  FREBRRY 3 3 Dimethyl-2,5-
dioxahexane dicarboxylate (DMDOHC), Ethylmethyl—2,5—dloxahexane dicarboxylate
(EMDOHC) £ Diethyl-2,5-Dioxahexane dicarboxylate (DEDOHC) % £ 7 f# & '3 %
(Degradation)# SEIZ = § B 2 & A » S%FEURLTRR - §F PREBTRETLF F1
T EE R F v e F T3, 5%7 BELP o As gy ¢ Griitzke et al. 3 3 B 3 i ;0
(Flow through method) % B~ % » # ,T 4v % Fe £ 73 #(Cosolvent) » 1124 Az Tt = %
PR EPic 4 0 42 F * LiNisCo1sMnis02 (NMC)/graphite 18650 cells® % B~ 7 2
Fo#ME4AT 25 > 2~ DMCEEMCY iR k= § (LG »c X B0 @ Tk
TRRFABSAECRI S d R 2 - F PAZBD FRFEELS ??'Jifjtﬁ?i?’fé
{2 (Polarity)?h & » &t 3 a2 AQTRA - F CAH TR Y 2428 £ H JLiPFe2 ¥
Bedtay o TP EEER A YT F 589.1%2 %P8
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LN\ N\ \
|
Separator (6 x 6 cm?) with LP30 (4 ml) &
e =
40 °C, 120 bar
stirring, 1 h
CO, Autoclave
Extract

B- T Rl s §F P RERS T BT EE A

A felivetal 2 £ 5 ¢ o 1% P AZTRA R E B L5 do @l 2 (a) 0 T %R
3+ 72 Box-Behnken designi& {74 1 ez 734 2 4% 17 S dedo i v > T Fp 5 PR 4 A
TAFE v o b M A (T 50 A5 PR 4 23 MPa~ 5 PR R40°CE 5 B-pr 45
AT T R w e F85% 2 kit %P e Aliuetalz SHEFAT Y 0 PIEFFEY
Carbonate-based electrolyte > # 3 EC ~ DMCE2EMCZ # & feh - § i B 5 Poak
WM SR LE P T AR R BRI E R BRI AR R
| > H 4& |+ (Polarity)£? %3 8L(Melting temperature) 3 82 B4 fh = § B 5 Boriy 2
Mty 200 7 S P R F PP TR 0 R KPR AR - F LR E P
B I R RGBS 2ZAKE e R R A AL TRA - § 1Rl >
BEPoTE @ ZEFTHEFTEA* P4 Livetal. #FHF 7 #RHEh - § PRE
BEE R RT A A 0 dow it 2 EMCADMCE » 1% @it & ke » KL 2 7
f3F > & % S LICoOL T # ¥ » PHRBFLIEAT (71 4oBl L = (b)#r7 B B'f _—
RWRRZF PR NS TH ARTER S Tk B R U L
* o pl4cFuetal. §1% 4gff - § 1 #4Ee £ 3 A Dimethyl sulfoxide (DMSO) » &2
B AERS TP 2 DR A “fﬁ Wi 2. 5 184k & #|(Organic binder) = » PVDF >
TR RO ol b R IEIE LT ’PVDFﬁﬁz§98ﬂ@w%mﬁwf4PVDFﬁ
FTIRZE TGA 45 % % 2PVDF R #l— K » 7 #-5 B yc2 PVDFE 41 * » o P57 5 16 o
AT BRI AL L RTRR D F CRFRA A LA EAE T ﬁﬁ##w’ﬁ
LR A RS A2 P o A Mu et al BlVE * tPEA 0 2 W ORI R R A K A 4
(Exfoliation) » #-1 &4 4| * AL Th = § L pAJL » 2 % THRT AL RS > MiE
P2 48 55 (AL foil)F 264 4 0 4L = %57 » 7 6 R 38°C » & 4 10 MPagz 154
SAIET 5 54 % o % (Peeling efficiency) 3 98.86 wt.%2 i £, 4 # 03¢ et
Rothermel et al. EJ%E}};%, FORT N EHME T B w e BB - F R
?‘TB’»—ilf«*ﬁ %‘r *ﬁ%‘—ﬁ)év}ﬁﬁ-}ir’ wqi}&;,j,btﬁing.i?ﬁ;ﬁﬁjg\;g
2 T ¢ 7P é‘bﬁ’? J&d2 (Thermal evaporation) 5 =t §&% (Sub-critical)= ¥ - &
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L NS
> ¢ ¢ ¢ ¢ |

45 fie Acetonitrile 7 + /3 |3 ﬁ? A i&'ﬁ%ﬁk— EIRLY - 0 VT‘ BRI TRk - &
l“ﬁﬁ‘jg fie Acetonitrile 2 £ 3 M PFF B2 2 REF = 4 2 ",/Tt ek 0 RPRFERL AR ET
KRR g BB

12 outlet vaive (b) CO,Cylinder  Pump Extraction Vessel  Collection &

;g:w valve : r Purification
: 14
Vessel heat lJ! V3
(0 o—
Air cgmpressor | Heating jacket — —

Heat jacket ‘ﬁ

lnm . ﬁ Al Ina filter
Air ulator

CcOo, pressurc

Cooling bath 2 16 o= "°w meter Battery Assembly & Component Analysis
Air drlven fluid pump Collectlng vial Perfor.mance Test & Rep[enishmem
. Cm - & cL e e & 4 [30 - 31
(@F * LTk - 3 A3 Pk &BY )7 [ 7 BBy
o Al foil Cathode matesial

&
- scCo, ’
® -I-
>
-

Figure 4. The exfoliation phenomena of cathode plates after scCO, treat-

B
wu\ baid ®aca o omm by . 3
-t A ment: (a) cathode plates in deionized water; (b) reclaimed Al foil; (c) complete
u Vi ect e lohiati
Floctlyte: dascidion: sad pelration s sheets of cathode material and Al foil from the same plate.

B+ - fl* 25k - § B 7 ExfoliationT R, BP?

OB ATRR D F PR T R AL 0 G B R ‘a‘?iﬂw
(Process intensification) bt jiF » 5 #AZ TR = § RLE O~ TR ,{4 PR ¢
v g2 3 iy 0 Gl4eBertuol etal #-AZ fRfh - F L ALY SR fEPALE £ £ HCoz w q;: )
5 14 Bl PR TF o o - R &I 0 ST RILS 2 RARB A I Ef?i
PR blde ) AL (HaSOg) 3 feifd Y & (H2On) » 87 £ £ = & 2 B o
Bertuoletal. | ¥ _F $fi¢ * Jpe g~ k%> il » - § P Pl H Qo ki 0 &
Fe TR RTSC FFie/RA4T5 barT B (TR E > @ R AR P@ * 2 HySO4E
HOoR 4 F £ 3 H 4 ¢ > BT - F P2 B AR 2w ioed ™ o jpiR
SLILEPS o @ ALTRR S § R T S RS @ SRS TR
260~ &iFEl S5m0 Eﬁ%“rz,] v 2 HoOok B 777 o 8% > 4% » I JE{895.5
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wt% Co Jz2_ % 7, % % o @ Zhang and Azimi | 3% 3+ 2 Az Tl = § 1 E*f\/,T ¢ Tributyl
phosphate (TBP)-Nitric acid adduct®? HyO22_ ;3 | % 3L #4408 3 7 2 o 2 (8 jE 7
ZoE A R (TR B3 T > 2w zLi ~ Co ~ NiZ#Mn » I 4£ 3444 - Zhang and
AzZimifF 3 eyt Gk DR T ARERY VA £ haS o ETBPA A £ B
T4 & 4 (Complex) £ £:BEHss & 330 LRA - F MY =L &K+ 4R
w0 ¥ F90%2 w ek 0 BT A K Aol o~ arn B

(fo

= Extraction Efficiency i
Supercritical Carbon Dioxide + Adduct 5 s 100 i
\ - v g0 | #Ui #Co <M \NI x
<0 £ g i > %
£ £ S T \
End-of-life lithium- . % cﬁ;ﬂmﬁ:m 0 \
ion battery from a . " 50 \
electric vehicle 3 3 \
o) \
130
H |
110 \
0 i

z Lithium-nickel-manganese-cobalt oxide
WO Wi Mco MmN Hwn Hc
Reaction mechanism

Cathode material
Step 1: Dissolution of metal oxides into
metal ions using HNO,

v My, + ZnH* = 2M™ 4, + nHyOyy,

% X
Slep 2: Complexation of metal ions with the
TBP ligand
Ly = Lisepy
4

' Step 3. Extraction/dissolution of metal-
Tributyl adduct complexes in s¢-CO;
phosphate and o
nitric acid adduct My (aqueous) +* ML se)

B~ &%k § A EBow cli~ Co ~ Nigt M § & % BB

3.2 ARg P

-k # Hojkr(Hydrothermal technology) » H 4 B # 1240 5 & 4 % /8 (200-374 °C)
SR BA-22MPa)if 2T o A KIRB Y F A R B2 AR - AT KBF
1#*&&5@4gﬁ***ﬁ%%@ﬂ?@ﬁﬂﬂ@@’?ﬁ%—ﬁiﬁﬁ$
(Sub-critical water)z & * o R#F ¥ L2 B R ERA FiITHE LR L0 F QK
2R o deBl L T o TR N KRR RERERA FEREN 0 RPRAR
FF ORI L & 4D < HFtE M 4 7 F #i(Dielectric constant) ¥ 45170 0 3+ fRAEF B
(Ionic dissociation constant) &} o4& (£ o ig ik Fd i@ K eyt Fpp £ F pFET > AR
SRR LR EF MW PR EREL T B FRFL G MAT RN

v 2y H%kEWﬁOH$+’?@;%&\F@ﬁﬁiﬁﬁmm W a4
ﬁﬁﬁﬁ@@ﬁmo
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a b —-10
—{80 4
25 Supereritical 1 1
Water i —-12
2h— —— — — — - — — — — — ] 4 0o 1
= £ |
o Critical point 2 2
= £ g |
& (374.3C,22.1MPa ) = 1 8 i
2 I z 1 £ —-14 s
s Z ol ol s
g § 403 4 =
Z10 I 2 12 ]
]
& i 1
i —-16
0.6 == i l 200} ) ) —120
Triple point Vapor dielectric constant i 1
I r — 1
0 100 200 300 400 olao o to o v 0ot u e Jig
Temperature ('C) 0 100 200 300 400

Temperature(°C)

Bt 4 K#F i i T A 22k 2 207

VUORBBEGRIE TR 33 S RA s Blhek AR SR RBR O BB %
SR o R L R %%ﬂ«»@@ﬁ@ﬁﬂ’?
F et i RIZ AR e AL o A R MAF AT 0 T IHE e R RV E LG
TR R R A AT SR o PR TR R R RIS R F e
FAEL TV RLFETERY 22 AF R o PowoRBRE T o K
(Dehydration) ~ %t % (Dechlorination) ~ %t j4(Debromination) ~ ;& f](Sterilization) ~ Jg P~
(Leaching) ~ *% fi# (Degradation) ~ & i* (Carbonization) ~ ;% i* (Liquefaction) ~ § it
(Gasification) 2 #] i* (Solidification) % & f&F & o T * >t LA H 2 FThit &
BHRE I > BldeiF RSk 0 KE R BB E 0 HEFEEAR %ﬁwu &%
BAV P REBFEEF KA G EAF AR 45 LT Biomass) & H k£ A 4
(Hydrochar) e g #1542 » % it B ¥ B4~ & e & 2 0 (Bio-oil) » § * Biomasst¥ ] &

HHEF M F A (Flyash)d »oidE £ 50 L8 F BERY oB - L 917
[371

Tk

| REDUCTION I Sludge . .:.

Pressure Agitator
meter motor

DETOXIFICATION
o

Bmm:“ o
Wast:

Hydrothermal Reactor
= B
RECYCLING
28

Blo - ks i g )

Solid Waste
—_—
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SRRRBRAS TR LAY A g AT ELE
MR R I T B v PG oA A& > & %5 R # R P (Hydrothermal
leaching)Z 2 & &4 8 $& 4 2 (Direct regeneration of cathode materials) o 7k #4 Jg B~
et 3w o R RIE 2 E PR ORI AR A 1 7 eI R
B B A AR R BRI T RTRED > RV RZ AP o B
RETR B 2 Bl T RS G IRBA 2 % B 8 H 4o B2k % o (] 4-Nshizirungu etal.
2_F7 7 Wi KGR B > 11 LiCoO2 2 LiNig5C002Mno302 (NCM) & #4442 5 AL
] v B¢ 3 2_ Chlorinated polyvinyl chloride (CPVC)# Polyvinyl chloride (PVC) » *% -k £
BEAEAKEETEFEE £ BB T-CPVPAPVCY &g B K#%RET 4
fRIF S HCIR > (TR E-H] > o PP B8 3 2 ¥ % Rl £ 1% o Nshizirungu et
al.z. 7 3 7 4E LI~ Ni~ Co2 Mnz_ g B~#° 4 & &2 484§ 0 2 K40 B3 (72 S 8ok
o M ABFHFEIFELT > FHLICOE Bt » ¥ 7 g P~98.71%2 Li 97.69
%2 Co; #HNCME i » 7 5 22ig$~99.13%2 Li ~ 98 10%2_Ni~ 99.30%2_Co¥2
99.67%2-Mn > & ¥ fl/] pFp msk,zg_ﬁ’»;q& T A& TRl B = L - #rn 3839

$b7b > Watanabe#® 3 B Ff 7 ) R FBE > 44 S A R 0 ¢ 7 LiCoOs
LiNiO2£ LiMn,04 ° % N fv— F R L (Citricacid)Fin ™ > F3 7 B £ Bd+ 2
PR o SER TSR AT A00°CESS Bk (FT o = 2EFMn &
90 °C#220~ 484 it » Li#Co 2 B B-»c% ¥ E81%E 100 % ; @ %100 °CE204 45
PieT o Liz JgPv 290% 1% KRBT BFRED ARG AFEIF (T 5
({B2RPESF > FR7EFLEY FERZMKREERAH0%E - H AR iR
= L = ()17 M9 e o i Watanabe B Ff: 18 A7 7 7 0 B R A =038 (Batch) 2 ok AR
Prif (TR G R0 3¢ (Flow system)idt 4 i > H @420 e Bl4e Bl = + = (b)#fn > 1
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FHLAFR2ZNCME it e (7 £ BP0 7 il 50 2 JP-3f (77 L0
Co ~ NiZ?Mnif $196% ~ 91% ~ 98%294%2_ B »xig B~ %k Mo (5 ) £ 4k #u g B
EE2 ﬂyﬂ’*@ﬁﬂk’ﬁ“fﬁﬂ’£ﬁ£b¢99$ﬁw%m??ﬁﬁ
PR BT OKERE 5 - BT B g e Vi TR T R
ek B’»A B spL R B2 B WAl

(a) (b) B~ TS ‘
7 g of Fi 1B : L g e
iCo(s; Metal ions
Acid Acid leaching in i
> non-pressurized .
Reductant hot water w Ni
(traditional)
Citric acid Acid leaching in @ Mn
hosmstmsaasip: pressurized hot

water
(hydrothermal)

LiMn,0,

Bl= L= (aypk#grg @ iget ®mBlY ;) (b= N 2l FOK BB E L R

“f’]ié‘bifﬁg"“ » R Ei £ J\%‘Lﬁ‘ BT oo L Bl e AR
7E B eI 2 FANE A AT R
R ?’r’ fiwm SEI» £V éi@ﬂifr'w*iﬁqﬁ 42t (Relithiation) » £ 2 2 4R 2t 1
é%}‘é PIF W3 B g R B ERED UREAPERITZARETIZS FE8RR

RN S R S ’}]EJ*’ PR 0 A A Fé H v M R M2 w e jise e R0
;’?JB"" PR ERF R A -BBALE -HFHE TR oA L2 v R
W o % je#7 f deShietal &L«HLlcOoz *NCM 1112 NCM523 1t 444145 88 - 55428
HeLIOH & LipSOsz 4 o » 11 2 A RBIBEE TRF L 4L K it L4l T 2 L 88 %
472 # 2 (Thermal annealing)i& 7 g £ 2 » L FET VW F 447 St £ 20042
FRALEHE LTSN BERE AT L BlAcB S L = e B
@ Yu et al. B] B 48 — MR R4 421 Fols(Low-temperature hydrothermal relithiation ~
LTHR) » &% i LiOH 2 7 v LA 4 7 4v & (Green additives * GA) » &]4rEthanol
Hydrogen peroxide & Ethylene glycol % » % A8 KB AT » 27K RN T &H 4
LiNixCo,Mn:O2 (NCM)z_ & 45 24 » 7 #-k#2 T8 B d ¥ 2R2.220°C* 2 100°C >
g2z et R e RS EE R F R S - ATl
AL R Rk F P B L RAcB = S w Aror o gttt AT R AR B RE H s B 4
5 {© B> b4cZhangetal. S & k@A ParE A S A Wm0 SHd B T RIER
2 LiCoOzﬁ‘?’?Wi@F# 207 a80°CERT BREINFEHER - REARBHELZ
23 BRET BN 2ZLICoO M e g {1 kBB FEF TR RL 2R

SEMMHBEEER (5—H1 113.12]

PR
-
|
k=5
&
ré
B
4o
=R
R
R
o
&
6“34
‘f;i‘
s
-




1>

N

on sy ann 132 10 5 A8

FUAE ) T RRAF SRR L AL EEL TEHE S B
BHGAP AR ) P BT D L R ET o TR R R A g N
FREL A DEHEZ s o doP R E R AN AT TR R MR R

TR K PR 2 B A o

Degraded Regenerated o
Py, Raiispi
nere o 000 oL i -
VR, e ‘AR, /- caou
Jel e oooo “'““""“'V

Cathode mixture
LI Vacancy Pouch cell

4
Phase pure Degraded '

Degradation Rock salt o= :
~ Spinel y— 4= |Regeneration | 4m
Layered

Regeneration Casting slurry Regenerated active particles Cycled active particles

Blo L= k#2E L2 EREEET L RS

S
o

Without GA

Traditional high- Degraded NCM Regenerated NCM

OOOOOO

. | SR

|| i 0O 0 0 O 0 0 00O0O0
| ?b@ﬁﬁf THEER,
4 Q\E o e Coordinate ' L
LTHR —3 SO 006000 00000

@

=3
L

I

Saturated vapor pressure (bar)
3
o

10 d : .6\9‘@ j q.fm ’f’ kw& °
' T E }, N LiOH e W - I
. < : 000000 000000
40 60 80 100 120 140 150 180 200 220 240 260 5 i
Temperature (°C) © Ni/CoMn © Li Q Vacancy @ O

Bl Lo MOR-KEE T LR

LA it
BABPFTAwo PORFEI R ECALE A S EHP R FEL
Sy 1@1&4 AP TR ARV R AR ATREFFEEFY T
BEL2Z@WpEPRBRZ VESEERESELIL VB EL - BEA
hiﬁ%ﬁ?k1k’ﬂ BEAEG BT A fleE BRI L £3NET
vl B3R H I E S FAHT AT KD RS S A aww{@@ .
DHRBERA S HTRA R ARG S LT ALY T . HFHELER
%M\%?Qm@mpmwﬁ’zb@*ﬂ?éjﬁﬁiiﬂ? vs ERANEE s
—HERAEAE > A HRAL 2 F A FHUEFIRRAETEY KBREET > F
RITAIT o G F B RS AN IR RS AN B Blded S g4 S T
=] 2
f

pa

\11 evst

b

|

.E-\\a
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company technology Feature/process Final products location
Accurec Pyrometallurgy Collecting the organic solvents in electrolyte by vacuum pyrolysis; recovery of Li by vacuum evaporation; Coalloy, Limetal Germany
AEA Hydrometallurgy Using organic solvent to remove electrolysis and binder (PVDF); recovery Co in LIOH solution by electrodeposition Co0,LiOH UK
AkkuSer Ltd. Pyrometdlurgyand  two-phase crushing line is designed; magnetic and other separation methods followit; scrap is then delivered to smelting plants and leaching  Meal powder Finland
Hydrometallurgy
Batrec AG Pyrometallurgy The spent LIBs are stored and shredded under CO, atmosphere Co,MnO, Ni-  Switzerland
base alloys
Brunp d I hydrometallurgical methods including leaching, purification, solvent extraction and resynthesis of materials Cathode materials  China
GEM d I hydrometallurgical methods induding pretreatment, leaching, purification, solvent extraction, and the resynthesis of materials Cathode materials  China
Glencore Pyrometallurgyand ~ Combines pyro- and hydrometallurgy methods Alloy (Co/Ni/  Switzerland
Hydrometallurgy Cu)
IME Pyrometallurgyand Collecting electrolyte through evaporation and condensation; separating particles with magnetic separation; Co-base alloys produced by~ Li,CO, Co-base  Germany
Hydrometallurgy melting small particles in an electric arc farnace; Li,CO is obtained by dissolving the slag alloys
Inmetco Pyrometallurgy Scrap processed in a rotary hearth furnace and farther refined in an electric arc furnace Nibasealloys  USA
X Nippon Mining Hydrometallurgy Solvent extraction Ni/Co/Mn/Li  Japan
and Metals
Mnsubns}u Pyrometalurgy Freezing and disassembling under cryogenic liquid nitrogen environment; LiCo0; is obtained by burning; the exhaust gas is absorbed by LiCoO, Japan
Ca(OH),
Onto Technology ~ Direct recycling CO, superciitical fluid Cathode materials  USA
Recupyl Hydrometallurgy Crushing under inert gas atmosphere Co(OH);, France
Li,CO, or
Li;PO,
Retriev Technology  Hydrometallurgy Disassembling under cryogenic liquid nitrogen environment Co,Li,CO, USAand
(Toxco) Canada
Rodkwood Lithium  Hydrometallurgy Combines similar mechanical and hydrometallurgical methods Cooxide, Li oxide  Germany
GmbH
Sumitomo and Pyometallurgrand  The electrolyte and platics are removed through calcination; pyrometallrgica process is used to recover alloy containing Co—Ni—Fe;  Alloy (Co/Ni/  Japan
Sony d - process is conducted to recover Co Fe), CoO
Umicore Pyrometalurgyand Ultrahigh temperature without pretreatment of L1Bs; recovery of alloys containing Ni and Co by leaching; energy recycling CoCl, Ni(OH), USA
Hydrom
3,7 Lk A A .-4--«4: L 72
%\'.l )\/21( ..l‘,’—-,/i%/z“ i I m,‘!’—.k 7 [ ]
Recycling route Advantages Disadvantages
pyrometallurgy [20,21] « Versatile: applicable to several battery chemistries and geometries « Graphite, plastics, and electrolyte are necessarily burnt
o High recycling capacity o Downcyeling of Li and Al affecting the supply chain costs of (he aw
waterial
e No sorting or other pre-treatments
« Expensive off-gas treatments to avoid toxic air cmissions
« High recovery of valuable metals (Co, Ni, Cu)
« High energy consumption
= Established method and industrial know-how
« Low puriry of producrs or further hydromerallurgical refinement
o lligh GIIG emissions
Hydrometallurgy [84,  High rccovery rates, which can potentially include the cntire « High sorting cfficicncics and mechanieal pre-treatments required
112] electrolyte

« Crushing of batteries involves safety problems
« High purity of products

o Efficient electiolyte sepaation methads have 1o be industrially
« Low energy consumption demonstrated
« Low GHG cmissions « Lower recyeling eapacity

« Contaminated wastewater

High aperating costs (eg., solvenis)
e Process complexity

« High costs for the treatment of the final effluent (neutralization)
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2% International Symposium on Carbon Materials

@ Ming Chi Uni. Tech. (MCUT), New Taipei City, Taiwan

@m 2025/1/13(Mon.) ~ 2025/1/16(Thu.)
Specinl isse
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SINO APPLIED TECHNOLOGY

NANO-MATERIAL INNOVATION

www.siat.cc | info@siat.cc |

LMPZD
Safety Additive Slurry LMPZD Slurry is an additive used to

improve the safety of batteries.

Produced by SiAT using a unique
dispersion technique and a proprietary
LMPZD formula that combines LMFP,
phosphazene and MWCNT. This not only
enhances the performance of LMFP but
also significantly increases the safety of
the main active materials

Key Benefits
e Mitigates exothermic reactions and
prevents thermal runaway

e Small percentage of LMPZD is sufficient
to significantly enhance battery safety
without compromising energy density

e Nano-sized to ensure a tight coating on
the surface of high-nickel (nickel-rich)

and LCO materials, among others

NCM811 (90%) + ) LMPZD
LMPZD Slurry (10%) Comparison NCMS811 LMFP 10%
NCM 90%
Safety Low Good Good
_ Sate .
Raw Material High L Lower than
LCO (100%) LCO (95%) + Cost 18 o NCM
% Energy (Wh/kg) 250 215 246
Explosion. White Smoke Only. Cycle life (>80%) 2,500 3,000 2,500

High C-Rate Discharge Curve

a2 3C Discharge

Median Voltage
M 3.24V - NCM811 on
M 3.35V - NCM811 + 5% LI

3.40V — NCM811 + 10% LMPZD

5 2 4 L] B 10
Capacity (Ah)

Temperature vs Capacity Curve

&0

3C Discharge

C)

——

#“B NCM811 only
P B NCM811 + 5% LMPZD

NCM811 + 10% LMPZD

] 2 4 B 8 10
Capacity (Ah)

Temperature (°
8

8

Carbon Nanotube Coated
Aluminum Foil

CNT Coated Aluminum Foil is designed to
replace conventional current collectors.

The product features an even coating of
proprietary dispersed carbon nanotube
conductive material on aluminum foil,
markedly enhancing conductivity.

Product Property

Key Benefits
e Excellent conductivity

e Substantially reduces the interface
impedance between the current
collector foil and the active material.

e Enhances the adhesion between the
cathode and the current collector,
contributing to overall battery
efficiency.

Charging / Discharging Performance Comparison

cha
IR E
€5 Aluminium Corporation
SiAT sources Aluminum Foil from
Taiwan CSAC Group
® SiAT can supply customers blank
Aluminum Foil featuring the
dimensions & characteristics below
@ SiAT can also provide customization
depending on customer requests

Binder Water-based 35 35 Q1c Alloy CSM2403
0.1C
Sheet resistance <30 Q.cm Temper H18
a 30 {02¢ 3.0 i« Thickness (um) 12
Wipe Test 2C
0.5C )
Alcohol Can not be wiped off 25 us 3C Width (mm) 600/300
5 : : .
NMP Can not wiped off 1c Tensile Stress (N/mm?) 240
Elongation (% B}
Electrolyte Can not be wiped off 20 2.0 ¢ o
P ——— - ” 0 40 80 120 160 0 40 80 120 160 Wettability (dyne) 532
esion ape o peeling
mAh/g mAh/g
SWCNT/MWCNT

Conductive Paste SW/MWCNT Conductive Paste helps to
reduce additive usage and enable higher
active material loading in both anode and

cathode electrodes.

-l

Applicable to all current cathode formulation
(LFP, NCA, NMC, LMO)

Applicable to current graphite anode and
next gen silicon-based anode

(|

Available in both NMP and Water based paste
LFP Sheet Resistance (Q - cm)

Key Benefits
e Excellent conductivity

e Significantly reduce the use of carbon
black and binders

® Increases the percentage of active
materials in cathode and anode
formulations

e Enhances battery energy density
® CNT sourced from Japan & Korea

Slurry Composition

_ NMP based
Super P ‘.‘Vsr\r/jf N SWCNT SWCNT Dispersant NMP
150 Carbon Black r% s (NMP) 0.4 wt.% 2.0wt.% 97.6 wt.%
100 =
75 MWCNT _ Competitor S SWCNT SWCNT Dispersant Water
50
2 SWCNT SWCNT (Water)  0.4wt% 08wt% 988 wt%
MWCNT MWCNT Dispersant NMP
150 _ Water based . (NMP) 4.0wt.% 1.0wt.% 95.0 wt.%
125 Super P B B
190 Carbon Black | N MWCNT MWCNT Dispersant Water
50 Competitor )
Z?, MWCNT e SWCNT (Water) 4.0 wt.% 1.0wt.% 95.0 wt.%

SWCNT Conductive
Paste

g ik

MWCNT Conductive ‘
Paste :

o 1yt

P
resy Tem 1D

[

www.siat.cc




HQBIBA Expert in Raman Spectroscopy with AFM

LabRAM Qdyssey Nano

Combined Solution for:
%+ Atomic Force Microscopy: SPM Measuring Modes

% Raman Spectroscopy : _ ee——
%+ Combined AFM and Raman Spectroscopy LabRAM Soleil
TERS investigations for near field Raman
measurements

Leading in Single Photon Counting Applications
Time-resolved Fluorescence &R #2475k o 3t 15 A B i 3% 5

Picosecond Fluorescence
Spectrometers
< PicoQuanT
4 An all-in-one solution for time-
resolved confocal microscopy
% Super-resolution add-on for
the confocal time-resolved

microscopy platform (STED)
The World's Most Sensitive Spectrofluorometer

\\; HORIBA

Water Raman S/N:

10000:1 2 . (FSD Method) %+ Fluorescence & Absorbance Spectrometer
%+ 16000:1 2 £ (RMS Method) % UV-Vis-NIR from 250~1100nm
+  HkMMmKH<0.3nm %+ Water Raman S/N:6000:1 32 & (FSD Method)

Quantum EfflClencyIIPCE System

Wavelength from 250~2500nm

I-V measurement

EQE/IEQ measurement

Voc/ Isc/ Rshunt I Pmax Efficiency% Fill Factor
Keithley2400

Standford SR800

ASTM E1021, ASTM E948, IEC60904-8, IEC60904-I

FEEFEFEEF

~ 0
O
SCIENCETECH %

AST A ity A R/ 8

TS HBEHBB=A 505135k 34
TEL : 02-27881778 FAX : 02-27864538
415 4 © ast@astcorp.com.tw

#uk  http://www.astcorp.com.tw
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High temperature conduclive ink

R PSR IR AR SR AT

Polymer conductive silver ink

o RS

Terminal antenna silver ink

B A B AR S

Medical equipmenl silver ink

samies

Saanieay

S4B

E%RR

Betueenad I A ME N (R

(TEAfEHE - 2-14 um) -

—AE A G TR - Mkl - WE S LED » RR% - AN
e % SF- 2085 /2995 - A —ARMMALCEABOFTRIE » RADRK
SF- 309073300 » SF-3400

This is a universal high- temperature conductive silver paste,
which is suitable for glass, ceramics, LED, automotive, etc. The
representative model is SF- 2985 / 2995 . The other is conductive s
i lver ink suitable for 5 G f i ] ter s, representative models SF-
3090 /3300, SF- 3400 .

. 3
ot

e
S

FrkopsbAr L R MM shis R Wik T HF 0 T FTH - Tipakik
TR MEamF M REE RE R HEMGURAR TR
FME A o B4R ST A kR 0 R R KR B 1B e SF-21 9640 & & bk Bl b
SF-1288Km K & 7 -

Flexible circuit board silver ink is widely used in circuit board
manufacturing processes, such as electronic circuits and circuit connection
industries. With the continuous increase in demand in the terminal mobile
phone market in recent years, the demand for silver paste for flexible
circuit boards has also continued to rise. In response to markel demand,
Betely has launched iwo series model.halogen-free low- temperature curing SF-
2196 and halogen-free fast curing SF-1288K..

SF-8100 ~ 8300% & 7| /B » g b sk B AL 20 4T+ FRG2JE R 20 A8 By 0% ~ &
REF M - R - KT - RFID ~ SRR F X433 -

SF-8100, 8300 and other series are low-temperature fast-curing ink,
which are widely used in antenna design of mobile terminals,
smart wearables, satellite communications, solar cells, RFID, and
automobiles.

A A bR — Akl RE Pk B A Ean Bt A 7t ok kAR T skl
AR o B of o A S Ao § T AR R 6 b W AF MR SE- 1266 - CA F|
B S SLAEIR G M) o T A PRI R4 BRI  EFEE ALY
TR F 2GR -

This is a halogen-free low-temperature fast-curing conductive silver ink,
suitable for the conductive lines on glass substrates. SF-1266-C series
products are made of high- performance resin and silver powder with excellent
conductivity,with good adhesion, solderability and printability to glass. They
are widely used in the fields of medical and health, eleetronic appliances, and

automobiles.

FTRGOEA I AR LIRS — B 606 SR/ © 03-5983968/{EE  03-5983608

Mail:junechao@exemtinc.com / alice_chern@exemtinc.com
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Yanten Biotechnology Co., Ltd.

HEMEEEEEN L

Specialization OEM of liquid fermentation

BRPNSBA T HAENONRS TSR RETH |

BB 255

1. SUEFERVE BRI
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2 BXEERANEERKIGEEX
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January 13 ~16, 2025

2" International Symposium on Carbon Materials
For Energy, Environment, Sustanability, and Bio-applications

with 8" Taiwan Carbon Conference

Venue
Innovation Building, Ming Chi Uni. Tech. (MCUT)
New Taipei City, Taiwan

Important Dates

August 15, 2024
Short abstract submission deadline

September 15, 2024

Confirmation of Acceptance

October 15, 2024

Early-bird registration deadline

Students from Foreign Conutries:
Buy One, Get One Free

December 15, 2024

Full manuscript submission open (special issue)

February 28, 2025

Full manuscript submission dealine (special issue)

Email : iscm2025@gmail.com

Organizing Chair :
Prof. Chi-Hsien Huang & Prof. Ting-Yu Liu

Visit the website for
more information

Sustainability, and Bio-applications in Ming Chi University of Technology,
New Taipei City, Taiwan, from Jan. 13 to Jan. 16, 2025.

As the theme of “ Carbon, for a better world”, we have given our all to prepare:
for this event. The famous plenary, keynote, and invited speeches will provide:
a excellent platform for sharing cutting-edge knowledge, recent research =

A special session discussing the CO, Reduction/Utilization/Neutralization will

extensive networking chances with worldwild brilliant scholars, researchers,
and young generation.

Once again, welcome to 2025 ISCM-2 and New Taipei City, Taiwan.

It is our great pleasure to welcome you to participate 2" International
Symposium on Carbon Materials (2025 ISCM-2) for Energy, Environment,

of

results and advanced technologies in the diverse areas of carbon materials,

be included as well. Stimulating social programs have been planned to con

e

Research Topics

« Carbon for Energy

« Carbon for Environment

- Carbon for Sustainability

+ Carbon for Bio-applications

- Nano Carbon & Composites

. CO,Reduction/Utilization/Neutralization
Special Issue

« J. the Taiwan Institute of Chemical Engineers ( Elsevier, IF5.5)

» Journal of the Chinese Chemical Society ( Wiley, IF 1.6)
Awards

@ Student Oral Presentation Awards

® Poster Presentation Awards

® Outstanding Young Scientist Award

@ Distinguished Service Award
Submission

Abstract Submission Deadline : August 15, 2024

Abstract Template : https://2025-iscm-2.conf.tw

Organizer Co-organizer

@m«‘mﬁﬁg @ BAASEH Iz A2

MING CHI UNIVERSITY OF TECHNOLOGY
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Energy and Optic-electronic Materials Lab hydrothﬂrmal synthosis
Graphite Few-Layer Graphene —
(G) (FLG) :
let cavitation ¥  Add F-based
- A precursor

e P

r____ 4
— / 180°C,30min
450W

4w Radiated FLG
®F-based precursor

F-FLG No Fluorinated FLG
coating coating

Corrosion protection Mix with epoxy (F-FLG)

with F-FLG coating and curing agent
—’ I
Ovendry 8hrs -/

C o

Contng)

Substrate Substrate Substrate

' i FITTHEREEERR2EN1015E MR ERAE209E
BifFEEEEE © 03-265-5401

EF{=55 : carbon.cst@gmail.com

A& i@t : https://carboncst.com






