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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 × 10 3 

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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3–4% GDP

NACE International 2013 2.5 GDP

3.4% [1] [2-5]

11%

CRS

[6-10]

[11-12] FLG [13]

 (Graphene oxides, GO)[14-16]

[17-21]

Mohamed 0.01 M

161.4°

155.7° [19] Yu PS /

PS/pv-GO2 icorr 3.69 × 10 2 2

rcorr 1.69 × 10 2 2 milli-inches per year, MPY

2 wt%

99.53% [20]  

N

F
[22-30] Zeng Al

99.91% Al 106 
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2 [26] Yang

FG FG FGc

Cu FGc icorr 5.01 × 10 10 A/cm2

GOc BLc BLc GO FG

rcorr 1.69 × 10 3 5.89 × 10 6 mm/year

Electrochemical impedance spectroscopy, EIS Rc

FGc Rc 5.24 × 108 2 BLc GOc

1.4 × 105 2 2.5 × 106 2 [27]  

F-FLG

Scanning electron microscope, SEM

Transmission electron microscope, TEM FLG F-FLG

FT-IR X X-ray photoelectron 

spectroscopy, XPS F-FLG F Tafel

EIS Bode plot CRS

CRS 480

DFT

FLG F-FLG F-FLG/EP

F-FLG

 

 
 

2.1 FLG F-FLG  

 (G) FLG  

(Jet-cavitation) G

FLG 5% /

FLG
[31]  

 F-FLG 1 FLG 1% Nafion

Nafion Sigma-Aldrich 5% 15-

20% 30 N,N- DMF Riedel-de Haën 99.5%
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30 180°C

24 80°C 10

F-FLG  

2.2  

 0.5% FLG F-FLG 7

N,N- Dimethylacetamide, DMAc Macron 99%

30 EP Sigma-Aldrich

95.0% 50°C 10 0.5 EP

2 T-403 Sigma-Aldrich 97.0%

24 FLG/ FLG/EP F-FLG/

F-FLG/EP 120 μL CRS

120 C 1.5 150  5 μm  

2.3  

 Bruker eco D2 Advance X XRD

2  = 10 - 80 Horiba iHR550

532 nm 1 mW SEM

Hitachi S-4100 Energy-dispersive X-ray spectroscopy, EDS

HR-TEM JEM2100 JEOL Ltd

HR-TEM

80 C Atomic force microscope, AFM

Bruker Dimension Icon AFM

FACE CBVP A3

1.6 cm X

XPS JEOL Electron spectroscopy for chemical analysis, ESCA

JPS-9200 Al-K Fourier

Fourier-transform infrared spectroscopy, FT-IR JASCO 4200

4000 400 cm 1  
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2.4  

 EC Lab Biologic Potentiostat SP-200 CRS Epoxy

G/EP FLG/EP F-FLG/EP Tafel EIS Bode CRS 18.2 

mm 1.177 mm Tafel 0.25 V +0.25 V 0.2 

mV s 1 NaCl

30 24

1 MHz 100 mHz EIS

GTR10-GPA 1 atm 0.101 MPa 1

ASTM B117 CNS 8886 Z 8026 SST A

CS 10 cm  7 cm  0.8 mm CRS CS Shiny Chemical 

Industrial Co., Ltd  

2.5  

 Projector augmented wave method, PAW

Vienna Ab initio Simulation Package, VASP DFT DFT

Perdew–Burke–Ernzerhof PBE exchange-

correlation, XC 4 × 4 × 1 6 × 6 × 1 k

500 10 4 10 3 /Å

3.125% F F

Ftop C F Fhole C F

Fbridge C 48 × 48 × 1 k DOS

10 5 0.02 /Å

CI-NEB DFT-NEB 1 × 

1 × 1 k 500 VESTA

 

 

 

(a) F-FLG/EP G

FLG F F-FLG

F-FLG/EP CRS (b) G FLG
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F-FLG 3 XRD 2  = 26 54 002

004 44 100 FLG F-FLG

FLG F-FLG

F F

[32-33] FLG F-FLG (c) 1350 

cm 1 1580 cm 1 D G

G FLG F-FLG D G ID/IG 0.172 0.327

0.381 G

ID/IG F FLG

F-FLG ID/IG 0.381

F-FLG

(d) G/EP FLG/EP F-FLG/EP G/EP

78.89 FLG/EP F-FLG/EP

90 106 FLG/EP

F-FLG/EP F F

 

AFM FLG (e) (e ) Cu FLG

AFM FLG

FLG (f) (g) FLG

FLG 2.5 nm 4.0 nm 3 6

0.68 nm

FLG  
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 (a) G FLG/EP F-FLG/EP (b) XRD (c)

(d) G/EP FLG/EP F-FLG/EP (e-(e ) AFM (f) FLG

(g) FLG  

 

F-FLG SEM TEM

(a) FLG

FLG

FLG F FLG

(a) EDS C F-FLG

F F-FLG F

(b) TEM

FLG F
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F FLG F-

FLG HR-TEM F-FLG

(b) (c) FFT

FFT 10

(d-spacing) F-FLG d-spacing 0.341 nm (002)

XRD G

F-FLG d-spacing (002) d-spacing

0.335 nm [34] F-FLG 0.006 nm F-FLG

 

F-FLG C1s F1s

(d) F-FLG C1s

283.6 eV C-C

Sun XPS XRD

FLG [35] C1s 291.27 eV C-F

F1s ( (e)) 688.43 eV 685.02 eV

C F XPS FLG C1s O1s F1s

C1s 283.8 286.3 eV

C C/C O C O C=O O1s 532.6 eV C O/C=O

F1s  

 (a) FLG XPS (b) (c) (d)  
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FT-IR G FLG F-FLG

f 1620 cm-1 3395 cm-1 C=C

O H

FLG 646 cm-1 sp2 C C

FLG

F-FLG F

F

646 cm-1 625 cm-1 FLG

F F sp2 C C

F-FLG FT-IR

1620 cm-1 3395 cm-1 C=C O H  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 F-FLG (a) SEM EDS (b) HR-TEM (c) FFT XPS

(d) (e) (f) FT-IR  
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(a) (b) EP F-
FLG/EP SEM (cross-sectional SEM)

150 μm (a) Epoxy

(b) F-FLG/EP
FLG

(c)
G FLG

Epoxy (d) (e) F
F-FLG/EP

(f) F-FLG/EP

Epoxy G
FLG

EDS F-FLG/EP C O F C
O F F C O

F  
 

 

 

 

 

 

 

 

 

 

 

 

 
 (a) Epoxy (b) F-FLG/EP (c) 

Epoxy (d) G/EP (e) FLG/EP (f) F-FLG/EP SEM F-FLG/EP
EDS  
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30 24

(a) (d) CRS

Epoxy G/EP FLG/EP F-FLG/EP Tafel CRS

3.5% 30 7.58 icorr CRS

Epoxy G/EP FLG/EP icorr

5.36 5.08 5.13 FLG/EP icorr

30 FLG/EP  

 30 24 (a, d) Tafel (b, e) EIS

(c, f) Bode plot  

 

24 CRS Epoxy G/EP FLG/EP F-FLG/EP icorr 5.82

2.19 1.12 0.33 0.28 Epoxy G/EP FLG/EP icorr

30 Ecorr 0.635

0.586 0.568 0.466 0.241 V CRS Epoxy G/EP FLG/EP

F-FLG/EP Ecorr F-FLG/EP

F-FLG/EP icorr  

24 CRS  Epoxy

G/EP FLG/EP F-FLG/EP Ecorr 0.683 0.640 0.589 0.511

15



0.283 V Ecorr

24 F-FLG/EP

Ecorr

icorr F-FLG

 

 Ecorr V icorr A/cm2

rcorr PE, %  (1) rcorr  

 

 
 

 

K EW g/eq d g/cm3 A

cm2 NaCl 30 CRS rcorr

106.53 F-FLG/EP rcorr 0.584  10-3 

CRS icorr F-FLG

24 CRS Epoxy G/EP FLG/EP

F-FLG/EP rcorr 52.64 4.71 0.92 0.19 8.279 × 10 3 

F-FLG/EP rcorr

F-FLG (aspect ratio)

 

 (2) PE : 

 

 

 

 (2) ic CRS ii CRS

30 Epoxy G/EP FLG/EP  F-FLG/EP 

PE 29.3% 33.0% 32.3%  99.5% NaCl 24

Epoxy PE 47.1%

F-FLG/EP PE Epoxy

95.2% F-FLG/EP

 

EIS Bode plot  Tafel 
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(b) (e)

 (Rs)  (Rc)  (Rt)

(b) CRS Epoxy G/EP FLG/EP  F-FLG/EP  Rt 

 2.46 8.68 20.82 2.91   F-FLG/EP 

F-FLG (e)

F-FLG/EP  Rt   CRS  35 

 FLG/EP  4.6 F-FLG/EP

F-FLG/EP  Rt 

 

 

 

 30 Tafel  

 

 Ecorr(V) icorr A/cm2) rcorr mpy) PE(%) 

CRS -0.635 7.58 106.53 -- 

Epoxy -0.586 5.36 30.14 29.3% 

G/EP -0.568 5.08 27.88 33.0% 

FLG/EP -0.466 5.13 12.48 32.3% 

F-FLG/EP -0.241 0.04 0.584×10-3 99.5% 
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24 Tafel

 Ecorr(V) icorr A/cm2) rcorr mpy) PE(%) 

CRS -0.683 5.82 52.64 -- 

Epoxy -0.640 2.19 4.71 47.1% 

G/EP -0.589 1.12 0.92 80.8% 

FLG/EP -0.511 0.33 0.19 94.3% 

F-FLG/EP -0.283 0.28 8.279×10-3 95.2% 

30 EIS

 Rs (k 2) Rc (k 2) Rt (k 2) 

CRS 0.03 2.43 2.46 

Epoxy 0.41 8.27 8.68 

G/EP 1.77 19.05 20.82 

FLG/EP 0.29 2.62 2.91 

F-FLG/EP 3.65 34.49 38.14 
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24 EIS  

 Rs (k 2) Rc (k 2) Rt (k 2) 

CRS 0.18 0.92 1.77 

Epoxy 3.99 23.97 27.16 

G/EP 4.17 24.89 28.93 

FLG/EP 1.85 29.57 31.42 

F-FLG/EP 3.65 111.35 145.84 

 
 Bode plot 0.01 Hz

(c) (f) F-FLG/EP 
0.01 Hz

 F-FLG  3.5 wt.% NaCl 
F-FLG/EP (f)  

F-FLG/EP F
F-

FLG/EP  

CS 20
Epoxy G/EP FLG/EP  F-FLG/EP CS

 5  5 cm CS
 4 CS 

 Epoxy  12 
FLG/EP  F-FLG/EP 

 20 F-FLG/EP 
F-FLG/EP
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 20  

 

 F-FLG 

DFT  3.125% 

 DFT 

Ftop C

 Ftop C  F-FLG DOS  FLG 
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(a) (b) FLG 

 F-FLG  0.388 eV  DOS 

 Ftop C  1.569 Å (b)  F-FLG 

 FLG  FLG  F-FLG 

 DFT (c)

IS TS FS

1  2 (d)  C-C 

 FLG  2  

FLG (b)  1  2  IS TS 

 FS  F-FLG

 FLG (d)

 F-FLG  TS'  2  FLG 

 1  IS  FS  FS 

 FS  

 

 

 

 

 

 

 

 

 

 

 

 

 

 FLG F-FLG (a) DOS (b) (c)
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 (a) F-FLG (b) FLG  

 

(a) Epoxy

 17.05 barrer

 FLG 0.29 barrer F-FLG/EP

 0.19 barrer  FLG 

Epoxy

Epoxy  FLG  F-FLG 
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 Epoxy FLG F-FLG  

 

(b) PE  Epoxy FLG/EP  

F-FLG/EP  NaCl  24  PE  47.1%

94.3%  95.2% FLG/EP  F-FLG/EP 

FLG/EP  F-FLG/EP  PE  Epoxy 

Epoxy (c)  G/EP FLG/EP 

 F-FLG/EP FLG

F-FLG 

F-FLG 

F-FLG/EP 

 icorr  rcorr 
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 F-FLG/EP 

F-FLG/EP [36-44]

F-FLG/EP icorr Ecorr

2D

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 F-FLG  

 

 

 F-FLG/EP 

F  FLG  C O  F 

F-FLG/EP  Epoxy

  Epoxy  

F-FLG/EP 480

 FLG/EP  

Epoxy F-FLG/EP

24



 FLG  F-FLG 
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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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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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[29, 30]  

EDLC

tetraethylammonium tetrafluoroborate (TEABF4 Et4NBF4)
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(equivalent series resistance, ESR)

1.23 V

1.23 V H2 O2

[43]  

(2.5-2.7 V)

( >2.5 V) 2011 K. Chiba

(2,3-

) 3.5 V[44]

 

3.1.  

(2 × 105 cm2 

V-1 s-1) (5000W mK-1) (2630 m2 g-1)

1D [45] 2D
[46] 3D [47]

 

(Graphene Nanowalls, GNWs)

(Plasma Enhanced CVD, 

PECVD)

Chi 4V

(Graphene Nanowalls, GNWs)

(MPT) (PECVD)

GNWs GNWs
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(nitrogen-

doped GNW, NGNWs) 1 M TEABF4/PC [46]

EDLC 4 V 13 Wh kg-1  

 

 (a) 

(b) EDLC 1 M TEABF4/PC

( 2.5 3 3.5 4 V 2.0 A g-1) [46]  

3.2. (electrochemical activation, EA) 

 (EA)

( )

Takeuchi non-porous 

carbon ( 100 m2 g 1) [40]

reduced graphene oxide (rGO) [48] expanded mesocarbon 

microbead (e-MCMB) [49] alkali-treated soft carbon (ASC) [50] EA

Moritz M. Hantel in-situ X-ray diffraction 

(XRD) ( )
[51]

 

3.2.1.  
 

(
) EA Kim [52] 

NaClO3/HNO3 700°C KOH
200°C

EA XRD Raman
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200°C

1.2 M TEABF4/ACN
(GCD)

EA
2.5 V

30.3 F g 1

18.8 F g 1 EA
EA [52] Ka Oh [53] 

250°C (MCMB) MCMB 
(e-MCMB) 0.05 M LiBF4 0.95 M TEABF4/PC EA

XRD e-MCMB MCMB (002)
(e-MCMB 0.404 nm vs. MCMB 0.336 nm) e-MCMB

e-MCMB 4.6 4.8 V (vs. 
Li+/Li) (dilatometry) 30%

BF4
-

7% /
MCMB

/ ( 40-100%) e-MCMB//e-MCMB
3.7 V 100 24-30 F mL 1

99%
EA

[53]  
EA

[39]

(alkali-treated soft carbon, ASC) BF4
-

TEA+

ASC-EA
ASC-EA

1.5 V (vs. Ag+/Ag) -2.5 V (vs. Ag+/Ag)
4 V

(a) 0 4 V -1  1.5 V (vs. 
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Ag+/Ag) -1  -2.5 V (vs. Ag+/Ag)
4 V

(b) 0.5 A gtotal
-1( )

37.6 F gtotal
-1 10 A gtotal

-1

29.1 F gtotal
-1 78%

Ragone (c) 1.0 kW kg-1 83.8 Wh kg-1

 7.1 kW kg-1 64.6 Wh kg-1

[54] 4 V
(d) 4V 10000

85%

 

 
4V ASC-EA // ASC-EA : (a) (b) 

(c) Ragone (d) 10000 39  

3.2.2.  

 EDLC
[55] EA ( )

/ / EA
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Hantel [56] rGO 1 M TEABF4/ACN

1 M TEABF4/PC EA rGO

0.34 0.44

rGO EA

rGO 1 M TEABF4/ACN

(cyclic voltammogram, CV)

0.38 CV [56] Morita [57]

BF4
- PC ACN EA

PC

ACN PC
[57]

( ) ( ) EA

EA

 

3.2.3.  

 EA ( )

Hahn [58]

1 M TEABF4/ACN 2.5 V

4 V
[58] (PVDF)

Hu [49] KOH - (PUPAH10-

xKx x )

( PUPAH PUPAH6K4 PUPAK)

PUPAH

e-MCMB 1 M TEABF4/PC

EA 1.8 V (vs. Ag+/Ag)

PUPAH6K4 1 A g 1 (121 F g 1) [49]

EA

( )  
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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. 
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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 m2/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/cm3. 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 m 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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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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