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Construction of High-Performance Carbon-Based Electrode

Materials from Low-value Carbon Sources

Abstract

As a novel electrochemical energy storage device, carbon-based
aqueous zinc ion hybrid supercapacitors (ZIHSCs) integrate the high
energy density of secondary batteries with the high power density
characteristics of supercapacitors, demonstrating unique electrochemical
advantages. Among them, the metal zinc anode has low cost, high
theoretical specific capacity (820 mAh gV'), low standard electrode
potential (-0.76 V vs. SHE), good water phase capacitance, and can achieve
reversible dissolution and deposition processes in neutral/weakly acidic
zinc salt electrolytes, providing an ideal foundation for constructing high-
energy density ZIHSCs. Carbon materials have become the main cathode
materials for ZIHSCs due to their good conductivity, excellent chemical
stability, and tunable structure. However, carbon cathodes have a smaller
storage capacity and slower kinetics compared to zinc anodes, which
severely limits the further improvement of energy density and rate
performance of ZIHSCs. Therefore, designing efficient carbon cathode
materials is crucial. This article proposes a carbon cathode design strategy
based on the resource utilization of low-value carbon sources to address
the aforementioned issues. Using biomass waste such as orange peel and
feathers and industrial waste such as nitrile gloves as carbon sources, a
green preparation process with pre-carbonization-assisted KOH chemical
activation strategy was successfully constructed to create a carbon cathode
material with a hierarchical porous structure and rich heteroatom doping.

Perform physical and chemical characterization and electrochemical
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performance testing on the carbon materials produced. The main research
content and experimental results are as follows:

(1) Constructing N/O co-doped graded porous carbon based on a
discarded orange peel. Orange peel is rich in natural nitrogen-containing
organic compounds and has a unique three-dimensional interconnected
sponge-like skeleton. Through an endogenous self-doping and synergistic
chemical activation strategy, the inherent N/O elements in the orange peel
are effectively retained in the carbon skeleton, and KOH is used as an
activator to generate multi-scale pores with mutual crosslinking,
successfully preparing graded porous carbon with N/O co-doping.
Electrochemical performance tests show that the material exhibits
excellent energy storage properties in a 6 M KOH electrolyte. At a current
density of 5A g’!, it has a high specific capacitance of 352 F g’!; The current
density is increased by 100 times, and the capacitance retention rate is
71.6%. At a current density of 50 A g1, after 10000 charge-discharge cycles,
the capacitor can still retain 99.5%, demonstrating excellent cycling
stability.

(2) Constructing hydrophilic N/O co-doped hierarchical porous
carbon based on discarded feathers. Feathers have a natural three-
dimensional helical structure of keratin, combined with a pre-carbonization
assisted KOH chemical activation strategy, in which N/O elements in the
protein are effectively self-doped into the carbon matrix, and KOH is used
as an activator to generate multi-scale pores with mutual cross-linking. By
changing the carbonization temperature, regulating the pore structure,
specific surface area, and heteroatom content of carbon materials,
structurally stable, N/O co-doped hydrophilic graded porous carbon was
prepared as the cathode of zinc ion hybrid supercapacitors. At a current
density of 0.1 A g, the specific capacity was 225.3 mAh g'! (506.925 F g’

1, and the current density was increased by 1000 times, still maintaining a
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specific capacity of 73.8 mAh g! (166.05 F g!), thereby providing high
energy density and high power density of 201.4 Wh kg™! and 83.6 kW kg’
I, Perform 20000 cycles of 20 A g'! and 50 A g™! before and after, with no
loss in specific capacity, achieving an ultra-long cycle life.

(3) Constructing partially graphitized N/O co-doped graded
porous carbon based on discarded blue nitrile gloves. Using discarded
medical polymer nitrile gloves as carbon precursors, nitrile contains long
carbon chains of C=C and side chain groups of C=N. Combined with pre-
carbonization assisted KOH chemical activation strategy, partially
graphitized structure and N/O co-doped hierarchical porous carbon were
prepared. As the cathode of a zinc ion hybrid supercapacitor, it has a
specific capacity of 257.9 mAh g! (580.275 F g-1) at 0.1 A g'! and 117.4
mAh g (264.15F g") at 50 A g'!, providing high energy density and power
density of 226.5 Wh kg! and 47.1 kW kg'!, respectively; After 15000
cycles at a high current density of 20 A g!, the capacity retention rate is
97.8%; The cathode used for quasi solid state ZIHSCs devices has a high
energy density with specific capacitance of 219.0 mAh g'! (492.75 F g')
and 186.7 Wh kg! at 0.1 A g!, demonstrating the excellent Zn**storage
capability of carbon cathodes in quasi solid state devices. The specific
capacity is 61.2 mAh g! (137.7 F g!) at 20 A g'!; At the same time, by
comparing the CV curves of 10 mV s’! at different bending angles, no
significant deformation was found, demonstrating excellent rate
performance and good mechanical flexibility.

KEY WORDS: Waste, Carbon Materials, N/O Co-doping, Hierarchical

Porous Structure, Zinc ion Hybrid Supercapacitor
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Fig. 1-2 Schematic presentation of (a) electrical double-layer capacitor, (b) pseudo capacitors, (c)
charge storage mechanism of hybrid supercapacitor (HSC)!®!
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Figure 1-3. Ragone plot for various energy storage and conversion devices,

including ZIHSCs**,
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TR B AR AN B AR 2E i o 465 e A A B 9 L4 FR AR B AR L, [ Bk P AR BE AR B A
&)@ Zn R R/ A ER (823 mAh g'/5845 Ah L. EALIB R ALK (FH
X T ARAEE FEARN-0.76 V), 1B Zn/Zn* R BT T BURF A it (1] BCAN 246 2 1) 4
P/ AR, IX S BRARAE R M FELAA SR (A KOH 7K V80D Hh IR # Fa s 18- 491
B L BE 70 P/ SR M £ 6 PN S B AT 3 P AR AR RO, AR BT TR
PEAR SRV 42 IR A . BRVE B 22 4501650920 S IR A0 HL AR BRSS!
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(a) (b)

Cathode L Anode

Battery-type ‘ Capacitor-type

Capacitor-type material

material

Zn* Zn
= = - +
$0,." or CF,80," | — S0 or CF,50, - +

Adsorption/Desorption Adsorption/Desorption
(Intercalation/De-intercalation) (Intercalation/De-intercalation)

1-5 (a) (b) ZIHSCs 7t HL/ H 2 (1) 7 = B4

Deposition/Stripping Insertion/Extraction

Fig. 1-5 (a) (b)Schematic diagram of ZHSCs charging/discharging process!>*.

LA T2 ZIHSCs (B B R 73, LMo e 0% S I B ) BRI R B9 /T RR, 5
THARERME (CB) W& e MREH et =%, Fit, Zhang 5
5SI#F ZnClas Zn (NO3) 1 Zn (CF3S03) o B R TT Zn MBS/ TTARCE .
BE— DR T TR ERIR0, HAFH 510, CE B HUMR TR BE I 38 i i

o %4 Zn (CF3S03)  MIREMINE] 3 M I, “F¥) CE AFEZEIm. B
ZHSCs 15— B4 5y, 8 B T B ARE (i S840 & 1 mUB 1 1 B
i) EHEASREY) (0 MnO, 0K4E). —4E MXenes (41 TisCoTy) &)@
AHHEZE (MOF, 1 ZIF-8 1744 KSR EY) (4 PEDOT:PSS) Mm%
MUK FE S A k. HTAENHIRICY: BeadEd, #ET (Zn’) WERE
R R 22 AR I 1) AR RS, A B 4130 E 6 o o 7 R T Bl = A LR s 7
LS, BRI Zn® s B A 5 A0 PR O (] AR, A HI% IR BN T 1) PR

TR, @R (Zn?t+2e — Zn) SERUGREF 4. ZHSCs 78 B/ T
PRI 7~ 5 B B i R ML G 1] 1-5 I

132 HEFRAEBRERSEENE

W H , ZIHSCs [ RE R fifi 47 32 2R ARG AL 78 o /OB A i B AR AR i bt
W IR AT g DA K BN b Zn® AT AR AR 0 (18] 1-5, 1-6). DABRFEEE
B RGHEICERR NG, N Zo AR, EREERET, B8 TR IR
BHARER T, 17 Zn e R R il B SR R A Zn® IF N (5K 1-
D B SEIAAHEL, BRIARAIMERENLILE N 2. — B0y, Zn® HR B Al
Ji B A A AERR AR (3K 1-3) POl WA B S DA D B 15 5 A PR B AR I B 2 i 17 X0
HE, SECTAEREMN. (N 1-2) BY SrasRmat R R, &% feld T LA
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BEEEES T, TERE C-Zn-O B, RMVESMIME RS (X 1-4) POl sk, K
BHFFERMY, £ ZnSO4 B Zn (Cl0a) W, KGR ARE, RIEFEmIIN LI
B Zn(OH)»xH,O B¢ Zn(OH) , 1 £ Zn(CF3S03), H J& B Zn(CF3SO
3)2:3[Zn(OH)2]- H20 (CF3SOs), W), XEMKA TRIRBL, FFHATEA A5
0061 g ERI T R AT LA T pHAAE AR AL, W] HY/OH 2 5 | 4 3R T g

)

BERH R -
Zn—2e" < Zn*" (1-1
ASHE
(1) ERIR /AR A
C+X oCIX (1-2)
C + Zn** &ClzZn* (1-3)
(20 AR B/ g
C---OH + Zn*" +¢~ «<C---0O---Zn+ H" (1-4)

(3) VUIE/ B

6H,0 <> 60H + 6H" (1-5)
Zn (SO4); HLMRWE:

47n*" +60H™ +S04% + xH20 > ZnsSO4(OH)s-xH20 (1-6)

Zn4S04(OH)s-xH20 + 6H —4Zn*" +S04>” +(x + 6)H20 (1-7)
Zn (ClO 4)2 FLARR :

47Zn*" + 70H + CIO* <> ZnsClO4(OH), (1-8)

Zn*"+ 20H < Zn(OH), (1-9)

Zn4ClO4(OH); + 7TH" «» 4Zn*" + ClIO* + 7H,0 (1-10)

Zn(OH), + 2H" «<» Zn*" + 2H,0 (1-11)

Zn (CF3S0s): HUfF -
5Zn** 60H™ + 2CF3SO* + 3H,0 <> 2Zn(CF3S05)-3[Zn(0OH),]-3H,0 (1-12)
Zn*" + OH < Zn(OH), (1-13)
Zn(CF3S03)2-3[Zn(OH),]-xH20 + H <> 4Zn?* + 7H,0 + 2CF3S0O*~ (1-14)
Zn(OH), + 2H" < Zn>" + 2H,0 (1-15)
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(a) Adsorption of SO,*

S : o _ Desorption of SO,*
Zinc ion insertion Zinc ion extraction

Zinc ion insertion

1-6 L ZnSO4 Ay LA ZIHSCs 705 HL I 2 P g BB AL 2 ) O3]
Fig. 1-6 Illustration of the energy storage mechanism during the charging and discharging process
of the ZIHSCs with ZnSO4 as electrolyte!s!.

N TR IR B A IR ) TAR 3, BT CV #iZ 54 7 ZIHSCs K
W BiE) 1%, HATLAH i = a vP 6k, Hdi (A g') RORBAA BdEHl i
M, v (mVs) ZEHIEZE, b EKRAZM logi X logv IR, 8, 1
FEHEAEH b=0.5 20K, MEFEZEHEEDH b=1%R7R01 2b £ 0.5 M 1 2
I, BRSO B A AR ] fe A AR TR R A . AR 1 (V=K
v+ke v BT (V) =kav O+ kov IIJT R, FTLATHSEHEL 28 R4 G ] (1 5Tk 101
RERIWTTRY, AGTIRER T, a2 iy s R, e &4
AT, WA ARSI, Lo SRR RS, £ 3 mV s,
RS I AR o AR AT I 47%, TIAE 50 mV s I, AT S i S B A7 i
HUAT I 92%. _EIRSEIRIGIUE T A% B 515 J Bk B ARAE sy 3 s T i) LR 32 3
AEANPRTE 2 515 S AL

1.3.3 ERBARM AR R

HUAS Y F Rl 2 3R T ZIHSCs e % FE A A PR RE YOG, DRI, TR )
LAY AR LT ZIHSCs (R JE AT B33 . 5T A B s AR F 7 L
TERARIEST, AR AR B AR AT B AT A R, Horr, IR AR
F A ZHAETS, Mxenel4E, Mifib R R T HECRTAKR, ST, A
A Toi5 GLRnAR e M e A0 s L g AR I 1) P A B AR R o B TR B
fitr 6 ems R BEAERAE AN (1) S RFLELSEM . bk LR A AT LA
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DN EE 22 1) AR RS 5 SRR B A B, AT 26 B 2 (1 00 = L s TR AL
FLARRN, SAL RS SR 2 7 W B/, A fL T et r AR R 15, RSLIIME A 1
A A BE VB T A ANIR B W 1S Ta) . RIE, & BEAFLAR A v] DL 2 S bRl
fReReR. (2) RFAMANE. BAEHRE DIRAE IR 7T AN OE,
R G AU G 2k B 45 2% AT USRI R0 D R R R B R AR [ A TR P BT AL
PRI, SRR TERALAE, BEINAA R KR 1, A 280 203 1 45 R ATk 19X 2%
(R HLar A IF AT S RN E P, Tt — B St il retERE. (3D fsffb. 7
PRI, (et i T Hers, It N sl 715 LA s DA i

kB AR A 5 SRt VF 2 E AR 4Lk, 3% H CL Hy OL NL Py
S i e w4l B ATIXARIFA L, AW LI R] 73 N KR 2R Ha 2k
IR CAORERT S P8 SR EYIR (nER 2 . W5EER) . FERRARHE
FdRE T, LR TTR LR SRS PELT R A AR T AR . R
TR AT A B 2P g2 . ARBURSEA 7, sh PR 2 R M E A IS E N
GEBHY . PIAT AWM BHED R E RILE 2R OBV R 5 Or B
JEORHRI MBS CAIARH € LIS, HotmA L C. 0 X @3
SRR 2 T2 RTC P FLAG K, PR R R IR (N~ b =) A AE 2B S B AT 1L,
F A& N BB iTar rREeMmSER, HilaREmaA
WA 7T REWE AT, 0 TREMEPIRE 2., xR, H5HE
JFURHHR L, R T AR A A2 S5 T Bev S AMB ST 2 A0 5 T LRI A
e il & B L I BRIE 2 — . ZIHSCs (AR 57 ] 1-7.

y,ow-Cost
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B 1-7 ZIHSCs FIBARRAA AL R 5T (1) HEIAR 1471,
Figure 1-7. Summary of cathode materials and properties of the ZIHSCs™*".

(1) F TN S FATAE R SR o 5 P AR R 9 33k e

H BIA B 70N 53 DAEA) A B E B AT IRAR, G Liut™ I DAger B, A it
HARRW =g 2ait, RamfEiseEs, HRaEaa, FRXER
SRIVRFIEOR S, mT Rt & bRl B i LR A (3601 m¥/g) R EZ LA
FE R O-N-S &5 744, Lou A Liu 207 73153 51l LA AIH BEVE A%k Al oK
&, Wil 1-8 (a) (b), MAAIH R A KIEN 3D RUNEE, 3D ARt
Ak N AT REE R 2D S5, SEHLT N/O JLB 241 2D gk /. o H RS
EUIRGEM, RIS SR R P R SRR, AR BIUE 2D Bk, T
B R ANK O HE S o B T4 5 IR A A A b A T R AL e
Diego Ramon Lobato-Peralta 5 N4 FKFEVENBRATINE, FKFEEAG RAM
AR, TERIRE — DR R T TR RN AIR AR, HEImAS 2= b
R, FHILESEA R, N TR AR BA R0 B E R . Fan
TSIV Bk B ok Ads, Gl 1-8 (), FIFHMNIER, =RF 5]\ B/N/O &5 ¥,
A K AR ERR AR K 77 30 & B B/N/O LB 2407 Bk . R T ZIHSC
FIRAA, 7E 890W kg™ B BE & % B /50 119.7 Wh kg, HIM#TE 16.5 kW kg™ BiJ
BELRFF 63.5 Wh kg, JEILHAL 0 Ak 22 Ve BE . Zhu S50 UG A R 2 A Bk
IR, WP 1-8 (d) I EKFIRUEE KO B A S 2 e T EA T o, o Js ) P ok
AT AT 25 & i i P &%t R A LR AR, = AL 2 2 fLak.
(2) BT WA IR B AT A= PRSP e 3k FEURR A b 9 i3 e

BTN L ABD ) AE A i i e Adc, 4] 1-9 (), B5US) bl R 5 35 2H Ak
o B (RERFEEYIREY) 1ERRL AR SR AL R (1 3D B4, (A i
SHFEEME. B B WAL, KoagRE, WHE RSN &S5 EAN,
TR R IR AR T H 524 . R KOH — Bk 3 81 A N/O/S J: 71
HBRM %2 LG5 . Lin UL EHEABATIRGE, i 1-9 (b), M H
AR B KA A KRN P JE ) S SR SR AT 4 2 1 R 2L A, P92 B T SR AL
VEANGLE A T, A2 R BE AR S MR AR A A A SRR I A, in ik
Bk, NHTEE FRGHEFBEESRMAN, £0.1Ag" B A 138.8mAh
g! LA, frfetkae. MM TERER R, LR TR A AR R I R AT
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Wk BE . Chen8 PAZE SRBE IR ATIRAR, W1l 1-9 (), BAERNACHETITE AL S S

SR 2 FF AT NS A A, 8 KR KOH &A1 75 5%
Hl& M T A IR LS EMEERE T B RN R Z k. KED
F AR AR 32 2 1) 7 A & 1-7 (d).

R

Loodl
m’;‘,"

% L

. .

Z0(NO,),16H, a I ' Axum& o %
Crieanip sniveelleg Poeou:e-mon .mnuul l .

b f\ Exomtmw . D::umw"'
A% _reaction
( — v) 2n pagicles
P
¢ d
Y © 1 Spheroidizing drive
16‘ Mouldy flour

Urea

Flower-like assembly o W

% o &3")
0%
(325

Flower-like carbon \Qf é' Y
Cy

uricacid  Melamine Boric acid

K] 1-8 (a) WC-6ZnN-12U FRANK 7 (1A B = B A IR & MU AR R A TR
B, WC-6ZnN-12U BRAUK (KT BETE AL 72N (b) B A = 25 T 1 0 H R 22 A
TR 2 FUBRANK R RS B E AT LA () By N AT O FB 210K 8K 1T B 2

/R EINd) LPC MK CaCOs il # 4% (o il F 811 % T 208
Fig. 1-8 (a) Schematic illustration for the synthesis of carbon nanosheets of WC-6ZnN-12U and
the working principle of the Zinc-ion hybrid supercapacitor system. The possible formation
mechanism of carbon nanosheets of WC-6ZnN-12U!"?. (b) The schematic illustration and
formation mechanism for the conver-sion of sugarcane stems with inherent three-dimensional
interconnected chan-nels to two-dimensional arcuate hierarchical porous carbon nanosheets!’). (c)
Schematic illustration of the formation process of B, N and O co-doped flower-like carbon!”!. (d)
Schematic diagram of the green sustainable preparation process for the preparation of LPC and

nano-CaCOs!1.
(3) BETHENEY . = REWS S S8BT 7k &
BT REWBAYET 2 HAE MR AT IR, A AEBOIDLER IR 5 % B A IR/ AT
IkAE, WK 1-10 (a), RHABREER T PDA BGUEK, Ll CTAB ARG
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M, A E BN LA, 135 PDA@mSiOz. i 12 il # kb B 7 VAR
FAKE PRI [R) ARG A0 5 HCS BRERI S5/ AIFLIR 70 A0 . Frfs HCS BA WAL, 4
LA AL —3, HAARNES R, RA0Rratiae. maE AR
T PREMERE N ERL, TE 1-10 (b), € R KOH AL T il 4% 18] 2K
TR RS AR, B EEAT ER AL, R T A m R A, B
SBEEMINBIB 2 0 R % LBk - Zhang SEEI LR RN AT R AR AN IR 235 5140 K
E 600°C N 1 he U1K 1-9 (), FEULIEFRAH, FPERREN. Frme e o R Ar A= e
AR, PR R4 NHs,  NHs 24 N YRR IZIK R0 B A, T
SR Z% . Hou S5SURA S F= 5 B fe B W AR Al e 25 A= W o e iy 9
s, WiEl 1-9 (d), Z5ERRBERLEEE, ZnCla [FIRAE AR A S 17 .
FEA VR T8t T A I o0 B /KT RIS, K ZnCly B PR 8 771 it ik 2 TR X3,
P 7 BERE. W& H B 3= FUBR A, FLBRAH B 1 7 R 2 FLEK .

a

Co-doped 3-D Hierarchical
Porous Carbon

Ant ‘  KOH

Powder v ecC
"

wo

oN

(s /,’) Wy (ANICH
Q -~ : ' ®w
~ ra| - .Q—c ® o,
5B Sk e

structures

Bl 1-9 (a) =4 B2 ALukHl & L 2R BB b) A% N/O LB R L fLiH & L20R
B EM(c) H4 AH-PCs JEBUE R 7R & BIVO(d) K AP A A el FEHE:
G5 TRACTE AR AN A 22 S w70
Fig. 1-9 (a) Schematic illustration of the production processes for the 3D hierarchical porous
carbons!’*!. (b) Schematic illustration of the fabrication process for graphene-based N/O co-doped
porous carbon®. (¢) Schematic illustration of the formation process of composite AH-PCs’®. (d)

Transformation of biomass to carbon materials. The main factors: Compositions, carbonization
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processes, and additional processing strategies!’").

' CTABRT
/ ﬁ °
- *

L cTAB

OFe ®B @N ©C #C(Cl

© Biomass

[ >
| | Mix and Heat Pyrolysis

d
Gelnln\ / ZnCl,

g Cmsllnldng

B 1-10 (a) HCS & & K, PDA BR[¥) TEM BRI PDA@mSIO; (1) TEM EB%;
PDA@mSiO>-T1.0 FIHBRICHHT; HCSTI.0 RIERAIEN SEM Ml TEM E1%; 2R
FAF NI O XGEEE A LR L. (b) BB AT AE BRI i & 72 J SEM R,
TEM Elf%, HRTEM EHZE () NBPC )& Hud #2052, (d) BAE L AK &40 B T 2Lk &
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B AR R L
Fig. 1-10 (a)Schematic of HCS synthesis; TEM images of PDA spheres'®’! (b) and PDA@mSiO;
Finite element analysis ofPDA@mSiO,-T1.0; SEM and TEM images of HCST1.0 precursor
pyrolysis; Mechanism diagram of forming hollow double-shell structure under confined pyrolysis
condition. (b) Preparation process of nitrogen-doped biomass derived carbo. SEM image. TEM
and HRTEM images of CNK5B!1. (c) The synthetic procedure of the NBPCs!®?!. (d) Schematic
illustration of the synthesis procedure of porous carbon with template-activated and ice crystal

assisted.

{HEH T ZIHSCs FRE 2 AR T IR G AN 2R, ThE s E FIAE 3R
g g T X R I A A X T REHI T ZIHSCs & H A B AN R e S A4
WU B B R AL, X P RE-S 35 ZIHSCs (1 Fa jth YN L 25 388 AL FEUA 2 AT ) ) 22 AN
AT T H. Zo® BRI R PR RS 1A A R AR T i, SRR A
HekRe. ZIHSCs 1EARIE W R FH W BER JI0 B 1) 2 TH s Be ALt R -5 2l H AT LI
IbbAy & A, ZIHSCs F 5B R 2 R 8 AR i Re i #2, AR A
EEth A s, SEIEMRAEAIL.

L4 AXHMREZSMEAR

141 WMRE=R

b b PR R e, A AT R 1 dek A P 32 i 1 RV RN AR S PR TR AL
BT 5N, T R G TR BRI OB A I R IR A AR R, K
BHEE. KRR, W RESE, BT XS m AR RRVRLEL A (R B AN S PE RS i, ik
BRI, T5 BRI fERE RS LT AR R, RMESTILR Ak . BRItk
YT EIE G AR 5 TG REIR M IR & . BEETHL. BFIksEml. B
BNVR RS BT 7R N T AN T R, Wi R AR D e L S I D) R AR T
SR BT S, BREK REES FIR AR AR (ZIHSCs) JlH DLk
MR AIBIMG, BETE B, 7K ZR b P rEARC FELAR T, S PR o B 2 R
LN AR I Th R B R (& 1-5 FraR), [RIE B AR 224 m e s,
R B R IR I AL e e s 2 — . SREERIEFEE, RAKE, #it
bR S (820 mAh gD\ FrifE ALK (-0.76 V vs. SHE), Z&VEm, fE
i Fp P/ 55 I P B P ARV S IR  HA AR R s BRI R ARG, ok
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Wiz PR A SR E PRI S S S5 AR D ZTHSCs (1 2 AR,
Bk B AR A it 2 /DS JEv 5 B B AR e 1 B L 2 AR DL (RN 3 7057 221%
IR T ZIHSCs I AE & % FEAMME AR VERE A IE— D4 Tt . DRIIEBET i R Bk
SRR T3 T ZIHSCs (i A Ve RE 22 R BB SR THBR A At 6 E 77 SR
TEEFENATTE: (1) DRALEL . AR LR AR AT BLOYTE 2 (14 i
W T PR BN N AL B, T AR TE 2 RO R LA I ALE R S LR R, Bl
FLREHE 98 TR/, A FL ATt AR BRI 1, RAL I D 11 47 48 HE K
BT R ANIR B R 12 8] o PRI, A B AR FLAR A T DU 2 SR R AR A BE AR
(2) RIS A EHRIR I B 51 & TR B AR S, RISk
N2 R 515 2 W] LLER BEA R 7 1R R BB AT R A B B AL 22 T, ARk
THARACAE L, SRR R AR, A 25 25O v 45 R AT I 45 P FEL A A O
BN ROETE, Wit — DR m R rEfe. (3) frskfb. AR,
et BT Hers, NP N sl 712 LA s DA i

PMERAE BT N B AT SRAK 55 Bk AT SRR B A 2H 03 S Sk, Tl — 8 iR
WA KOH WEIL B S JT 1%, 4 102 fLak, R4S A mat sl e T v AL
FRAEFI AL E RN . T 2 FURRILBREE . AR T804 A SRR BEXT
SCs 1 ZIHSCs HLALZPERERSEM, IFiti T ZIHSCs MRl . FEH AN
R

(D) FETEFHGT AT N/O B8R0 RSBk LMET HONBIE, @i i
AL B ) KOH fb 55 AL HmE , & A N/O 3L 173 2 2 fLBk » X N/HPC
IO TESN . ARG Jo R AT — 25 MK S oA, IR0t = iR g i
A I AL PR REEA T IR AN 2347 o

(2) TR FEP B TR N/O HBIRAHZ k. DLV L FTYH
BNTRETIRAR, B TR KOH LG skng, 4% i BAT ke |
N/O B4R 2 fLBk . SR RAGIREE, TR EHLIE L1 LR TR
FZRJEF & R HAT RAEFT AL SR AR, AT H A0 e R AL 2 1 e

(3) BETEFTHBTEMTNO LBIE A B Rk . LUEFEE
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JrR T RGN TS T EONBRATIRA, 385 PP s iR AR B AL AT KOH i AL Y
SRS, BARTEWFI R, R LE S ORI IR R TS A S
WARERL, #1417 HA N/O BI040 S8 0 2 SLBR o« R bRL HEAT RALL,
LR 7K 28 40 3B B 1 TR i 2 H 2 s LA B R ] A 4 A AT A S P ek K
T o
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E2F LI SRR A

2.1 SEEiF

SIS PT R I A AR S 208 R A7) KUk 2-1 B
£ 2-1 SR

Tab. 2-1 Experiment reagents

W4 PR Zl G
b A B - .
PE - B
THEFE - Ammex
BE >99.99% -
A& e 248 L 2 iR BR A ]
LKA IR Gyt Il 244 B AL 210 PR
)i Gyt Il 244 B AL 210 PR
i Gyt Il 244 B AL 2050 PR
LR Denka Black Li 250 E =Ry 7p S
PTFE et KIEF I ZPERBAT IR 7]
PTFE F# D210C KIS ZPERBAT IR 7]
TLRAR - AL AR
ToK >99% Il 2454 AL 24050 PR A
St Gyt Il 244 AL 2450 PR A

SO T AR AR LS AR KR 2-2 Jhos
%22 SR

Tab. 2-2 List of equipment and instruments

RN iERs) C

T TR -F HZK-FA110 B35 GRE) ETREERAA
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®2-2 (8 LA

Tab. 2-2 (continue) Experiment instruments

B =TS LiRss AR
Iy g HXL-1200 FE R R R A RA A
NG 608-12 H LT AR A TR A 7
KA DF-101S FEHIAR MU PR 7]
LRI NEA A i 85-2A B PHABGHT O G A PR 7]
TEA R E KR SHB-IIT KD A A PR A 7]
BT 1R XMTA-600 ARYTHRHAE AR A A
HLAL2E AR CHI660E i SR M AT R A T
W I R St CT3002A QLT B L R TR A IR A )
AL MSK-HRP-MR100A EHEH BRI R A R A A
JERERL ZHY-401B JEEAFNENE R K SR R TR 7]
ST T B L PX-CP-20 YIS Az L
ESEN MSK-110 IR R AR A B2 7]

2.3 MRIERIE

JLE /MY (Elementar, vario MACRO CHN) FI il 5 JFRHFI & B JFARE
kB TeER T SRR BT 25% (SEM, Hitachi, TM 3000). & H T &
% (TEM, FEI, Tecnai-G2-F30). X H4ATH Y (XRD, Panalytical, Xpert PRO
MPD)., i B B G HE AL ($ %2, Renishaw, InVia) Fl X 528 BT AE %4 (XPS,
Thermo Fisher Scientific, ESCALAB 250 Xi) X Fr il & B FIA LS oW &5
RN BSCHEAT 7S50 A s A58 A N IR B /5t B B (Mlicrometric, 2145 ASAP 2460)
K AT A4 BHY BET RIA, FLAFRIFLAE: (AR EN SRS ES
WAL, FR IR # R e 1

20



LRI RER A2 A 18 S

2.4 BAREHRMIE SR IHA S

241  TIEERRAYHIE

(1) = EAAR &R AR B AR ) 4%

=R A R AR AR SO AR A B BTR  # 2 SLBRARL 2B BB (LD
RIS M (PTFE, KS&EH)D %8 8: 1 1 FILLBNRS, RN EE/E AT, %
SHRA MR, B2 1x1 BRI b, 78 85°CHA T RN T/% 8 h, T
W JE R VL TR R AR T 2 T v B FE AR R 2, BRIV AT Bl AR F AR o K 45 0 A
FE AR IR T 3 ho
(2) ZIHSCs 1EM 4%

AR ZIHSCs IEMR P &R an T . Kt kl. CBB (35D, PTFE
FLR CRREEHD 1288 8: 10 1 ML BNRE A SIS, TERAEREFIINIE Z 28K,
PSR BURR B R, SR 5K SRAF 1 AR AA BHEE 55 °Co6 1 N i v, £E 85°C
BTN T 8 b, TSR FEFR AL AT I, BRI EER 15
um 7oty IS AR T3 LR 12 mm EARRNE B, BEFERR
=, WP RN 1-1.5 mg; #EREASBER R E Y 15 pm 7245 1 5 8T
Ji 1x3 SRR, TR AN LR BT U4 1) el R s B4 SR 4K, FRAEWLLE 20
WER s /) R IR%, 13 ZIHSCs 1E4K%.

(3) 7 24 FRLAA DT 1 ) 46

AEMZS AR I % 45 1.5 ¢ BIIRE T 6 mL 1M ZnSO4 ¥, #£ 65°C
KRR SERE 1.5 h, B ARFHEIE AEEE R B s el R, BERn
WRBIABL R T, WAIREFR, P25 3 mm PR AT

242 ZHRBREFHMAR

SCs = HIMIA R 24 TAERMN . SHmR. X ERS e il e,
Z Lt r RIS B AR PR AT AR P 5 e P R 3 S A 0 e R e 38 g ol LA [
B o AEASCH = kil R rh, AR 2.4.1 (1D J5ikils 2L
WAk, ZHHEBCN Ag/AgCl bk, XF RN A Bk, DY 6 M KOH.
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243 HETRAHBRERIZMAEE

(D) =R IR A L B A 2R I 4 3

W ) B U V) AR RME 9 IEAR . AT BRI R AR 9 6k, 2 M ZnSO4 1E R H
L. BOBLTYE (Whatman BRI ENREIEZH 2L A CR2032 #1130 ZIHSCs.
(2) #E[EZS ZIHSCs 413

KA SRR AR AT B I P 8 2 ) 5 2 W B/ ZnS O B8 P A I3 F) 79 ]
SRJE I SRR g iy s s, DA ALY [ A5 2N (]38 4T

244  EBEFMEEMIR

ARSCHTA I AL R I TE S 0 R AT, SCs I HLAK 14 e R FH FL AL 2
ARG (CHIG60E AT M1k, ZIHSCs ) FLAY 71 ek F Ak 2% A 35 (CHI660E )
SR RS (CT3002A) HEATIA

(D fER 2% (CV)

k2% (Cyclic voltammetry, CV) £ LM FEZ) 77 A 3 (¥ T
B, B PEHER GEH 0.1-100mV/s) 783058 F R B 1A 55 Tt e Ak 2
SR, FLHh 225 AT EOL S A e AL 22 5 . XU = AR A 3 LAY OV it 2 v
FETCARFAE , 177 % P25 88 D N2 s 55 S A S B U 4 19 IR A B ) FL 25 2% (ZIHSCs)
(1) CV BHZR M R E, 7F 0.2-1.8 V (vs. Zn*'/Zn) T 1N 2B ML TE
FIRFE A, AV A S i 7 & B I A R

(2) 18 HLIE 7 T8

{H HLJRE 78 i HE (Galvanostatic charge-discharge, GCD), 1E AL 2 FLAKIEHE
% A A HIARE BR (A% 0 7025 o 8 T A I PR AR PR AR S5 A T 3R AT 72 8 F U
B, U R B ) (AR A R O 2 i R, B GCD I3, DA HAR ) HELAL
FUERE, TR AR LA, 120510k 32 T SRR T PN R A T (] ) o A
IR, DAHEN s AR AR H A 22 e R . — kUi, —/MEAE R GCD 272
— AR =T, B, SRR T, BT A SN, 1E
L AR s IR BRI . AR SCRIH CT-3002 Y 85 HL ik 2R 45 A
CHI660E 7 it Ak 77 T AR wtix il 2% 1 F A 8 £ 4T GCD A

TEXUH Z B A2 = AR R, U (G Fg). fERZEE (E, Wh
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kg DIFRERE (P, Wkg) HITHERRYE LT AR 2]

_ 1At (2-1)
£ mAV
g CeAV? (2-2)
2:3.6
_ 3600E (2.3)
At

Horb, T(mAD R LR e ORI RE AR LR, At (s) JUTCRIN AL, m (@)
N LAE A EYEHEYI I BT E, AV (mV) T8RS R B 26 R B 5 1 TAE L . .

FEFE TRAEBEIEESMERSD, WHE (Cs, mAh g, BREXE (E,
Whkgh. DWFRERE (P, Wkg') BTHERRYE DL N AXE 3

Ce= j IAt/3.6m (2-1)
E= j AVIAY/3.6m (2-2)
At

Fordr, T(mA) JyfE RS BCE R F B R F AR, At (s) D9 TCHRIRS TE], m (g)
N TAEEBEMN EEHY R EIE, AV (mV) AR R B2 B R T/ER .

(3) AL ABE T

B 223 (Electrochemical impedance spectroscopy, EIS), R AAIIR
PHBTHE, 20T 70 f 25 v PR B A ARG AR 3 ) 2 i — M 7k . ARGl
CHIG60E TR i fb T AR St 0] B 2 R A 4 BB 8 1T i 0 PR A s O S T FEL Bt
IR, SRJEEE 102~10° Hz, MainfIscn/sE S9R1ER S mV.

(4) DA i ik

TR E TE R VRO I A e PERE Y — AN B ZEE AR . PRI RS R AE R —1E
SE HLIIL T X A SR EEAT 2 IR BRI, 70 B L s S B A AR R R 5
PERERE B TR B I A8 Ak . A SCHRH CA-3002 BYHE s R S8 34T 16
AL BE H I
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HIBE ETRFHB TR NO HizH TR B FLK

\

3.1 5|5

it 5 e T AN b (1 PR K J 3 B0 BRI AN TR (A A7 RER I 818 3
BRI A E, MM AR R g NSSEREA AR EVI B ARG T — R8I
FRIS, 0785881, b5 RN, il T R oK LB AME A S dh O S, T
O] A REIR DAL G Al A B A B R (3000, (R, O 7T R SR BT
B BE AR AN R G, D88 2 I A RE DR N A 28 X RIVRE 21K R REVR A Bk &
FURIAEZS TS g, AR 7 EORSS 7y, e, JREE, W% EE, KBHREA
IKBESE, BN TH T A AT R aL R I (N v A2 B AR P70, SR, i T3t Ay
B R R A (AN BEVR L 4 BRI, IO R 1) 1 2 AT kA . BRI, a8
DI 2 5 TA7 b A tH REVR Ak RE L 2%, B AT W] AR AR AT RRSE A L 7T o BB 2
FL A e S A AR A1 o, L5 PRI 78 FL B RE /T« LS AR T T L AR A AT i
AR (AR ERE, SR T AR 2 ORTE, BOA 2 il BE 3 B o A A ik
2 — 7,94, 100-107

Z AL RE T IR TR & A S A G R PR R S5 T Az PR
A A KA O ST, O Y SERIUOURR H b, 22 FLBR 0 227 OB F A% SRR
AT A AT R 1 5 L) 2R o B IR AL AR R e S AR I AR CO,
SIKIR S, P AR SR . BRI, AR B A O B AN R S A A
TS S B RR AL, X T Re B e A A7 B s . RERIRTHIRE AR
W, R H A v LA S M RE I T I B AR R — RO RA A BRI (1)
PR AR > 2 FLEE M, DRI A/ RSl N A SRt 1 A2
VERLA, 4% T B T3 BlkAe, SeBl 7 pREAL iU (2) ZrJR T8 (I O,
N. P HS), FEERMMALLIIRAG AT HIEIR I, JF 90 i A SR At wh R A 10>
108, 19-122) - 5 R SR AR EG, BT NORI C JEF R JE 2R ARAE L, N JE 71T BUR
AW C R IR EERTH C 4. B AmEER T, N JEH
IO F - A G 5 1 R AR M, S5G8 1 SRR, T HL St ab i A4 2 o B
HAEH, st QliE 1 2 gskiahr g0, phah, | N C 522 18]
s BRAE AR, AR R B¢ N AT DRI PR e A2 T, TSRS
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S R PEDS 1261280 R, KRB RIRIE TR T B AL AR AR N Bk
BRI 75,98, 102 1L L2 115, 19 121 125-1281 - B R 1, AR ) o 25 AN ) LAl 1 22
FpoaE, gk T FHR e, AMUREE T — &K% O NS\ P INEB A,
BT T =4 2R DL KRR e R 2 LEE . DAL, SRR AR, AT
LASRAS B A AR GO 45 4 AIE 2 2% SR 145 2% B et AT A L7 S 2 H v
A AR

fa e 2 MR, 2020 4F SR A) D 5121 50 AR ARG R B
AR S A R A 1 B, AH b RS A0 4 A AR TR S AL B, 3 BB YRR B
FIFREGIG G o AT B R IRMGERIR B S8 P REAE R AL I R A 4Rl — b o3 G 544 o
Gb, KT BAENBRIER, & &EITRINS (K 3-1D) AIReafEAG A BB
A, R A AT R PEREAIIE IR RS E L2 0, (A, AT A R A
77 R IS 22 ALBR B BRARBRUR , & A IRVIEAT FI A, 3R FRTERE 1R
HR.

% B e I — T T B R S, R L A R AR S B NN BB AT SRR Y = 4
HEGFAARE SR, SRR T BRAE AR, & T BA S RZ 4 NO 3
RZ ALk (AnE 3-1). BLKOH Jyiifb ), 74 BA M EER M 2 KRR, 4
P r LA 1 2% ST T B o 5 A BB 2 P R IR B 2 o IR B URR R 1) £
JRARAE T 5 20 1 TR O R L S PR H e A R SE RS E I 2 R, AT B O
B 7 A MERE, 1E 0.5A g FEA 352F ¢ ML ZE, 7F 100 {5/ B %
FENHA 71L.6%M B RARFER, RHESOA g MBEBREE T, £t 10,000
TAER G, BT 99.5% MIHALRERE, RAE&EATErE. FRXEym
RIPEREZR I, AEY R 4 T A RO e A v BB e, AT 3R 75 e B AL
PERE (1 HLAR AL .
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3.2 SLIGERSY
3.2.1  N/O #HiBZ9RZFLIRAFZ

MAETESIR SRR T 5, R ZRTRBKIR IS, 18 60°CHIB AT IRAE T )%
72 he BEJE, TR T ERERMA, 100 Hidif. AsLid, N/O Bk
Iy AU & R NP IR . RACRIE AL . A AR 3-1. Ak
P BAE T BB AR 2 R, AER S R 3°C min THRIE R, THE
£ 600°C, {REF 1h, BEETEREE, W 29.1%. WELidfE: HeEmE
FISNRE TR E N 10 4 WG R RICEVKOH, AN ERiREWH# 218 X,
FEJRBN 1 Ny H L 2°C min fFHEE R TR E 900°C HOREF 1 he WAL)E, FM
HCI JEROMZR KSR IS BRI REh, BEJSAE 105°C R TR, 153 N/O 3t
BRI R AR, 188 NHPC. AT #HATHRL, AL 11 MG T R R
BEKOH, H FAH [F] 35 A S5 A5 200G 5 R ATE %, ic 8 HPC. HPC. N/HPC (1)
TSRS 1 31.7%1 20.6%

) Interconnected network
Rich in N source
Spongy structure

Structural N self-doping

ﬁ Blomsplred fabrlcatlon N ‘
,/ st A\ X
&, 1% step: carbonization )

5

K nd \
Orange peels 2 step KOH actllatlgn N/O co-doped hierarchical

porous carbon

Bl 3-1 B A1 B N/O 3B 28 0 9 2 LB (1 ) 2 i A s R 1
Fig. 3-1 Schematic illustration of the fabrication procedure for orange peels-based N/O co-doped

hierarchical porous carbon.
322  ERFRIAVEIE RN

ff] B P ) 4 L 20 o 7RI AR R A BT R . LR RR AR DU SR 2
JLL 8 1 1 R EIRGIF R0, AEER AT, HRSIRRK
Bl SRS IR EAEIEEE (1x 1em?) b GEEHMENEZEZ )N 3 mgem™?).
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GRAB AT 30 28 0.5 M HCL ¥ 75 A2 30 min, B 5 FH 28 TRk 3G
Zrp S FARELEA 101 /KR ZBE TR A VA A I VRIS 10 min, &5
fE 60°C F T .)  #E 6 M KOH /K& H AR ) = iR I R ge s 43001
DL £ BB BB £A9E (2 x 2 em?) A1 Ag/AgCl Ry TAE b« Sof MR RN 23 EE FE AR
FIORIRAR 22« FEI 70 R A2 I BBV 0t P R 4R HEAT T A 2 M e

3.3 FR57HL

33.1  MRIERIE

iWid SEM Al TEM #1534 A3 BAt B O T3S RO S 44, 45 5393 ]
] 3-2 18] 3-3 fizs. HPC i) SEM B (&l 1 (a) 1 (b)) I AL )78
W, AL HALMEE AL BZUR KR . 1% T NHPC, W& 2 HAT AN
Z REFLBRK 3D 70k 2 fLa5K) (K 3-1 (c)). @AM LA 3-1 (d), N/HPC
T B POIR 2 AL % M 2 R RE R T . LR R AT LU 4508 2 KOH FHEH0K
if, 6 KOH +2C — 2K + 3Ha + 2KoCOs (1) BRI ZY, BB £ () KOH 2 5751k
AR, T2 M s DUAE a2 LA T3 132, X ET L@ i N/HPC 1iE AL
FRRALT HPC B EIESL. 5771, N/HPC HBA T 2 HiE = T %% fLE
A RT B A%, AR SR IS, K 3-3 (@) M (o) HIARIK
KEEHRT TEM EE 387~ HPC Al N/HPC H8-H 48 i 1 2 S FL I T P JE i T 45 4
M. WTATS (&l 3-4) #F—BESE T HPC 1 N/HPC TG E TR 454 . HPC (1)
=ifis TEM BE (18] 3-3 (b)) SoRFR4A SR 10 AFAE . JR1T, 78 N/HPC 1Y
I T 0 T A 20 1Y R AL R A% 2R A0 (B 3-3 (), RERBIFETER L R
A KOH B2 , A1 S8 45 M A mBR , I L A8 T S 2 IR ik . BLEL 2,
A SR AR R T W7 1688 DASRAS R4 (1 3 b, T B8 22 BRie R 7 A A R T
HLAAT 4 K DA SJRAS iy 1107 105 109 1301 [ bk, N/HPC B AL/ LR FUAH B8
=4t R 2 LG5, LA IR S0 45 M R 22 BB AL, 3X P BB LR T
TR P A A ) AR AT £ S ) F AR A TR
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3-2(a, b)HPC 1 (c, d)N/HPC [¥) SEM
Fig. 3-2 SEM images of (a, b) HPC and (c, d) N/HPC

K 3-3 (a, b) HPC Al (¢, d) N/HPC (] TEM K
Fig. 3-3 TEM images of (a, b) HPC and (c, d) N/HPC
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3-4 (a, b)HPC 1 (¢, d)N/HPC (] TEM £l SAED K14
Fig. 3-4 The TEM and SAED images of (a, b) HPC and (c, d) N/HPC.

KH X BHEATHA . PO BB . TR AT X AR
TREVESETVER AR A S R L LR AL 2 A AT T 204 HPC A1 N/HPC
1) XRD B3t (& 3-5(a)) on, Asikr (002) F (1000 & 4> H7E ~25°F1
~43° KA TAME T, BT 58 AR I 7 G T ARt B 0% 1321, T N/HPC £ ~43°
REFATES EE HPC 55, SXAESE T N/HPC HA B mskiEE &, X5 TEM B4
r—3. WE 3-5(b) fz~, £ HPC Al N/HPC Ff)$7 B it iR 5 14 1350 cm!
Abf D g CBRIGERTE 45 K/sp>) FIZ 1580 em! b1 G U (f7 8Bk /sp?) 1105110
B, D g G WEMELE (In/le) AT AR KFIMrA S5 4546 10 T8 7 204 7 AR EE
HPC 1 N/HPC [¥) In/Ig 4374 1.04 F11.13, 3588 N/HPC H 5 & i B I 26 R
BT BN R A B B R, 1X 5 TEM Al XRD I sl R —8. M 3-
5 (c) HH No WP/ i SR 2 T LLE HY, HPC A1 N/HPC 3830 H 1 24A0 1V AY
LIRLHIHEHFE, 1E 0<P/Po<0.4 I, GALAI A i AF IR R THAY, /K
FLATE DY B TG il e, 80 4 28 1A R B R A i ) B AT o> 13- 120, ek
WS, 16 P/Po< 0.1 1, NoWRFHEHIN, {HFE 0.4 <P/Po<0.9 W, No B fE 2R
BOR, X RHET N/HPC bt HPC BATE DML, B2 ML, X ] bl 3-
5(d) HFIIFLAR AT IR idE— 2D B0AIE . IXHegh R, {3 BE £ 1Y) KOH {2 i LI

29



LRI RER A2 A 18 S

i, HALBRIEIK . Wanm gtk aes) 13 3-1 o, o HPC A1 N/HPC R I H:
FAL Spers 438 3122 m? g M1 3253 m? ¢!, (EAFRI V o458 1.43 em® ¢
1175 em?® gty Vi~ 116 em® g #1073 em® gt R, mT L@ 575
W LEBIRSRAF A SR A K 7 R 2 AL . 18] 3-6 (a) 58 %41 XPS K
R T N/HPC R385 TN (1.55at%) F1 0 (11.77at%) &JEF, JEH
BOCE AFAE A G 1 B AR N BR AT AR IR W) AR ¥R i 1 B RIEdE . il g
ROV ER TCRAR GE 3-3) #E—BRIUET N M O METhtsik. BT
XPS FTHE AN N S RNZEREY N EGTRATERT SRS 5
HPC #Lt, N/HPC 1 N 5% & &2 i i T KOH AR B % i s 7 R e S A
N R TR FREAELRT . HILHER, KOH &K1E T PAMEM: —REI8mE M
FNH I 22 ROZFLBR K o G 2 LA s [ I 42 9 3P E A= 2 5 o 1) L 008,
TR N Bk,

N/HPC &5 32 Cl s g (& 3-6 ()& N IU NI, 4351y sp> C(~284.8
eV). sp’ C (~285.7eV). C-N/C-O (~2882¢eV) Flu-m* (~291.3eV) 1331, 3}
THHTHE, HPC & 73752 CL s Beili & 3-6 (e) fim. B 3-6 () #—Fit
HH sp® C 5 sp> CHILLME (sp/sp?), HARHE TEM. XRD il Raman ##iEsL T
FEAL A BE 2 KOH MvE A AR il 2 FBE 3 N 72 N/HPC I3 8% O 1s fig
i (& 3-6 (b)) 1, £1531.9eV Al 533.1 eV AP M 5@ T C=0 I C-0 3],
O J&-F MIAEAE F] A R TR, B8 i DIk i 1z 4 R4 o A RGR T AR LAR AR
s REE A RE /113, N/HPC @20 7% N 1s BeilE (1 3-6 (c)) &A=,
I3 ANAEBE N (~398.4 eV, 34.2%). ML N (~400.2 eV, 37.0%) A 52 N (~401.4
eV, 28.8%) M2, X THEiE N, (E/NUIEAEL h 5HA C R FEEM N Fr 5
RRETT N FIVE T, AT FIT HLfr 2 g A B A U7 1370, et - Filkng N, N &
TAETTLTCHER A, Lk S5 R PR BRI A T MR 1 (R s B PR 19, R T A R
071381 St F AN, NJETFS5AE sp? MG =4 C JFE7at, AR
SRR BT R FE 30 1400 e N B A B T FUAE T T ORI A7 =
R . EEAE, BRI ERER LR N AEYIRR S kK, FR60T
PN EREREL 5T LA SR AE M N B 0%,  ANITIAEA5 1) 2% BB A4 LR e MR e AR A
PERERIF. S, N/HPC 91 N A O 3BT 1 R M FF R A4, 1458 T
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RIMPILNE, BGE T MRHIERE, 39007 A SRR, Imdeft 758 2 10E
VEOL A T 51 S T R AR SRR S, GERLER B0, $ 4 T &AM 1 i e
7K. MR LRSS HdE, $H T N/HPC I SRALE (K 3-5 ().

ARFTE 0, T M R 20 P 7 o E A (0 B AR R M 2 L R A T L 3 SR A S A
AR EARSLIG T, WG T R ATAE R N/HPC B 2% B 7o B A ok T 2 Ah i
#, BFERAREEE REFLR M B, HToEE 7, BA i
(7 e LU SR AR T FLGRT IR B, oK S G B LA RAFHI S L, & N/O 3t
B TR LRGN R R . ik, 24KH NHPC {8 BgE, 7]
CATIUHIER 20 i 25 45 LA HH e M e

(@) (b)

HPC
SHEG: N/HPC
-~ ———N/HPC -~
= -
< <
S S
Z z f % o @
‘Z 2 A A
£ £ o F v 4 B\
% ;‘é "-'I a.‘. “""“ " H\m“‘l"m
= — .
o
e %
M,‘W(«]
10 20 30 40 50 60 70 80 1000 1200 1400 1600 1800 2000
20 (°) Raman shift (cm™)
(©) (d)
-~ o~ 0
& 12004 oo
% g0 — = oas} N > HPC
<, 1000} S | —o—N/HPC
2 c0 000000000 Py |
g 800 ® E 020F 9 |
k-] ° |
2 600 Z 015 \ |
2 s
< 400f o HPC £ o0}
z = N/HPC - {
Z 200 S 0.05}
g s (%
S 0 E 0.00 b olabalhadd & L
0.0 0.2 0.4 0.6 0.8 1.0 0:5 1 2 ; 8 |l6 32
Relative Pressure (P/P.) Pore size (nm)

______________________________________________________________

Formation of micropores and mesopores by KOH activation E
via 6KOH+2C—2K+ 3H,+2K,CO, i

i

!

1

~
(¢”]
~—'

1

1

1

1

1

]

i

1 mesopore

i e . c::tefs o;zt{:r_e_:: :

00 BT O

i ° ® N " A i

i ¢ Carbon. « '“\L-f.- .\°.'. o E

1 ° *mi °

i micropore micropore i

[ «Natom_ ] e NHPC____ |

K] 3-5 (a) XRD B3, (b) FiEohilk, (o) No WP/ EREL, (d) L fmth4, (e) HPC

1 N/HPC I R -

Fig.3-5. (a) XRD patterns, (b) Raman spectra, (c) N adsorption/desorption isotherms, (d) Pore

size distribution curves, (¢) Formation mechanism of the resultant HPC and N/HPC.
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~
}<
-’

(b)

~
(]
~—

C
HPC i Nls
- ~——— N/HPC -~ ~ | —Fit
B = 3 Pyridinic N
S g & Pyrrolic N
2 Z z Graphitic N
z N o z %
= £ = =
e & e
= = =
— - L) —
LSS at% 1.77 at%
200 300 400 500 600 542 540 538 536 534 532 530 528 526 408 406 404 402 400 398 396 394
Binding energy (eV) Binding energy (eV) Binding energy (eV)
(d) (e) () us
W ) ’ C s
-~ - 0.4
s 2 |
< < o 03
: -3
9:-‘ § @ 0.2
= =
= =
0.1
0.0 - —
296 294 292 290 288 286 284 282 296 294 292 290 288 286 284 282 HPC N/HPC
Binding energy (eV) Binding energy (eV) As-fabricated materials

3-6 (a) JTfill# HPC A1 N/HPC ()52 % XPS M EHEWE, (b) N/HPC ] O 1s XPS gk, (c)
N/HPC [ N 1s XPS g, (d) N/HPC ] C 1s XPS fEits, (e) HPC [f] C 1s XPS fEits, () A
[E#4 R sp> C 5 sp® C 2t (sp’/sp?)

Fig.3-5. (a) Full XPS survey spectra of as-fabricated HPC and N/HPC. (b) O 1s XPS spectrum, (c)
N 1s XPS spectrum of N/HPC. High-resolution XPS C 1s spectra of (a) N/HPC and (b) HPC. (f)

Ratios of sp® C to sp? C (sp*/sp?) of different materials

R 3-1 MR SR

Table 3-2 The structure properties of as-prepared materials.

Materials Seer (m? g Sicro (m? g'1) Votal (cm® g1) WVMiero (cm® g
HPC 3122 1697.5 1.43 1.16
N/HPC 3253 1432.9 1.75 0.73

K32 TFHEITLREESTT (Wt%)
Table 3-3 Ultimate analyses of orange peels (wt%).
C H (0] N S
42.50 6.41 49.54 1.25 0.30

# 3-3 HPC fll N/HPC e RA M (wi%)
Table 3-4 Elemental compositions of HPC and N/HPC (wt%).

Materials C H (0] N
HPC 91.77 1.74 5.64 0.85
N/HPC 86.79 2.82 8.93 1.46
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3.32 =H#k SCs BB LM EE

fd F = H MR AR KP4 HPC AT N/HPC (AL 244 RE, LL 6 M KOH /KR
TEN AR, S50 3-7 Fis. FiEEN SmV s BT CV gk (& 3-
7(a)) HWEIHIIERIR, fE-1.0V £-04V FJHREGEE N R ARG, RPLF
TEXFE 2% B 25 A0 g 25 1129 130.135. 381 5 HPC AH L, N/HPC HIPEFRR 2 i 2k 2 90
HEK R E TR, RPHEAGRENM#EEZR R N/HPC f1 HPC HA L E
R, {H N/HPC WSLEERIAREUN, AR i TR R/, ik
HEWT, N/HPC R BUFIIRAEREZH T N fl O RIEF A &R m, MUKET
PORMPHERR I, S0 T HAer A7 A XA SR T AR, T ELASE A5 1% i 2500 i L 8 R T iR
FK, FEN/HPC 1) CV HiZktk HPC ) CV mhZk M. K 3-7 (b) EBn T H
AN 0.5A g I, N/HPC [¥) GCD #h£R s Ay, ik BUrs] 1 0 )2 i s
FIE A MA A HEZ . 5 HPC ) GCD #hZE#H Lk, N/HPC ) GCD £k R I i 5
K e ), R B S AT AR RE T, X5 CV TS R —8. WE
3-7(c) FRILAEH, RIMELE 20 A g 1 S0 A g (I R IR N, GCD k475
TRFFIT IR =M, 1XRY N/HPC 170 i A2 v BAT O 5 T R
F R ) AL 2EAT N W 3-7 (d) FvR, TE0.5Ag' ~50A g AR E
T, B GCD #Z&rfiE i/ IR R EAISESR BEEL, 5 HPC AL,
N/HPC J 3 H SEAR 1 S 7 rBE. (TR FIE B 1 A SR AU R, X IR F R £
FLEEH S N/O WUR - FHB 24P RN . B 3-7 (e) ‘245 TE0.5A g & 50A g 1Y
HLIR 2 B LY, AR % GCD TS HPC F1 N/HPC [ b %, i N/HPC 1)
LLHL 25T HPCo N/HPC #£ 0.5 A g B I LE AN 352 F ¢!, fE 50 A g IF AL
AN 252 F g, HRE UK 100 5, HARFFE RN 71.6%, =T HPC S
TRFEFR (69.4%), HAFRMERES T REMAEMTAT AR G 3-4). WlE 3-7(f) At
7, N/HPC 1E 0.5 A-g!' B2 LR K RE % fE 0 48.6 Whekg!, ThEE RN 311.6
W-kg!, BIMEAE 50 A-g! BT REERETIN 22.1 Whkg!, S RKEIDIRELER 2.5
kW-kg'o X B0 51 M BB A2 B T 146 10 N/HPC AR BE, BDEE R 4519
FLAR o A B R AL SR S RALE S5, DLKFEE I N, O 51, AN
e Ll FLA R e R S R SR AL T o B I SR ML A, T ELAR L T AR R 1 B T A%
BEERAE, 1R TR AR R R T
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: (b) (©
(a) b) ,, ©),,
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Fig. 3-7. Electrochemical performance of as-synthesized materials tested in a three electrode
system using 6 M KOH electrolyte: (a) CV curves at 5 mV s™!, (b) GCD curves at 0.5 A g”!, (c)
GCD curves of N/HPC at a current density range of 0.5-50 A g'!, (d) IR drop at different current
densities, (¢) Specific capacitances at different current densities from 0.5-50 A g”!, (f) Ragone

plots.
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Fig. 3-8 (a) Nyquist plots, (b) Bode plots of phase angle vs. frequency (inset: the enlarged views
of bode plots at phase angles about -90°), (c) Correlation of specific capacitances with frequency,
(d) Relationship of imaginary capacitances with frequency of as-obtained HPC and N/HPC

materials.
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Fig. 3-9 Cycling stability performance of N/HPC at a current density of 50 A g”!,
inset: Nyquist plots before and after 10, 000 cycles.
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% 3-4 LL6M KOH 7K VBN HLAR R (1 = HELBR SR G0 8 e A W AT A o (R B 2 P A A PR RE LE
.
Fig. 3-4 Comparison of supercapacitor performances of various biomass-derived carbons in a

three-electrode system with 6 M KOH aqueous solution as electrolyte.

Current density Specific Capacitance retention
Biomass precursors . . Ref.
(Agh capacitance (F g')  (%)/Current density range (A g™)
Ginkgo leaf 0.5 374 74/0.5-4 [142]
Corn husk 1.0 356 84/1-20 [143]
Ant powder 1.0 576 46/1-20 [144]
Lotus leaf 1.0 523 69/1-20 n
Corncob 1.0 395 56/1-20 (145]
Silk cocoon 0.5 408 79/0.5-10 [146]
Stem bark 0.5 320 78/0.5-20 [147]
Elm samara 1.0 470 57/1-20 [148]
Loofah sponge 1.0 310 66/1-50 [149]
Moringa oleifera 0.5 374 61/0.5-50 (150]
Shrimp shells 0.5 239 - (1291
Chingma abutilon
0.5 389 72/0.5-20 [1s1]
seeds
Feather finger grass
1.0 315 83/1-100 [152]
flower
Bamboo fungi 0.5 367 74/0.5-20 (1531
Campbhor leaf 1.0 397 74/1-20 [154]
This
Orange peel 0.5 352 71.6/0.5-50
work
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4.2 SERGERSY

42.1  FFEKM N/O HIBRSRZFLIKAIHIF

PEERPE B WFl (CREZEE) 1 Yule HAREIAEMHEHE
Bk (ZISTAR, 3 B). WEERPIEE e HAMKIER L ERIRDBRL, 1£ 60°C ~
T 24 /NI, SRIGBY RN, SR RAK-KOH Sl BiE ik il & 0 B Akl (1 4-
D: (D PBBPBEA SR WEE RS, EETURT, BL3 °C min' FFHRE
FIHEZE 600°C HARFF 1h, (D) KPFERMUE (BFC) 5 KOH Ll 1: 4 HiiE L
RTRE, BEERIR SR B R IR R N B 2°C min”! BTHR R T
IRZE 700°C /M 2 by Gid) VEL)E, RS K B HC K VSO 2818 7K 78 7 ek
B R, BJETE 110°C T HEIE R, B2REMER (A BFCA). fil &l
W 4-1 Fis.

Energy density (Wh kg'l)

K 4-1 HIBSR/KIERR I & O R b HAF i B IR S SO R A S B B N R B
Fig. 4-1 Schematic illustration for the synthesis process of hydrophilic carbon from badminton

feathers and its application as cathode for Zn-ion hybrid supercapacitor.
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N THE, BPBERIRMAE (BFC) RS LA 2°C min™ FFHREFTHE
2 700°C, #E—H g 2 /NN, 5iE A REARIR], i BECC. Ib4h, HFBIEAE 500°C
F1700°C R #EAT T %Ak, 43 Blic3% N BFC-a fll BEC-b, "EA17E_EiRM F &1 F AT
i, JFR RN BFCA-a fl BFCA-b, ‘EA115 BFCA —jtg & H A A [F) 5= A0 I 17
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K 4-2(a) BFC 1) SEM K&, (b) BFC /] TEM K, (c) BFCC f#] SEM ¥, (d) BFCC [ TEM
K, (e, f)BFCA [¥J SEM &, (g, h) BFCA /] TEM K.
Fig. 4-2. (a) SEM and (b) TEM images of BFC. (¢) SEM and (d) TEM images of BFCC. (e, f) SEM
and (g, h) TEM images of BFCA.

IR (K 4-4 (a) R BIBLTT T =N KR EIE, 43 5% N 200°C
LU B 7K, 200-500°CHE (5 A8 PE A5 -NHs  -COOH [ 120, LA K 500-700°C
BRE 2L TE . 7E 600°CHIRAIEE T, KRERER K. RS R, ®~AIAL
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B 7o I AFAH LR No R B/ PR SR 2R, P RUR I BFCAs TEARXS BRI K /1 T
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0.93 cm’® g'l E"J*EW\ VMicro» 'fﬁ BFCA ﬁﬁﬁ%jﬁﬂ‘] 1.93 cm? g'l E/‘J Votals ;H\:Ehfl\}l.»é:l%
W ET, XAREAMT & A m A S R R M s Dt . R, PTGl e

AR R MR EE R T R A 38 2 FLRR R 1 7> 2 2 FLAS Y o

& 4-3 (a) BFC-a ) SEM &, (b) BFC-b ) SEM &, (c, d) BFCA-a [ SEM &, (e, f) BECA-b
] SEM H.
Fig. 4-3 SEM images of (a) BFC-a and (b) BFC-b; SEM images of (c, d) BFCA-a and (e, f) BFC-b.
R A4-1 AR A R R I R

Table 4-1 The structure properties of as-prepared materials.

Materials Sper (m? g Suicro (m? g™) Votal (cm? g1) Vicro (cm?® g1
BFCA-a 3139.2 1295.9 1.74 0.97
BFCA 32249 1257.6 1.93 0.93
BFCA-b 2993.2 1291.5 1.71 0.91
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Ilﬂ 2l0 3l0 4.0 5.0 6’0 ’?lll} Slﬂ
20 (°)
4-4 PIBERAEAFNLEE THRILE) XRD K
Fig. 4-4 The XRD patterns of badminton feature carbonized at different temperatures.
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Jfi, 52A CRTFERE, Sk S B EE A R O 190, J gk, = A N-FHE
A1 B[R AT DA ]I S BROK R B A7k e 0 A0 s i etk e o T DAAR 2 AR )
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JERHLAY, T BRI SR K A Bl T 3R A5 B K 1 2k Ll 2R T AR DA A7 R 1 r Ay DRk
R % BT ERRHE, B AT LRI RIFLI R 5 R 2 AL . N/O 3t
B R S PR T VR T DA S ) 2R A LS 45 1) BFCAs HL A 1R 57 1) B L fid 47

£ BFCAs T HA L AL45H, HAMUNRTFEE &, s&Em N SEH
Bk, LLRORIK R BT R e i K v, O RS R i LU S =L A5 itk A
B EMINRER,

® 42 T IRR AP TS AR TR A (wt%)

Table 4-2 The elemental compositions of as-prepared materials based on elemental analysis (Wt%).

D

Materials o N
BFC 13.89 12.98
BFCC 17.29 10.17

BFCA-a 15.26 2.14
BFCA 13.98 2.74

BFCA-b 13.34 1.88
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R 4-3 XPS REIEINE &R TR & B

Table 4-3 The element content in the as-prepared materials determined by XPS spectra.

Element content (at%)

Materials
(6] N
BFC 10.93 11.02
BFCC 11.85 8.07
BFCA-a 15.55 2.61
BFCA 12.89 3.05
BFCA-b 10.45 2.44
(a) (b) (©
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Kl 4-5 (a) 7£ 50 mL min™' ARSI LA 5°C min BIINHGE RN &P EH TG M DTG #h4k,
(b) XRD EHE, (c) Akl MR EO6HE, (d) BFCA ) Ny W B AR 250 2, (e) FLAR AT
Bizk, () #l& kR4 XPS i, BFCA [ (g) C Is. (h) O 1s. (i) N 1s im0 ##2% XPS &
B,

Fig. 4-4. (a) TG and DTG curves of badminton feather measured at a heating rate of 5 °C min' in a
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nitrogen flow of 50 mL min™!, (b) XRD patterns, (c) Raman spectra of as-fabricated materials. (d) N2
adsorption/desorption isotherm of as-synthesized BFCA, (e) pore size distribution profile, (f) Full
XPS spectra of as-fabricated materials. High resolution XPS spectra of (g) C 1s, (h) O 1Is, (i) N 1s
for as-synthesized BFCA.

Kl 4-6 K AE ] S5 AR _E KAl A

Fig 4-6. Contact angles of a water droplet on as-produced materials.

432  #A3X ZIHSCs BRI 4L BE

R FH R B Bk P B P A R ETUROAY, E R A R KOH 4l BAE A4 1 77 11 4
THA RIS ER N/O Bk 2 R 2 Ak, BT Ridfetk, @i fEH BFCA
BAARFIEEFE AR, LA 2 M ZnaSO4 K ERAE N AR T, 458 F Whatman b 58 25 B
B ARTRH AR, #5277k ZIHSCs HAMR (B 4-1) 8 T AT M Re LL R, I8 2403 T Zn//BFC.
Zn//BFCC. Zn//BFCA-a f1 Zn//BFCA-b [fJ7K & ZIHSCs #3F. WK 4-7 (b) AR,
7E 10 mV s MERGERT, 7€ CV ik W 2H Eb Ik g s A%, (i
N/O L35 J: (S8 AIE S B 5 D), X 3% B L2 2 FH XL P 75 R IR R 25 3 [ 4 e
1670, g4k, BRI EFER O A H UK AT W — SRR, FTiig ) ZIHSCs
FOFATLME 0.2V 2 1.8V [ ETu N R TAENe il i Eb 4L Zn//BFC. Zn//BFCC
A Zn//BFCA WP R 2 ik, KB Zn/BFCA A B KGR, $H T 2401
SERIAE R R R P B AR . 45 IREEH, Zn//BFCA BA LA ZIHSCs 5 KHY
BRI, RFLEA T IMERETERE. AR ZIHSCs #84F7E 0.1 2 100 A g Itk
T FELI A VO N O R B I 4-7 () B, LR TS ZIHSCs #3E R Bl
HA m RO AR a /I A &, IR WFTHI & 1) BECAs B = FE I sAfL %
AL, KR, Zn/BFCA £ 0.1 Ag ! IF BB H 2253 mAh g (UL R LA &, B
{5 B EE FEOR 1000 /547384 73.8 mAh g (100 A g'), =T Zn//BFCA-a (¥
0.1A g' 4 189.4 mAh g!', 7E 100 A g K4 59.4 mAh g'!') #l Zn//BFCA-b ({E
0.1A g' I 193.0mAh g, 7E 100 A g /75 70.2 mAh g'). M 0.1 2] 100 A g H)75
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AEATETE MR I T i IR R T ARE B B R AR . IR R T
UM 100 32 [51% 1 A g F10.2 A g, Zn/BFCA-a. Zn//BFCA Al Zn// BFCA-b 7
1A g FHRERES RN 124.8 mAh g 159.0 mAh g'. 126.7 mAh g FI7E 0.2
Ag'Ii A 148.0 mAh g'. 186.8 mAhg!, 1484 mAhg', 5 1 Ag' I HILEHELE
126.9 mAh g''. 160.7 mAh g 129.9 mAh g' f1 0.2 A g'! B ¥ 4G HLZF 159.8 mAh
g'. 197.2 mAh g'. 160.6 mAh g #ilLt, HFET]ZREAT. #—BUE T BFCAs
o FEE P BH AR A AL TE £ B R R 1 v JEE RT3 1 o BFCA R RR 1) ZIHSC #3#7E 0.1 A g
VIR B N ER GCD A (B 2 RIS, 02 A ¢! (BB 12 IRTEH), 0.5A ¢!
B 22 RIER), 1Ag! (B 32IRIPEHR), 2A gt (BF 42 IRPEH), 3Ag! (5F 52
AR, 4Ag" (B 62 IRTEHR), SAg! B 72 IKTEIN), TAg! (5F 82 IKTEIR),
10A g (55 92 IRAGEIF). 14 A g (55 102 RIEFF). 20 A g (58 112 IKAEIF ). 50
Agt (B 122 IRTEFA) 70 A gt G5 132 IRIEIA) AT 100A g (5 142 IRIEH) (K
4-7 (a)) #E—UESE T BFCAs #4231 ST RHE £ et R wh sy B vl 308 (1) 78 i
e, fSm TEEAE. HOMMSEMERM 0.2 2 1.8V WA EE M, Zn/BFCA
PMEAE 0.1 A g I RAEE S 2 201.4 Whkg!, THEZRE N 112.0 W kg, 7
100 A g B KREE 2 Ely 48.4 Wh kg, IEZEH 83.6 kW kg'. & T
Zn//BFCA-a (166.1 Whkg') 1 Zn//BFCA-b (168.4 Whkg') (& 4-7(d)). Wk 4-
4 Pl g, X EeEH I T AR R T R 4K 2 H0K & ZIHSCs #3414, BN-ZIC-
3 (115.7Whkg'/711.6 Wkg'") 1011, PZCA (107.3 Whkg'/750W kg') 1], HHPC-
6 (117.6 Wkg'/160 Whkg') 1171, CSGC-700 (111.1 Whkg/100 Wkg™") ¥4, LDC
(86.8 Whkg'/382.1 Wkg!') 7], WC-6ZnN-12U (109.5 Whkg'/255 Wkg!) 13,
MEHC-3 (106.4 Wh kg''/160 W kg!') 173, NHCNbs-6 (109 Wh kg'/160 W kgD
(1761, PHCA (129.3 Wh kg'/1000 W kg') 177, HPC (118.0 Wh kg'/77.4 W kg™")
[178], BC-CNa (48.3 Whkg'/77 W kg') ™1, OLCK 4 (94.3 Whkg'/391 W kg'})
[180], NPCN 750 (143 Wh kg'/71.6 W kg'!) B¢, 3DPC (156 Wh kg''/400 W kg™)
(1811 NSPCN-800 (59.0 Whkg'/62.1 W kg') USRI PCN-2 (119 Whkg'/160 W kg

1y [183]
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Fig. 4-7 (a) Rate performances at different current densities from 0.1 to 100 A g!, (b) CV curves at
10 mV s™! of as-fabricated materials, (c) GCD curves of Zn//BFCA device at a current density range
from 0.1 to 100 A g'!' (d) Ragone plots.
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P 4-8 (a) Nyquist i, (b) KHIX 2" HE5 o 2 HHLEE, (¢) BTN, (d) 3T BFCA
f) ZIHSCs I 2 PR 2R AE BT 20000 MEHR N 20 A g, SRIEAESE T K7 20000
MERFHE R 50 A g, (e, f, g) TEIFAEIE GCD, CV, EIS HiZk
1/2

Fig. 4-8. (a) Nyquist plots, (b) The fitting plots of Z' value vs o
Self-discharge behaviors, (d) Cycling stability and Coulombic efficiency of BFCAs-based ZIHSCs

at the low frequency zone, (c)

at 20 A gl in the first 20,000 cycles and then at 50 A g”! in the next 20,000 cycles, (e, f, g) CV curves
at5mVs' . Nyquist and GCD Zn//BFCA device before and after the initial 20000 cycles at 20 A
g’ and then the next 20000 cycles at 50 A g!.

N T VY T fiR BFCAs #4321 ZIHSCs & 7 FIHERITR2AT J, AT 7 L
PRPLIEE (BIS) WK, aiF 4-8 (a) 1 Nyquist B, A 7EMRARIX A3 B RRITE i
BIIX IR /N T B B #8 s  IE AR R A 1) B8 -4 O AR R dURT i A e 7 FRLREL /S
T S Al Ak PR /DN AR R B ) B A 23 ) R s AR AE BR AR L BEL (Rs ) T B r 2 7% Fi BEL

(Ret). iHidit45, Zn//BFCA-a. Zn/BFCA il Zn//BFCA-b ] Rs F Ret 155351 N
1.24, 1.12. 1.06 Q F111.55. 7.84. 8.62 Q. HILHIE LM WCA 43#r, FTBAK
I, FEAIY Rs Al Ret (A A5 7 5 In/le A1 WCA {E AL H 2 IEAHK,

XFTUESE T A SRR S, SRR, R, SRR EE, BT
HIGER TR o FEARAT X 45k, Hod™ iU 5 ST il 45° £ RERR 2R AR TR B9 HIBH 71 (Rw),
R T IEARARL A S T AT . FUREBEREL (o) 5R/REY R R fUH
K, A TP RwS- 840l 27 o2 2 5 R R R i€ (1) BFCA-a. BFCA
F1 BFCA-b ] o {54354 5.09. 2.60 A1 2.62 (& 4-8 (b)), BFCA [if/) o {H-5H
JS2 PR B R DL/R B9 B R BRI 1 DB B T sl 71 % 45 R K W], BFCA R /b
FLAr 7 A% T AR AN B T B BEL, AR KR L BEAR /N, FRJCIE B T LA S 1) e A 2
At [ 4-8 (c) FLLE AT BFCA #AFEE A E 1.8V Z EFLH BT A,
Forf Zn//BFCA ST AERTAEMY B B H B S (4 f R B, (HRIEAE 200 /N H R
JEAT SRR AT B 1.23 V I HLE, 1T Zn//BFCA-a I HLE(1.15 V)1 Zn//BFCA-
b (1.13 V), RIUH B ERHTEBBIERE, FA 68.3%M LR EFEMN 2.9 mV h!
SRR . 55, EIEESR 40, 000 XAGFR H1E I 78 IR VRS BFCA
P B AR KB F i, Foh G 20 A g BIRT 20, 000 MRIEIRFT 50 A ¢! HIJG
20, 000 XAEI (P 4-8 (d)). HFHIHL, Zn//BFCA £ 20 A g FHIHT 20, 000 YKIEFR
JEiEE T 1223 mAh gt KA E, FERFFFEN 100.3% (B 4-8(e)), FECREE
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i 100%, 55T Zn//BFCA-a 1 Zn//BFCA-b [ EARFEZ, 73514 95.8%F1 97.1%
seAh, RIETE 50 A g BOTE 8 RIS 2 T RRZE 20, 000 (XPE3A S, 101.5 mAh g i)
WA EWIE T ETH 2 1044 mAh g BE AR (K 4-8 (e), FEBREERIL 100%,
BE—BRAIE T BFCA fEPGE A I R P g /AR e M. thdh, FEHRIER AT /S
E5mV s CV hZE (B S11a) Fl Nyquist Bh2E (B 4-8 (f-g)) Fh AR 211 &
Ak, T2 Zn// BFCA B0 5 G A Fase 1

N T B RZR BFCAs AL 34 T IK) Zn> fE#3) 71, #E 3-300 mV s [
FARHEZFIEHE P CV 2 (K 4-9 (a) (d) (g))- BLIEMWIRIMEE, T BFCA-
av BFCA Hll BFCA-b [#] ZIHSC /] CV HIZEIAH7E 300 mV s B s fiE R T &
ISR , (B 25 FE R BFCA-a> BFCA-b>BFCA, 13 | i £ &y BECA-a <BFCA-
b <BFCA, XHXIEW] T BFCA HIPE ) )1 R E 1) Zn* fehkRe 1. 1Ak, K
IR R (D AHRfER (v) 2H 27 3# )7 logi=blogv +loga H, fE 3-
50 mV s MHEARERIEE NI CV M RPN Pl % ¥ BFCA JE IERRIKZ) 1%,
Horbra flb Z2AASH, REMSLIRRITE b (0.5<b<1) I716L18], b ff
Fel 0.5 BF, A ReId FE DAY Bl v 32, 2 b (T 1 B, AR R DA I
F. Bk, ATELAE 4-9 (b) () (W FEH, BFCA-a. BFCA il BECA-B [ b {H 73
518 0.862 £0.002. 0.899 +0.005 1 0.869 +0.003, 24 b {H7E 0.5-1.0 VLRI, X
UESE T 9 HUT AR EAT AMEAE, BRI b (MR T Zo? g FE 2 DL
AR Y. AL, b AR R BT SR KRR E S R IR, 68 E
(WA A AR B, B R TR L, TR (S K ME T MR T, 89K Zn?*
RERAE R LRE R BT AR V2 =k v'2 + ko BT BAEETR, Hf kv
Hl ko v 43 | 27 FL S DT AL DTkl 7 100 185), & 4-9 (o) () (1), Rl 28 A
3mV s HEINE 50 mV s, B BFCAs M T ZIHSCs Y HL 2 TRk IZ#TH9 n »
BE— IR IR T A R TR AR L R A RO A Bl I . R
Zn//BFCA SRR AL ZPERE W AR T LA N Z2 R A . B s Lh R I )
DAL RIS A, A N/O LB 5450 N R NERE, DR
AR AR IR o SRR 2 A AN e 1 A R b R AR AL T R IS AT
i LA S BT A7 R ) RIEIE 51NN A B SE I s A S R AR A [F]
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Kl 4-9 (a) FEREFIEENY 3 £ 300mV s [ CV BiZk, (b) X% 5x% v EarE, D%
(¢) Zn//BFCA-a 1 3 £ 50 mV s FIAFFEE T H A ETTR. (d) FAfEEEER 3
£ 300mV s 1 CV #IZR, (e) & i SxE v LA, LU () Zn/BFCA-b 7 3 & 50 mV

s A FEHRE SR T IH A R TR
Fig. 4-9 (a) CV profiles in the scan rate range of 3 to 300 mV s™, (b) The fitting plot of log i vs log v
and (c) Normalized capacity contributions at different scan rates from 3 to 50 mV s! of Zn//BFCA-a.

(d) CV profiles in the scan rate range of 3 to 300 mV s™!, (e) The fitting plot of log i vs log v and (f)
Normalized capacity contributions at different scan rates from 3 to 50 mV s of Zn//BFCA. (g) CV

profiles in the scan rate range of 3 to 300 mV s’, (h) The fitting plot of log i vs log v and (i)

Normalized capacity contributions at different scan rates from 3 to 50 mV s’ of Zn//BFCA-b.
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4.4 KEINE

A I SR R T VE R B A A B ECH B N/O S5 EK
P03 20 %2 SLBRA R (BECAD o ZARAL I BFCA F 4% e bb R AR 1K 40 2 %2 FLAG #
DAFLAERFAR AT s N/O B I RE I DURAL 5 (17K 2 R TR A
MR T8 3 TR B R A %% (ZIHSCs) £ EIEReIbS. — 7w, HMaEnsE
T v 280 P AT A B R A T S P PR e S L DA SR B i DR s S — T, R AR
TR SN Zo> A7 SR AR 78 2 23 ), AT 3RAS E R 3 . A9 28 T L b R IR
55T BFCA 413 1)7K & ZIHSC Fe Lt sl it il Ak e 7 0.1 A g FIREE T
HA 2253 mAh g WA LU R, B AR 25 BETBOK 1000 15 2 100 A ¢! AT PR £F
73.8mAhg! EHLA R (FERFFREE, SRMaRINT, ERESEREE )
AL E] 201.4 Wh kg 1 83.6 kW kg'o JUNRHHIIE, %ML S0 A ¢! M S H
T E TR 40,000 K5 A EAN TR, RIMHMK TG FRE M. Xk 7
REFR 7> W], dld A BRR F AR P 5 R ST [ AT RSO R, Rk A e PR R BT
AR TSR g Re AR R, AT RREE AR R AA A B SR E T BBT T %

B 7 il Sy 2 FLA K S 2R SR B 2R 4R T ZIHSCs THERe AL, M A SR gt ]
SR ST TR R P PRBUE T, 2 G SR A) ) R DL S I e D S A S R
REo 2T AT % 08 U B2 UM R AR R, N —F 003 5 N S0
SN o I BRIR AL Sy, PR AR, (R A SR AR E
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R 4-4 AJF T A MK TE ZIHSCs () b A= PERE L
Table 4-4 Comparison of electrochemical properties of aqueous ZIHSCs assembled by diverse

carbon-based cathodes.

Materials Electrolyte Current  Specific Capacity retention Energy Power Ref.
density  capacity /% /Current density  density /  density

/Ag' /mAhg range /A g’! Whkg!' /Wkg!
1
BN-ZIC-3 2 M ZnSO4 1 162.6 45.0%/1-10 115.7 711.6 rel]
PZC-A750 1M 0.25 124 65.9%/0.25-20 107.3 382.1 [166]
Zn(CF3S0s)2
HHPC-6 2 M ZnSO4 0.2 147 48.3%/0.2-50 117.6 160 (1671
CSGC-700 2 M ZnSO4 0.1 138.8 61.7%/0.1-20 111.1 100 [84]
LDC 1 M ZnSO4 0.5 127.7 33.5%/0.5-20 97.6 382.1 (171
WC-6ZnN- 2 M ZnSO4 0.1 111 57.6%/0.1-3 109.5 255 (73]
12U
MEHC-3 2 M ZnSO4 0.2 132.9 49.1%/0.2-50 106.4 160 (1731
N-HCNbs-6 2 M ZnSO4 0.2 136.2 49.0%/0.2-50 109 160 [176]
PHCA 2 M ZnSOq4 1 143.7 56.1%/1-20 129.3 1000 (1771
HPC 2 M ZnSO4 0.2 204 49.5%/0.2-5 118 77.4 (78]
with 1 M
Na2SO04
BC-CNa 2 M ZnSOq4 0.2 51.4 39.9%/0.2-3 48.3 77.0 (179
OLCK4 ZnSO4 0.3 121.7 40%/0.3-20 94.3 391 [180]
NPCN7s0 1M 0.1 204.7 62.8/0.1-10 143 71.6 561
Zn(CF3S0s)2

3DPC 2 M ZnSO4 0.5 194 53%/0.5-30 156 400 (181l
NSPCN-800 2 M ZnSO4 0.1 95.2 68.4%/0.1-5 59 62.1 [182]
PCNs-2 1 M ZnSO4 0.2 149 50.3%/0.2-20 119 160 (1831
BFCA 2 M ZnSO4 0.1 2253 32.8%/0.1-100 2014 112 This

work
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R B A AT T 1 B KPR o

AR DUE S — M T S FE R, B -KOH Wb w20 Seng (&
5-1 i), il &t N/O B 25 4 A SR R FLBR M EL (NGCA). R%E
FAETHTR I, Frf3 NGCA MR R R 2 fLE5H (2 RALE B ETE) . Mt
RIMA (2849.3 m? gD A BAFMEHIE K& N/O LB A, H RILH AR = 1558
KIENEAE o« IR -2 2 W R RS AR Bt T 3= v M7 s DA I v e e 5
FAfd, IEERSL T PRI LT 5 R AR S IE DU s TR . BE T NGCA 2%
[FI7K & ZIHSCs JRILH st AL 2R . 7E 0.1 A g % % T A 257.9 mAh
g FEEE LR R, R R UK 500 548 50 A g FRH{R4E 117.4 mAh g )
LEAR R KRR S IR % 05185 226.5 Whkeg! f147.1kWkg';s 7E20A
g KHLIR % FE R IEHE 15,000 U5 25 2 ORIFRRATIIE 97.8%, J& I H R R G P A2 1
BeAh, Bk R R A B AE VT A R R N T R I S 0.1 Ag! FHUAE
Bk 219.0 mAh g, REEEJEIA 186.7 Wh kg!, A B4 BAFHIHT B BCRAS I S
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5.2 SLIRERSY

521  N/O#HBREMABEUTRZFLIRAHIE

ARSI BT R 75 A N SR SRR Ammex fhf (845 XNFRT) — X1
HETHFE. AAHSREDT (B5-1: B2, BIRER T EFERNRIBKE
PeEBRRIAT, 60°C Mt /58y BiJE, B 2.5 g i BT, &
ZAASUT BL S5 °C min THIR 2 500 °CHRAL 1 /M, 1535k T 1 FEGE N NGO);
e, K 2.0 gNGC 56.0 g KOH (gl 1:3) RAMERAE, ERSAEYS T
PA 2 °C min 'JHR 2 700°CHHAE 2 /N s Ba, REPTRYH] 2 M HCT KIS BN 25
WK R EBBEERE P, 110°CH GRS T I FEMT AR R (B8 NGCA) . A%}
LA 7L, SR A AR FEAL T Z2{HV% NGC 5 KOH il (1:2 A1 1:4) il 15 5
435t N NGCA-a F1 NGCA-b.

-

Nitrile gloves

87.8 Wh kg at 47.1 kW kg

Energy density (Wh kg™)

10 100 1000 10000 100000
Power density (W kg’) /

K 5-1. IR T IS TFEHEACVEA 2 R LA N/O JLB 25 S5tk S A B B TR A 2%
HLZ e A AR L 0 S P s R
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Fig. 5-1. Schematic diagram of the conversion of spent nitrile gloves to N/O co-doped graphitic
carbon with structural hierarchy and its application as a cathode material for a Zn-ion hybrid

supercapacitor.

53 R 51118

53.1  MRIFRIE

P — AT T ERRMRAT AWE 5-5 () Fim. £ 200°C 2 500°C K]
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FEo BEAh, 500°C DA EAR BRI ERE, RIT RGO 80 TSR, X
R 500°C VE AR R . Wk 5-1 R, BATEH T EUWCT iEFEA
B B E A I R AR AT B S R AR ML . T RSB T RS 0=, H4EMN
B C=C BIKRREE S C=N MR H A RSB G . RIS, TS
R o3 A Ul . — S ABRAIK o FrP 0 BB F A C=C B C=N B (B e 1k
AR, JRALGE G TY A S EE s HARBRIE T R U e Tk, 2%
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TERRIE I AR, T U B 15 240 et o 76 i RS Ak b 72 R, KOH S5 R 2E 3 (6KOH
+2C — 2K + 3H: + 2KoCOs), I ZI 0 E Rt 2 LA, [FIPRE O JR 5~ 51 A B
TR, ARG RA R 2 LA MAES R AR il 4 i 7 250 (SEMD
VL0 T T RS FEBATA M3 5 2 FLBR LS RO S5/ an ] 5-2 fom . 9 T AT
e, I SEM WLER T 1E 500°C BRALHI T 5 T& (NGC). Wil 5-2 (a) A (b) Bt
7~ NGC S R AR S MR, RMEE & A BRCRY R, BH W RN L4
Ko NP, WA RRA R T B SR/ AL =42 LSS, IR IF R Tk
5 KOH Z 8] % S 2o BT SEM I HE AR, AELALEZ BITAL . KL 5-2 ()
AT LUE ), NGCA-a Bor th— M 2 fLE R TR S TR, SR . 25 KOH/NGC
HyE ELEE NS 3 I, NGCA Z/x HPRE R, BA) Z EERA R/ AL (K
5-2(d) 1 (e). EDS mapping (& 5-3) &H], NGCA # C. N fl O Je &2 7010,
RSP T NAO B, Kb NITFE KB THKTFE, 0 La K H H7 KOH.
SR, E—B N KOH/NGC I H &2 F B L SCBEMERE 3 A Bk (1B 5-2
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(1)), XIAKEFIER E KOH/NGC HE TR ZIT KOH Mz 8. o, EH
P B (TEMD B (B 522 (g-i)) WESE T RRSFALER A RS i AR <
FLBRIGILAE, RS T R 2L W 52 (h) M () &0 PR TEM K
Grb, TRV GBS HES R AF RS 280 XL T A s . BRIk, didE
WO R, AT LASR AR B R T AURA SR 0 S5 46 (0 2 2 22 LIk, X PR IRCELIE I 22 ]
FEFLBRANAT 7 1 A0 SR AL S AN AT DL AR Zn SAI O  AROVE PR A o5 DA SE I i e
A, 38R DAY e R H T B T A A g o FLA IR R A, AT SE IR i R
M BE AN T R

100 nm

] 5-2 (a~ b) NGC ] SEM K, (b) NGCA-a ] SEM &, (dv €)NGCA [ SEM K, ()
NGCA-b ) SEM . (g-i)NGCA [f] TEM &,
Fig. 5-2. SEM images of (a and b) NGC, (c) NGCA-a, (d and e) NGCA, and (f) NGCA-b. (g—i)
TEM images of NGCA.
R 5-1 HIFME SR

Table 5-1 The structure properties of the as-prepared materials

Materials SBET (m? g ) Smicro (m? g™ Vtotal (cm? g Vmicro (cm? g!)

NGCA-a 1393.7 682 0.51 0.44
NGCA 2849.3 1484.7 1.38 1.03

NGCA-b 2840.3 1356.6 1.57 0.99
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5-3 NGCA #EH C. N F1 O L& SEM B4 AIAH B () EDS mapping &

Fig. 5-3. SEM image and the corresponding EDS mappings of C, N and O elements

of NGCA material.
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< NGCA > ‘Ta y9
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= 9 [ » ‘\\,QM@,,,_;,H‘\
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0.0 0.2 0.4 0.6 0.8 1.0 T 05 1 2 4 8 16 32 64

Relative Pressure (P/Po) Pore Width (nm)
K 5-4 (a) No BB A IR 26, (b) FLAR AT 2K

Fig. 5-4 (a) N, adsorption/desorption isotherms, (b) pore size distribution curves, (¢) Raman spectra,

N T ARG BRI FUBRARFE , AT T N R B/ B D N T B
/WA 2 (B 5-4 (a)) ot VIV SRR A GRHE, 1E P/Po<0.1 I A
KHIR P&, ££ 0.2 <P/Po<0.8 I I 5, [FIFAE 0.9 <P/Po< 1.0 I H EL A 2
W ETHRES, RUIGAL. HALARILEIAE, X 5K 5-2 1 SEM Al TEM )4 #r
SR8 XS R PR T RS R A WINT R R 2y 2 2 LA R ) SRR
FrP Lo A A A BRI T SE ORI SR T AR, 1 b FLAORFL U E A B T 2 e, 4
T BEFYHUSsAT, R T B O AL . in il 5-4 (b) B, B4 ) NGCA
MBI T, Hor NGCA-a 9L42 79 0.8 1 1.1 nm, 1l NGCA H1 NGCA-b [
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BE T FLBRA HH R T AL, S EEL LR AR AR > . Bk, 78
NGCA #EH, NGCA RILHH KM LRI (Sper) MALELRTTF (Smicro)
FFUAEF (Viiero)» 3519 28493 m? g 'y 1484.7m2 g ' 1 1.03 cm’ g™!, IXHE(E
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80} Heating rate: 5 °C min”' ;'\ ol o \ gy
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% 60} )
= ——NGCA-a
E b .E “NGCA
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20F
- 200 400 600 800 500 1000 1500 2000 2500
Temperature (°C) Raman shift (cm™)

Kl 5-5 () —MIEETRTFENREMLZL, (b) h2otik.
Fig. 5-5 (a) TG curve of disposable blue nitrile gloves, (b) Raman spectra.

NGCA-a NGCA NGCA-b

F 5-6 fhil & A4 RHRIK Al A -

Fig. 5-6 Water contact angles of the as-fabricated materials.
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W, (o) HIERMEINFIO &&E, () &AM E sp> C 5 sp® C HIELE (sp’/sp).
Fig. 5-7 (a) XPS survey spectra, (b) C 1s XPS spectra, (¢c) O 1s XPS spectra, (d) N 1s XPS spectra,
(e) N and O contents of as-fabricated materials, (f) The ratios of sp> C to sp> C (sp*/sp*) of as-

fabricated materials.
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Fig. 5-8 (a) XPS survey spectrum, (b) High resolution C 1s XPS spectrum, (c) High resolution O 1s
XPS spectrum and (d) High resolution N 1s XPS spectrum of as produced NGC sample.
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66



LRI RER A2 A 18 S

NT AT, BT Zn//NGCA-a Il Zn//NGCA-b FN:0 854 . & 5-9 (a) JEoR
THE 10mV s HFER TSR (CV) gk, HrpRER s BRI & 1A
AL JFIER W] ZIHSC e ik [ 05 110 35 T B 88 MRt B/ it B 1) XU J2 F 255 DA R B A
[RIRS Zo? PURY/ R B S T VR & FA AL Hah,  SRAS I B S ST
55, RPZEETLE 02 & 1.8V FHALVEE N IEH T/E. Zn/NGCA
Zn//NGCA-b ] CV iz B R HEL Zn/NGCA-a B KE AT, X5 NGCA
NGCA-b B 5 {2 T AU B8 4 R E — 20, R eI N/O e FE &K T
NGCA-a. [, X—4REY, BERAMERERKEE BT HT Zn2
R . £ —=Fh ZIHSCs ZEE H1, Zn//NGCA Eon H i K E AT, R
HAARSMREEAMA . KIHHE T HEA 5 &R IR LATRIN 5 a1
A1 SR S UL S s AR R A D R AE A - AAEL 5-9 (b) FTLAE H, NGCA ZH %6 1) ZIHSC
HIEZE 10-300 mV s (RAHEIE R N REF T 2RARAETE IR, R IR P9 H
A PRI 1) P A 2 N TR 56 T ey LA O S FAR S R, 149 A T L B S R L/
FLRFLI A 2 FLEGE I DA K AT N/O JE4B 2K 1, B 7 FLim ml etk . Ji
A HT CV BRI EE (D HEHEE (v) ZEPKR, #—BFG T NGCA
FEIEMR I AL 2B )R . {EFHRETTHE logi=blogv+loga, HHraflib (0.5
<b<1) NAWHESH, bIHZET logi-logv &MERKBIE. WBH, bEN 0.5
1 43 SRR ok hil A 254 I M R A7 A A . W0 TE] 5-10 (a),  PHAR VG AN Al 0é
[¥] bo Ml br fHIALE 0.5 2 1 Z [0, KUY BABEETAMESE, b EET 1 %
BITEIER H Zn fEfg it R R AR 7 £ Sl . R, AR iv!2 = kv +
ko KREACY BOOTHERA LA TTER, 23R RE T kv BT kov'2, IEBR T HLBSAT
ARJ5 DA B AE A T IR PR Ak 23 T R

K] 5-9 (d) /R T H NGCAs MR 1) ZIHSC 2B EAFE B E (0.1 &
50A g FHISERIER. HATE ZIHSCs 24 {F 53R Fase 78 i e 2 s R s J2E
A, WHIE T NGCA F:FAMRAL =M AL Fe e YEA AT 1. Zn//NGCA #£ 0.1 A g
UREILH 2579 mA h g I b &, BIEAE 500 {5 IR E (50 A gD )
{#¥F 117.4mAhg!, T Zn//NGCA-a (0.1Ag' F 153.9mAhg’, 50Ag"' T 61.3
mA h g') 1 Zn//NGCA-b (0.1 Ag' F223.6mAhg', 50Ag' F944mAhg"),

67



LRI RER A2 A 18 S

—~
=
~
~
=2
~

120 (©)

6F 10mvs! 100 Diffusion Capacitive
&N —_— 0,
R T 80} 3 0, 19% 1%
S04 oy —s | & 29% 27
s < 2 § 80| 40% 35% 34% 2
T 40 —10
g? z — -
Z ‘2 30 = 60
= 0 = 90 =
< 3 ol £ 86%
—n| E , 19 /o
£ T 40 — 100 = 0 5% 6% N 78% B1%
£ ——NGCA-a £ —aw| 3 v '
- - >4 )
3 v ~——NGCA 3 st = 20
6 ——NGCA-b , ,
N . . . 0 -
-120
00 04 08 12 L6 20 04 08 12 16 20 3 3 s U t"’ ‘2]“ woy A
(d) Potential (V) Potential (V) can rate (mV s™)
<300
L") \ Charge Discharge
< —O— —@— NGCA-a
250 -
£ Wx\] - —0— —9— NGCA
‘g_ 200 |- : 3 —0— —@— NGCA-b e
R33N
- B GJIIII3IIY !
] } SIS i
S 150 | s m%WwWWW SR
. S22
g - 333333 N 332330333092 weswees e secssee :
o I AR
= Unit:A g
] 33333
o 50 |-
oy 0.1 0.2 05 1 2 3 4 5 7 10 14 20 50 1 0.2
0 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140
(e) (D Cycle number (g)
2.0 1.8
':":n -::D / / -.-:; [ 2939mV 5"
N /
= 1.6 = L / =15 >
< < / <
g £ E
= =y, / 12
.E' 12 %’ . .\ %' - NGCA-a
& & ” % A 1 - NGCA
208 ) 20Ag" - e 209 - NGCAb
<~ 1) SCA- o
] & 0. & 0.61
504 g €
g Z : Z
2 | @ \ @03 i e o
0.0 s s A M A . 2
50 100 150 200 250 300 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120
(h Potential (V) (i Potential (V) (j) Potential (V)
i5
160 ]
® NGCA-a H -GN = 3
| ® ~@—NGCA 0 ~
s 400 * NGCA ~@—NGCA-b ° = ‘323\
X 120 ~ = <39
£ ® NGCA-b % z %, \,a\uq%
<300} - Z 100 ~0<o__ B339,
3 = g z “Oamg N2
5 e 2 ~9=NGCA-a %, ©
200} 2 9
< @ & s ~@—-NGCA NS
;; o v 40 ‘i ~2~NGCA-b
S 100f 3o 2
- ” )
e® =
of o0 o @ 0 =
I 10 il 5! L
0.1 1 10 0 40 80 120 160 10 100 1000 10000 100000
(k) Current density (A g”) Z' (ohm) Power density (W kg™)
200 - 120
o °
k) > o o e g _° 2 <
00 =
2 B D M —————————] s
E o oS - o 2% DGR R e N sl g0 2
z 5 ° 3
g 100 Capacity retention: 97.8% g9 &
= Current density: 20A g .:
g @ Specific capacity l40 E
é 50 @ Coulomb efficiency %
>3 =3
g. 20 S
@
0 0
0 3000 6000 9000 12000 15000

Cycle number

Bl 5-9 11 FH 2M ZnSO, HUfE )5 117K 1 ZIHSC #8F Bk M RE . (a) 10 mV s T CV | Z,
(b) CV HHZA (c) Zn//NGCA A FEA RIFHE 2 T B BT BTk, (d) 7£0.1 £ 50 A
g IR LA R S TR P T RS SR RE, (o) 25T NGCA 1 ZIHSC #3HEAN A IR 4 FE R 11
GCD #hzk, (f)20A g i GCD B2k, (g) S0A g GCD #iZk, (h)0.1 £ 50Ag! FIHJE
F%, (i) Nyquist &, (j) Ragone K&, (k) Zn/NGCA 7£ 20 Ag' mHIEE NI FE e A

68



LRI RER A2 A 18 S

Fig. 5-9 Electrochemical performances of aqueous ZIHSC devices with 2 M ZnSOj electrolyte. (a)
CV curves at 10 mV s™!, (b) CV curves and (c) capacitive and diffusion contributions of the
Zn//NGCA device at different scan rates, (d) rate capacities tested at a current density range from 0.1
to 50 Ag ', (e) GCD curves of the NGCA-based ZIHSC device at different current densities, ()
GCD curves at 20 A g ', (g) GCD curves at 50 A g !, (h) Voltage drops from 0.1 to 50 A g, (i)
Nyquist plots, (j) Ragone plots, (k) cycling stability and coulombic efficiency of Zn//NGCA at a
high current density of 20 A g
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Fig. 5-10 (a) Fitting plots of log i vs. log v from Peak O and Peak R of CV curves at a scan rate
range from 3 to 50 mV s!, (b) Diffusion and capacitive contributions at a scan rate of 3 mV s! for

Zn//NGCA device.
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Fig. 5-11 (a) GCD curve at a current density of 0.5 A g, (b) Ex situ XRD patterns, (c) Ex situ XRD

patterns of Zn anode at different charge-discharge stages.

533 EREZ ZIHSC BB F e

% NGCA HJZE)/K R ZIHSC 230 Tt aevERE R0 B A, SEIRAHEE T — itk

71



LRI RER A2 A 18 S

(ISR PEUERE S Zn//gelatin@ZnSO4//NGCA #3ERET (1] 5-11 (a)), PLEGIEHAE{F 4%
2R ] 5 3k B8 B0 4% R IRV ZE R A AT S B 5-11 (b) P, #EREIES ZIHSC (¥ CV
257K & ZIHSC (&l 5-9 (b)) AHBL, 2 WAL FH ¥ I FELAA I O A 508 Fi A 27 S
WL o SRTT, 7K R HURTAR LG, BRI B o (A 3 e AR T W A,
v IR, I HAEMARMERT, RS ZIHSC MHA TR T K
PE Zn//INGCA 2585 (K 5-11 (¢)). Ft, MEZMERE (E 5-11(d) PAARTES 2 IR,
B2 22K BB32 IR, B A2 k. 52K B 62 IR BB T2 IR, EB 82 K.
92 R 102 RAEE 112 PG T CHIRETEM 0.1 20 A g) 7 GCD ik

(E 5-12 (e)) AT LAHEWT H HABRE A A AT N . RE W, T NGCA MIHER S
ZIHSC 2RI LA E, £0.1Ag" F N 219.0mAhg", BIfHELE 200 %
S E (20A g MR 61.2mAh g YRS ERES 1Ag ' M05Ag!
i, KE AR HES] 127.4 mAh g f1 142.7 mAh g, #EAVIIASE (1Ag' R
1223 mAhg' F1 0.5Ag" F 144.1 mAhg"). b4k, 7RI RESEHL T & E O RUER,
XELZE BEN] 73T NGCA 1 A BAT O (1 ik S Ae PE AT AT i . A Ragone
Bl (B 5-11(0) ATLAVEH, ZREAETERE LN 110.5 W kg B 528 7 186.7 Wh
kg MEBCKRERETE, JHERRINEEE N 16.8 kW kg B RRF 40.8 Wh kg [fI16E
B, T V2 Ll ZnSO4 /K9 AR ) ZIHSC #34 (R 5-2). 1ENA % 8
VA (0 B B, DR o [ &S ZIHSC 230 10725 Hh A FE M 0025 47 1) 180° Sk bff 72
ZE, B AR A E T 10 mV s CV gk (B 5-11 (), REDH
BB, Ak, @ 0.5Ag! FH GCD gk, MM 180 HRE T, &t
100 KA 0°F] 180°HIELL B a5, HRMRFFRNAERAE 90% (B 5-11 (h)).
AR T HAR S 1) s A R e VERIHU R DI, BB K2 AN RIS AR . 1 5-
11 (i) 7R 12T NGCA MHERZS ZIHSC #4FM BCEAT N, Hy 3B RVIAH
£ 1.8V, Z3d 200 /NS ETBCE S OREE 1.26 V A B U, R IRFER N
70%, HEBCEERWAL, (0827 mV h's R ORPEREE—Ese, KRS
PITIEFEBATAR N/O B2 58 53 91 2 FURR 2 T A REVR A fiff Uk i) — b i
I B KL

72



LRI RER A2 A 18 S

(@)

Specific capacity (mAh g™)

A
R

Energy density (Wh kg™)

Potential (V)

60 100 Diffusion 7/ Capacitive
E ™ 9 o, 23%
. = 6% 32% 8%
< 3 2 SOy, 3% ¥% 3%  w
z : v %
= |+ £ 0 £ , %
#NGCA cathode = ]
. s 2 40
g -30 £
. Gelatin/ZnSO 5 S
-60
0
"+Zn anode 0.0 0.4 0.8 12 1.6 2.0 38 T e W %
Potential (V) (e) Scan rate (mV s™)
2.0
250F 9 @— Charge 140 ~
Q ~—@— Discharge A 120 & g:;
200 lom z 0s
o DT 00 £ & i
T = 2
150 80 £ 2
......... "% s UnicAg'
wol 00 60 =2 .E s
E & 7
40 =
Unit: Ag” | 10
50 20 ° 14
01 02 05 1 2 4 5 7 10 14 20 105 o 20
0 0 0.0
0 20 40 60 80 100 120 140 0 50 100 150 200 250
Cycle number (h) Specific capacity (mAh g')
(8)
186.7 Wh kg'! o 4F 10mvs! o 90%)|
N 29 RTYY e g, 4
N ) g R
100 A 2 s 80
Ma, 2 o g
A = -
A < 2 60 0°
& £ 2 . g s
16.8 kW kg! s 45 g
[ e—0 El el , 0°
o4 —135 S
—180°
10 -6 0
10 100 1000 10000 0.0 0.4 0.8 12 1.6 2.0 0 20 40 60 80 100
Power density (W kg") Potential (V) Bend number
2.0
1.6 \
1.24
0.8
0.4
0.0
0 20 40 60 80 100 120 140 160 180 200
Time (h)

Kl 5-12. NGCA @ J#ERIf&K ZIHSC aefFry i PEme. (a) #EMMA ZIHSC SRS
K, (b) ARIFARGERTHR CV iz, (o) HfEAEN 3 & 50mV s M HRAEFY HoT
Bk, (d) 7E 0.1 % 20A g HIHIRHEE NS RAE, (o) ARMREE TR GCD
4k, (f) Ragone &, (g) 10mV s BIARZHMER CV #IZL, (h) /£ SAg! TM 0° F|

180° RELHMIEMAERIRFFE, (1) HHE 200 h EHEKBAT HIZ.

Fig. 5- 12 Electrochemical performances of the NGCA-constructed quasi-solid ZIHSC device. (a)

Schematic configuration of the quasi-solid ZIHSC device, (b) CV curves at different scan rates, (c)

capacitive and diffusion contributions at a scan rate range from 3 to 50 mV s, (d) rate capacity

tested at a current density range from 0.1 to 20 A g}, (e) GCD curves at different current densities,

() Ragone plot, (g) CV curves with different bending angles at 10 mV s™', (h) capacity retention

after repeated bending from 0° to 180° at 5 A g’!, (i) leakage current curve after self-discharging for

200 h.
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R 5-2 AR T AR K ZIHSCs [ FAG S P RE HL

Table 5-2 Comparison of electrochemical properties of aqueous ZIHSCs assembled by diverse

carbon-based cathodes.

Specific
Capacity Energy Cyclability(%)/cycle
capacity(mAh g
Materials retention(%)/current density(Wh number@current Ref
D@current
density range(A g) kg density(A g™
density(A g™")
BN-ZIC-3 162.6@1 45.0%/1-10 115.7 99.2%/10 000@10 [159]
PZC-A750 124.0@.025 65.9%/0.25-20 107.3 100%/10 000@10 [164]
HHPC-6 147.0@0.2 48.3%/0.2/50 117.6 88.0%/20 000@5 [165)
GSGC-700 138.8@0.1 61.7%/0.1-20 111.1 87.2%/10 000@5 77
LDC 127.7@0.5 33.5%/0.5-20 97.6 81.3%/6500@5 (17
BFCA 225.3@0.1 32.8%/0.1-100 201.4 100.3%/20 000@20 (1971
WC-6ZnN-12U 111.0@0.1 57.6%/0.1-3 109.5 92.7%/50 000@2 (73]
N-HCNbs-6 136.2@0.2 49.1%/0.2-50 109 96.0%/25 000@5 [175]
PHCA 143.7@1 56.1%/1-20 129.3 92.0%/10 000@5 [176]
MEHC-3 132.9@0.2 49.1%/0.2-50 106.4 94.7%/20 000@15 [174]
NSPCN-800 95.2@0.1 68.4%/0.1-5 59.0 82.6%/5 000@2
BC-CNa 51.4@0.2 39.9%/0.2-3 48.3 96.0%/90 000@3 [178]
OLCK4 121.7@0.3 40.0%/0.3-20 94.3 86.7%/10 000@0.3 (1791
3DPC 194.0@0.5 53.0%/0.5-30 156.0 88.0%15 000@10 [180]
NPCN7s0 204.7@0.1 62.8%/0.1-10 143.0 95.5%20 000@5 53]
HPC 204@0.2 49.5%/0.2-2 118.0 94.9%/20 000@2 (1771
PCNs-2 149.0@0.2 50.3%/0.2-20 119.0 91.0%/10 000@10 [182]
This
NGCA 257.9@0.1 45.5%7/0.1-50 226.5 97.8%/15 000@20
work
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