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CONSTRUCTION OF HIGH-PERFORMANCE ZINC ION
HYBRID CAPACITOR BASED ON POROUS CARBON
MATERIALS

ABSTRACT

The water-based zinc ion hybrid supercapacitors (ZIHSCs) formed
by the combination of battery type electrode, capacitor type electrode and
water-based electrolyte successfully combine the advantages of batteries
and supercapacitors, with high energy density and power density, making
up for the gap between battery and supercapacitors. Porous carbon
materials as one of the most common capacitive materials which show
high specific surface area, rich pore structure and high chemical stability.
The raw materials for the preparation of activated carbon on the market
are usually oil or coal, which brings serious environmental problems and
non-renewable. Besides, the specific capacitance of ZIHSC based on
porous carbon materials will decrease significantly after multiple charge
discharge cycles in the application process, Moreover, due to the poor

hydrophilicity of most porous carbon, the surface resistance is high,
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which makes it difficult to make a breakthrough in electrochemical
performance. In this paper, we successfully prepared N/O co-doped
hierarchical porous carbon materials with high specific surface area using
biomass as carbon source, which can be used as high-performance
cathode materials for water-based ZIHSC, with high power density, high
energy density and ultra long cycle stability. The main contents and
conclusions of this paper are as follows:

(1) Sugarcane were used as carbon source. Through freeze-drying and
carbonization, the natural tubular structure of sugarcane is perfectly
preserved, and then KOH and carbon chemical reaction at high
temperatures, producing a large amount of gas that ruptures the tubular
structure and generates a large number of pore structures on the surface of
carbon materials, forming an N/O co-dope arc-shaped carbon nanosheet
material (2DPC90). Thanks to the rich graded pore structure and N/O
co-dope, Zn//2DPC90 shows outstanding electrochemical performance.
The hybrid device exhibited super capacity of 216 mAh-g! at 0.2 A-g'! ,
and energy and power densities of 155.6 Wh'kg'! and 18.9 kWkg!. In
addition, special arcuate struct ure which effectively solves the problem
of low cycle performance caused by the accumulation of carbon
nanosheets. Zn//2DPC90 keep 100.1% in the capacity after 10,000
change-dischange cycles. The resultant carbon-based quasi-solid ZIHSC

device (Zn//ZnSO4(gel)//2DPC90) gave expressive specific capacity of
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166.6 mAh-g! (0.2 A-g'!), outstanding energy density of 123.4 Whkg",
and excellent mechanical flexibility. By optimizing the carbonization
temperature, the hardness of the carbon skeleton (2DPC79) was improved,
and there keeping 105% in the capacity retention after 100, 000 cycles.

(2) Traditional recycling discarded A4 paper methods bring
environmental problems and have low utilization rates. A4 paper were
used as carbon source. N/O co-doped graded porous carbon with high
graphite content and high specific surface area was successfully prepared
via adjusting the proportion of activator. A4CA3 was used as the cathode
material of ZIHSCs to test its electrochemical performance. The aqueous
coin-type ZIHSC show excellent capacity of 244 mAh-g'! at 0.1 A-g! with
a capacity conservation of 116.4 mAh-g' even amplifying the current
density by 200 times (specific capacitance retention rate is 47.7% ) , a
supreme energy density of 190.4 Wh'kg!, a supreme power output of 18
kW-kg!. Excitingly, the quasi-solid ZIHSC device also bespeaks an
enjoyable capacity of 211.7 mAh-g!, a high energy density of 159.3
Whkg!, and successful powered electronic devices such as mobile
phones. LED lights. wristbands and stopwatches, and even after folding
them 100 times, the specific capacitance can still maintain 90.2%,

demonstrating ultra-high practical value.
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BHAR 15 ThD S B /AR, X Py AN A T AR R IR e S5 4 o e 7K R LAV PT A
RICH A 2 A5 A A o
1.3 B FRABRBEFIMIR
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FIT UA F AR VR (3 B 5 ZTHSC F LAk 2% 1 B A B B 52, ZIHSC H RiRH & % 1)
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Fig.1-2 Classification of electrode materials for zinc-ion hybrid supercapacitors(!]
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&1 1-4 7S B9 2E P 5B RHE B3]

Fig.1-4 Schematic diagram of production of carbon materials from various biomass(*!
1.3.2 NEIMAZ[RFe S FLERM R

BIGINRE TR AN Z AL B B 72— O KEAR
FH, N. S, O. By P& H A DITHON M- dL 50, SOREA R, a2
S 2 TR DA B R A 27 R = A 2 324

N & Z FLER R Fo ) 2 2R 8, B4 B FARME B & N B Re [ T
DASR LIS PEAL A, 385 ™ A BRI AT 53 A T UTE e SOk IS Bk ¥ 3 L L 3R
PRAEANERIE . N B2 RIS B RE PP eSS I, R A T 1 i) Al
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JE R, FRAEIEIBA . AWk, BB G R LB IERREA Y (BEAIK ZIHSC
FIPERED) BRI, ZERRMP R, & N OB AR EZAE LUR DAk mEiEZ (N-6).
MEE L (N-5) « ZF%( (N-Q) AIMERE R A (N-XD B8, Forr, w7 G B fif Y
N-5 F1 N-6 AJ LAAE g mi i 4 oo 5 5 J 21490, T LE HLAT ) N-Q A N-X AT LA
WEINGR I F HAE . SUE AR RE . (R AR R 0, o Ak 5 T TR S A
b, N 4B 2RIE AT ARARRATARL R TRV, 3X % KA N 2pz HUE H 1 HAT 5k
ke XS TIK &R ZIHSC, BRI KA ) T B AR FBL AR AT Fb g o v AR 1 ¢
T FL BEL I bR H R B A T R, R A RO A AR . Luo S LA
Za(NOa) NEAF, JRE CEBIFD NEREL, B i — b #kbeis:
4 NS O Bk M E LR TR 2 LBk, I idid Ak 28 xs HER L, N
O 45 410 2 FLAR I LUl 25153 20 T H S B BEL B 98/, UEBA T N O J&
B I B oM R B A S M R R A AR A,

S JEF 45 2 A A RS AR iR T b A3 5 L I TR PR R A e
BRHEEAD R ) SR S p BUE R T S R R sp? 224 I p i &
B, FESHERE B RIS, R T S0, 5 N R AL S
JE 8 i BA R DU B SR R AR (P T . EWY-S (C-S-C) v MR
(C-SOx-Cx=2-4) . BA/BRIRAGH: (SOx) MR . Horh WA A R T bt
BHISR KM BAR G — 5 RS, BX/BR BRI 5 1 15 Jif P 2 AH D021,

5 N EFAHE, PR TRR TR TR R, ALl P 452 n] LU
BRI BB, 02 RIBE S, (R k7B I8, HEmAe s A R
Ma 25 \ L4 TR TR, % KOH TiiE AL F HsPO4 3% 1k i 75 i1 4% T B
1w L R RIS 2 2 ALK, HsPOs IS LA OUE BRGNS o (1 FLECE 3 i,
IR T8, I HiE 5 2 S 380 B2 0] T AR 0E B AR R AL A
MHem T BHs & 2 ILRINEMEEME. RIS, P 3522 nl DA 56 i fb 2 B 113 i i
EREEEEE. AFEMS P EAEE (C-P. C-P=0. C-O-P. C-P-0) XIHitt
BEAAFEBSE . o, C-P A P-O AT LGN 7%, C3-P=0 H1 C-P-O A LAZL
BB RN, SEIE AR, R R AR R A P,

He i, #lin B A1 O, WA BT BB AR . 5 N BAKEL,
B B AT LA i T IR SINIRHELEY, AT (b R B e ) s AL 2 Mk e
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B AR A% ) B R T AT AR R SR AL A IR, SR R R T BAT — 58 B R S 1
IEAt, B B2 ] DL B RHE A AL BT BRI o U T RER LT
VU E AEH]: -COOH. C-O-C. C-O F1 C-OHSl, KEMFKAE T C-O0 &R
e H0 2 FLBR 1 I L A A AR E R (HR SE S =il i, 20 2L S H
PRI SR, I B2 51 RS iR RE A F IR, NI B, R LRI B
I

HEMRZ CRERN &=, CEAHRRTHEMm—MERE TS5, Mets
IR Z A AR R TR RBR S &, ZMRE T2 FEER, st s —2
JE BRI 8R . Guo 55 N Ak 7 A 5, R BB A B is A2l 4% T R
A REFFLEHEI N O Sy P WUMZRE BRI R 2 A8k, HH N. O, S,
P IS BN 2.5% 15.4%. 6.5% 1.3%, fE=fRFRF, HRHEELBEE
F| 332 F-g!, WRRASMAE 9.75 Whkg! IURE RS E NIBEAILH 7 kW kg B2
H FEBOL,

JUEIIERE S TR G HHASR CARUS T ISR R, (AR R % T iz A
Re N, HTHE IR A BB A 31 St 2 FLBk DI R I K B A &
P
1.3.3 ZFLERM B EHI&

BRI E R G RAFE, T HX B AL AT i, BT A
Z AU S — S5 LRI 5] TSGR 2 60 R R 2 HUEY UM
B EARERE, BIbAE S BERHERRM R @S miR A S5
YR, ATCA BRI ER Tk LAAMR R 2 B AR ZE e 43 o s A A Bk
A/ AR BRI« AR 2R / L 2100 22 SLBR B O TS L FLAR S5 A AN 1k
Fete A . ORI, VR E AR R S R AN, [F B R
TV 0 P e 1 ) k35 i v, SR P S8 A ik FEL IR 7K 2R PR AR T B ) 2 1 P L
BERAR, 0T PR R B, SRTH A5 M RE . WA (b (b 22iE k. DB RL 2 A
BRI 5 S a1 2 H R F s 7 2K

YIEE A ELRELE 400-850 C 2614 M aAb 5ok, I HAE 600-1200 °C HIR AV
B, CO2v 285 Now /K2R BIIX S S AR 1R S W 21 TR A ) 77 A FL A 4D
COx A TE R H o A BRI R 55, BON R H ISR 2 —, IF HH T-4E 800 “C

=
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ARHRE T, RMNEREE CHRTEEEERE)  EERM T

CO2+ C — 2CO (1-9)
IRFEAL A T2, BRAEHEREAR . MBI SRS M4 2 O, £
[y sz 75 A 2 R B4
C+H0 — Hx + CO (1-10)
C +2H,0—2H, + CO» (1-1D
CO2+C — 2CO (1-12)
2CO + 02— 2CO, (1-13)

I LSRR [N AE K CO2 B CO, 2R Ja COx M LAE— D Shik [ b, 2
BB 28 AL DS K 728 TS iR K S S JE & AE 750 “C IR R R A, B,
IR MR R (<900 °C) , = FEGRIAERRACYIRURL T BEH ik, HfE DAt
NALBRE, FEUNAEIS] . Son 58 NAE AT SLIERRAF VAT, i 3 25050 70
AL AT BEIT & T — 251 AC, FFIESEE AR R AN 22 SR A AOUL T 35
FULARRR LS 77 24 32 31 1 325 2361,

BAR b, 2SR DU R Z B B BRALE5 ), HA S —MAREEE H
Gy BRAF ML o (R SRS 2 8] 1) SR AL S B2 T KB A, AT e 7
BUSA R LA, Toib e R B FLBR A5 4 o RS AL R A S PR T i A 22 16
Ao Ui I P B A ) 2 fLIpE B BRI R AR, i B ALZ5 R th 3
SR 2 AU BRI AL, ok A KR IENEIE, IS 2 2 fL5K 5 iE
5 FH T IO B LB 73 B A 73 AR/ KI5 ¥ PR R IR B 34

TRCBINFRAE — PN ARG AR, e rp e PR 238 I AR AR e e Ak 1 Y S (10 18 1A%
PRI RE B R BN RE ECS, liB Uh 3/l B 1L RT DUA R e B AL S
MR r 5 AN A R B0 i 2R ) o B A Y A R 2 AT S i
BENBR R, TOAETR N AR, OB EE R AR B (RIS — MR (1 P9 748 217 R Tl — S 2
SEA RO SR AR 15 SO BE 5 T 4 L AR BRI [ I B KB RE YR (1 1-5)
TB NI PR I g e UL R .

11
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Microwave

Heat

Conventional heating Microwave-assisted heating
] 1-5 W3 s ARGt 75 /4 B AL R 0] E BT
Fig.1-5 The difference between conventional heating and microwave heating in terms of heating
mechanismbB7]
B BT RANEACTI ST G G, R IS A A OB, TR
I E WAL . SYEECARLE, Ao im A BENE Je S N2 1) I BLAE =) B
SEINF B B FLARZGE B, (E AR S SN 25 2R i 7 28 3 e 1 25 B el A T A 79 B S
P
5 FE A AR A R (KOHD kR (KoCO3) « BllER (H:BO3).
BER (HsPOs) « JRERSE. XLETEMFIBEMIR AR, el A AR iUk
REW A BN R AT RE, TR & LS5 . e KOH &2 A )
BRAE TR AT — o AR A S B G TR 1421,

6KOH+ 2C — 2K + 2K,COs + 3H2 (1-14)
K2CO3 — K20 + CO2 (1-15)
K2CO; +2 C — 2K +3CO (1-16)
KO +C— 2K+ CO (1-17)
CO2 +C—2CO (1-18)

Li & NV B HIVARIE,  H KOH & 44 Ja i £ 1 2 FLak ) E R i AR =2 A H
KOH 5 AL 2% (B AR L R T AR 1) 4 500, 52 S0 BAR B i AL e
SEA, HREEN SRR T A RS AL, 1 SR A A B i 1)
F et AL Zhang 25 A\ UL NaOH AT AL 4 H B 2543 m2g! & ELR TR Y
FRRATHEZ LRI . SR S SR R

6NaOH + 2C — 2Na + 2Na;COs + 3Hz (1-19)

Na2CO5 — Na;O + CO» (1-20)

12
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CO,+C—2CO (1-21)
Na;CO3; + 2C— 2Na + 3CO (1-22)
Na,O + C — 2Na + CO (1-23)

PR (HsPO3) W] LUEA BT R4 R IBUR /N 70 Ak, IFdid R F 4
FHRHRI B BR b BT (1 SR A IR ER 4540 (HaP207+ HeP4Or3) ), IX UL R A WEIR £
(RIAALE AT AR AP ST R A A, T S8 37 A 70 VB T SRR RV 45 SE 331 50 A
AN, BER AT ARIRR K TR A R N A R RRE B/ Ny TR £h, 7E i T 2 il
FAE A T EH 2 X 8 [ pR R T DA N 22 LA T IR P S A B A B . MY
ik, EEAGERES, AT HaP2O7. HePaOus FIHR K AL A4 B4R I R T 11
AN AR EE T PR T BN S AR 22, S8 2 LR IR MEAL i, AR
HLZ . Guo 55 AR F B R Bhid (bl & 7 B RIFFLA MRk E 5 R 2 AL
(WSPC) . SAMFRIIN 2 LR i B RIEIIILEE 1 . £ 8 MR8 7 fe
(& B R TS ELIAE 10.3%) « SRR (R 2583 m>g!) FK
FLA LY,

PNBRALE =il o0, P AR K 28T DUR BN AGER AR B 1, AR T4
FLAER . ) FH BRI T LA 2 B RN 3 2 SLBRAT A B B2Os, A FLA5H: 76 42 2 5%
I Bl TRV, fEfs B HsBOs (BT FER A 1-26 Fron) » NG
WL FRRT IR A2 AU o Lu 55 A FH IR 1D [ 2R G5 460 o R 3 2R B/N 3
B Z ALK, FEESSER A AT AR =48 2D ERRES M4 2 AR, I
T LMESHE B 5IANBE LB 4455120, iR (HsBOs) TARJRIRUT.

H;BO; — HBO>+ H,0O (1-24)
2HBO; — B;03 + H,O (1-25)
B>0Os;+ H,O —H3BO3 (1-26)

HAT, BHEA G B A B S iE A7), 2 e A AN F
AT 18] A iR AR P vt LU R TR, Je s R FLASH A & BRI 2 SLIRAS
B ZRa w2 SLBARH AL 2 PR BE o 91 21 Chen &5 A R 2- FF Sk R g
(C4HeN2) AIAHERSN (NaNO3) &ty K -—DRkeikfil & N/O BRI %
FLBRARE,  HLEC R AR B A T Bl 2- A BRI (C4HeN2) BUAHAH (NaNOs) [l
AFE FRIERIN Guo 5 AHIE M N Sy Py O 578 1) 2 FLBK th 2 i ik i g A

13
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B ARALRIVE R 2ELR R RCREBY, 28 ERTIR, TETT 20 WS A i 3% DL S
T FH B R BRAT R FLAR R . PR T AR DA S SR T e 1R B B35 R

L4 AXHAREREMRAR

141 ARG =

B AL B AR, NATDR T 485 2 7 B & (1 7 SRoBR kB R, BT AT HE R
A AR RE B2 A PSR RE AR TEJERE . KRS IR A B R BAR
(ZIHSC) FeH mhe % FE A s D)3 % B L MR B HLze e 51 S 1T 32 1)
WAL, N ECE R R IRt RE R 2 — o B R FRART Zn® 1RV B/ B R
Xt ZIHSC REME A7t (1 F R @ M AR F o AR, 7o bl 1 % (1 Ji b 6 Ay AN ]
FRAE A AR IR S ] % T R oy SR P AP BE i /L, I L H T s MR 1 B
RIEBUL, LAY, FHMEZE, FBZo? WS AL SR T 3
TIPSR AE ZIHSCs (IR, RAEIE 2 N R4 R . A
PIIFRRAREAAAE R 7] A2 AN RSB, 38 I D A0 a6 2% 1 6,475 18 8 Vi A4 751 LG 451
BYE A AR 55 T SCRI AT FLAR S5 M AT A A0S . IR H T N/O S50 R
YA P D& INICER, BTV 2 FLEk— R A N/O JH45 2% HFE,
AT ASR AL fi 2, T AR T2 i 2 LA BRI SRR I, (645 AP st B A
N EHEAR 7K &R ZTHSC IEMRM kL2 —. (B3, BT ZIHSC IR RAyH G LR
Pk -

(1) 2D BgKk EE RN R P2 5 R AR, SEELA WG ZE, H136the
PG IR PEREAE LA AT R

(2) ZALBARHIEIRE R 2 . REHERAM RIS 2, SFBUKRH
BRI B LA PR 2 T L BELBOR 7K 3R ZIHSC A AL AR
1.42 fAIRAR

AR TT N 2 BAFRE LT AN A

(1) M LR TR N/O 3585 24990 K F

CAVR VR T-HR K 7 AL B 6 T, 5 G IR BR H I (I R AR IR G 1, B &
IR AR AL AN KOH A6 A 31 6] 55 il 4 1 B e EE R AR N/O LB AU 9K Fr
(2DPCX) . % 2DPCX HITMIES . FLARE5 M JToR AT 2 4, IF
S K RN L AL ZS Zn//2DPCOO #44 F Ak 2 P REEAT MR AN -5
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(2) FIHEF A4 ARt t 3R 47 s 70 22 LIk
CAPR 7 A4 AR9tUs, JFRIH A4 a5 E e i~ 0 il £ CaO NIEELAT
SAE AT, M BRI A7 SR 0 2 LA RSB E 2 SLRRAT R 704

LSRG T L R IR B I 2 R IE . AR AEHIR N/O Jhis e, 4 5
CERI RN ZFLAE I A s &, PRI R 5 1 Ak 2 T
1.5 8§ =

APRAUE S A 2 FUBR A S R TP I BRAL AR EEATE AL LB, A
T IK &R ZIHSCs [ AA m R MR . N/O LBk et 2 fLats k. H)
W AAET

(1) FE A FIH BERIREA A TG R B VR TR IR B H RERI AR 3D

EORGER, WAL S RO N/O 3EaB 2R USO8 49K, A R0k G i Tk
FORHHER T SRR E M 22 1) 17 o 78 70 A AE DA RHE RAR G5 i A e R 4
o

(2) FIFIEF A4 4Riia B AT HR 0 A7 82408 N/O LB 1 2 SLARAT R
A4 ZRH S ERTE R T AR AR CaO, KPR A SR 5 B BEIGIE . 58
GER RN 22 SLBR I R &, WD Nl i LA 2 P g

15



S W YN T e VAT

25 HEITE N/O iSRRI 2D 9K/ AT EEEIF
REMKAHESTRABRBRA

2.135|8

BEE TR & (BRREEB TN BERES) EIRE, XEERET
i T2 TR Th 2 L R e 0 8 B LA S e TR SR o I A R IR /K PR B B IR 5
7 2% (ZIHSC) HEMBH R 8 E i Mk REIL s T — &, AR RS
(I REIR i 715 % 2 — (1557641,

HH, ZIHSC MR AY Zn BHARAN i 28 a5 T B B AR AL RS, F Y Zn FHAR
I AT Zo? PR B I RS R A R, A AR B AR i B R
IR PR/ B R TR i, IR ZnSO4 K ETRAE N HLR A Il T4 st Bk
AR 22 AR os-00) BE PRI A B =ik 823 mAhg! . FHMEREL R At
EJFE AL 0.76 V), IF HREBEAE/KIGR T REAFLE, A BT SEBUAR X 58 19
TAEH R FARSA. 1Rt I RIFMFRE . AR AR5 H
7781, [RIE, BRIERAMBHRA RIEMZ LA KRR, RIFH S a1
TR ENE, AT AR I H PR A R R BE ) . R AR E RN T R e
(791564657021, AR, B> Zn2 AL R G AR IR IS B)) g R 2 R Al R A
SE M-S 3L ZIHSC 1 bE HL A BUAIR L RE B 25 FE A FRI28 7273761,

PRACBRIE S ARAT RSO SR  FLAR SE M AN 26 J 7 & B2 $2 /R ZIHSC Hifk
FVERERI A RSO, 4t (2D) GEMAEA m IR A AT DA IR 2 1)
FELfeT LASRAS S R B B2, 1T HL AT R T i DA 28 79 iR A, Sealik
WAL S J 58T IR, CAERAK R E M R, GRAERIRNE S, &
Ffk e A LA E VE RS8O ZERRFEARL 45 28 2% J5L 1 U AT A7 R0 A R 51
TRV T = A A 0% A R BE 7 R, AT BRI /K R A RE B AT h i Al 57K R
iR JO YA TR) T R RELE T PG L R B, 4R TH A Ak R 203235 7281820 Rk, WAL
N RN T KEWSS 8 B R0 s i aA R T8 2w g ZIHSC,
B2 H 2 ROBERSEARE 22 43 2 2 FLAS R AR FH & M Ak 2R AT 2 2R 5T 35 0%
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Ry S BB RSP 2 EE BELAS 1 e R DR RIS A (82881 R, Je et 7 SR AT T 4 e )
TR AL P A R ) % 2 AR ST AR K 2D R 2 LB, X T ZIHSC 1K
HAEHEEE L.

AR AR CAE i H AR B, Jaead 6] 2 il s AR v H B e LR T AR
(¥ N/O LB 490 2D Bk fr o AP AL, N/O S5 32 H A K fE iy
#I6E, FTUEMERBARAIMEN N RE B84, BARETSE, A
AN, FRHRE B & BA MR ERAEHEE, T A Rod i @ 9I0E 2D 44
Kh. HFlHRRAIEU T =D T GERRE MRS 3D 451D, Bk
1 (il H B IR GE A I B eI R KOH &AL CEPIRES M 7E I B I 2
VEFF, TERGEA @ LR A N/O JLB A I 9IUE 49k ) o 1B i TilE
(TR O ATL ) e bl 3R T AR N % S g B TR0 VR P, 68 A A1) % 1D B 40 oK Rk
(2DPC90) AWML EE/K R ZIHSC 1F 0.2 Ag' IR Z E N 2R H 198.4 mAh
g FIE LA R, BME R EEY K 100 1%, HCEZBVREEM4ERE 57.2%, R
LR R RE, IF HAE 199.4 Wkg! TR R BoRH 155.6 Whkg! (15 fg
B AN, Bk E S ZIHSC B 166.6 mAh-g! [{) & LA & . 123.4
Whekg! (1 H €8 8 85 B LA R AR S ON LR ME . R T 78 20 UE BB A K Ry IR 9O 45
FTESE B BHIE Ao E MR 77 T I St ok, il B B AL L (600 CHEFH
700 'C) , MEEA mhkE LR FIY 2D 4K (SCA-79) 5 Zn//SCA-79
285 100, 000 IXFETHEIEA (10 A-gh) 5, HERFFEN 105%. L X eesiE
T, A4 B TIRLE SR G5 K6 1) AR 0 A R A g e g 1) B e B ARA R g i
RE AU R T —Fh AT i T B K
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2.2 iR ERSY
2.2.1 FEFEM R
% 2-1 iR SR
Tab.2-1 The chemical regents for experiment
BB R il CV I 3
SE L Ve 6] 24 82 A 2R 7004 BR A ]
R srirat B L <k A A PR )
LKA e 6] 24 42 A 2R 704 BR A ]
LR R Denka Black Li250 FE A AL AR
PTFE 7L D210C KIE T Z IR A PR 2 7]
B
o T2 TR R 2 AR el 717 i 3K
2.2.2 TENHEMRE
R 22 WA
Tab.2-2 List of equipment and instrums
D& B AR
IR HZK-FA110 5 EE) BT RHEHRAR
Iy HXL-1200 Fig SR s A IR AT
W 608-12 g T IR AP R A A PR A
IKH AR DF-101S FEIR MR A PR A 7
LENEYIE R AR eSS 85-2A H MR TR I A PR A
IR E KR SHB-III Kb AL A PR A 7]
SRR XMTA-600 R RHEACRA PR A
HLA 2 T AR, CHI-60E Eilg RS H IR AT
L HB I R 5 CT3002A DT R e AT IR 7
ML MSK-HRP-MR 100A R BHARA IR 2 7
JEFERL ZHY-401B JEE ARG BB R A IR ST A A
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2.2.3 ZFLEEPHRIEYE &

W 28 B H RE DRI IR, DIOR /NS T 8, RO RIS, R T
BN 7 T4 ERSSEE T, B2 Cmin! FTHEERE S 600 'C, FHHrs:
2h, fFEIBAENR (fr4489 3DPC) , R AR AEI A (KOHD #% 1:4 1£5
I FEHATR S, BRSBTS IR g, JERL 2 Comin! MTHR®EE, THEE
900 C (#3444 2DPC0) . 24 T TRt L, H4 3 AL R 23 731 VA %454 700 °C 800 C .
950 °C (2DPC70. 2DPC80. 2DPC95) . y&HfkJa, TE/KUHRE S 85 CHIMIEF,
F 2mol L 1) ER RS A BHEEAT 78 40 Bk, Bl S AT M RLEEAT Ve e, ELEM
BEHR P BE R ARBION 95 CHUF I B, BIRTAS 20 H REAT A2 1 2 FLER M Kl

AERASAE T, B2 Cmin! FFHEHEEEHE 700 'C (2DPC7), # SCA-7
55 KOH 1% 4:1 & W ERA)G, 16900 CRASKM TR 2h )5, 55 H
2M HC1 MIZE/K 7870 kv, M+, 15%] 2DPC79,

2.2.4 KESHEBRIOGIZE
1E 65 C/KMZMEN, ¥ 3 ¢ AT 12 mL IM ZnSOs 1, $iidE 2 52 4

)G, TRFF 65 CIMMMEE THFE, HREBRMH BTN R, FIEEHEIA A H)
B, A=, TERJEREL 3 mm 7 A H i .
225 B FREBRESFNER

Y BTl 6 B R, 2R PTFE FLI CREZE71D #4 M 8:1:1 I LLBIR A,
HIMNE R AR, S EREG TR, BISAE 55 CHRAAT, b
FJE R TCEAE 85 Co A THLT, PR R TRONER L, RERE, HEH
0N 12 mm (IR FEARAT R ERZN 1-3 mg. BJE, €20t 260, BmrptiE
AR R, W RGE R IR,

IKFANA ZIHSC 4136 K & 5F OBk FEARAE Dy ZIHSC 1EAR, T8 8
VE NG, RS 2M ZnSO4 ¥ Whatman & 50K 1E 61 BiAR G T, CR2032
B BN R B, B — BN )5 AT D

HEE S ZIHSC %5 Wik IEM . BHE/ZnSOs (gel)  FE{AMKIRHES, 4%
HEMAS ZIHSC, ISR W Iy 25 34
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2.2.6 #EFREBRESFHBLZELENN

A E K R AL A P BRI T SRR MR 2235 (CVD , STHFAAT (EIS)
fER MBI (GCD) , WK R %,

(D) PERRZE: AR AR, AR ™ A S IR, SRASHIA S H
TiKE AT AR RS 2. @) i EAT 70T, REME AR BIRARLL A L B A
W, R AR NS R

(2) ZZmbHiE. BRI E 2 TR, REY 1 AR 2RO BEBTAR
FAER. T EREEZ oAb SR . AT s Ak 22 B AT A0 2 5 [ 2 0.1-100
kHz.

(3) EIR BRI I EAN A H 2 B R BT ARSI, ARYE GCD
2k, J@id— N AKX U MRS (mAhgD) , BEREZE (WhKgh
MINFEZEE (KWKg") :

Cs=IAt/3.6 (2-D
E=VIAt/3.6m (2-2)
P=3600E/At (2-3)

Hop TN (A, AUZBCARTE (8D, m & TAERRHEEY
e (g) , VEBEED (V) , EZREHRE (Whkg') , PRITRERE
(Wkgh .

LA CRRF R IR AT n IRATBCRIEIA G A S WG LA I e, b
RHHEARFFE, CoIEAW n RABCRIE G LR (mAhg?) , Co/2d]
B (mAhgD) , FEARWF:

N=Cn/Cox100% (2-4)
23 BR51ie
2.3.1 EHRIE

2DPC90 )& i Wil 2-1 Fs, #42 JeJm IR 1R i RO R . 5
255 A A KO 54 = A SR 50 1 B (1 25 5 BT ] 1) 2%t 48 2 U 1 5O 22 Lk
AR APk H R R B R E O BER A, B )= F SRS ) 2 M A
B R BPATHR A 4R R, JERIM R AR =4 2 AL B 48 ARBCT R
(R Ab R 7 2, I IR TR A VR ATV VR T 1 RS £ 56 2 DR BE HRE K R 9K 3D i 48
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Y[R INE 2 T8 H

Sugarcane ae

%ezc drying
|

at Mll] (

=
:  Pore creation # . .
B

-
! —, iii. KOH activation
i ato00°C

- ' ' 2D arcuate
hierarchical porous
carbon nanosheets
K 2-1 HREATAEIUE —4E90K Jr ] & iR s =
Fig. 2-1 Schematic illustration of the synthesis of two-dimensional arcuate hierarchical porous

carbon nanosheets from sugarcane

M SEM (18 2-2 a-f) ATRAE H, BRI RE B SR H I 2= [ A i = 4R
G5, ESEAPI T R IR PR AE R R TR B T AN IR, JRE & d i
WG, G R RER . S NN KOH WG ALFIAL B, s W™ AR i A 20
WA BT 2000, I BAR AN R K 88 KO 75 )5 82 e id 72 b 2 p e
f2kk, RATHRFENFLAEEH (KB 2-2 1) » KOH KA HLE W1 R~ 72K

6KOH + 2C — 2K + 3H; + 2K»>COs3 (2-5)
K>COs3+2C — 2K +3CO (2-6)
K>CO3 — KO + CO; 2-7)

BEAk, PR 2D 9K 2L — RO R, XRMRR IR A Z5 40 ) A 3L
B IEBRIK e B, R B 22 TR AR R R SRAF A FLT o ST 0K Py 7R IE 3 A
7 FEL IR 8 1) [RTBS 2 PR2 Bf F0 VI P AR SR B0 i R . AN, FESTR AR &
I B RENALE R, AR T 485 B T 5is e, AROUH st A PRE S 7757
1R F 07 QA B 0 H B B 4, 3 BOH IE B R ORI 22 S5 A A A
(2-32) , SRGTERACE M H RS2 SRR 52 e AR RO E S (&
2-3b-d)
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P 2-2 (a-c) 3DCA #i# 1 SEM &, (d-f) 3DCA 21 SEM &, (g-i) 2DPC90 1] SEM K]

Fig. 2-2 SEM images: (a-c) Lateral view of 3DCA, (d-f) Front view along growing direction of

3DCA, (g-i) 2DPC90

o

300
I8 2-3 (2) HREBLTRIZ SRR ALY BB ORI B, (b-c) BT H EE B JS 9 SEM [, (d)
B H S EALJS ) SEM [

Fig. 2-3 (a) Digital photographs of air-dried sugarcane and carbonized air-dried sugarcane. SEM

images: (b-c) Carbonized air-dried sugarcane, (d) Activated air-dried sugarcane
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LM EZ 2DPCOO ) TEM 1% (B 2-4¢) , REMESWLEE 3 0H B A5 E £ FLaN
KP4, I LA ISR B (4 S0 S5 40 CR RT3 miobh RHE 5 fi 28 F1 T 26
WD o Pl AR AFM 45 540 2-4 d-e TR, 3DPCA 1 2DPC90 Hi 4
ALLRR) 57 B 2 A R JR BE AR 15 5] o ANIRT 2-2 £ el DA M, H A o £ ]
A BB N2 6.31 nm, T £E 900 ‘C444F T M KOH iEiLE, JE /N E
5.44 nm, X2 H T KOH S B B R A RN, 5 Bk Rk v #6, I B
LI AR HOREJECHS 1S B R BT Z kA 5 3800

=
L~
Thickncss {nmj

a2 U 300 600 900 1200 1500
Length (nm)

K] 2-4 (a) 3DCA 1] TEM K, (b-c) 2DPC90 f¥] TEM K, (d) 3DCA ] AFM [, (e) 2DPC90 1]
AFM B, (f) 2DPC90 JF
Fig. 2-4 TEM images: (a) 3DCA, (b-c) 2DPC90. AFM images: (d) 3DCA, (e) 2DPC90, (f)
Thickness of as-prepared

ik N W B/ i gk — 22 43 i 2D B 44K Fr 1 HLA% 70 A1 B A LR TR
EER, WK 2-5a fron, No WP/ SRR 2 I T /IVAYR & 55 R ZAF L, 3R
143 AL CEInERA R LR RIARD A FLIAF (Ha%a 1 s R N
RS o SHATAFESARL, 2DPCO0 EAHXHKIIE S (P/Pe<0.1) T &
TN HE BRI No WP 25 &, R EH 2DPC90 BA B 5 KISl (1.1-1.7 nm) , X
IS K 2-5b H g FLAR AT 245 BHIESE . X T B4R 0.86 nm (/K& Zn? A1 H
179 0.76 nm HIER Zn*", ZALEMART Zo? AR RS . HRIEE 2-5¢ F1H
TEANEHE, W] DUR BUE IR BE A 700 CHEINE] 900 CHR RIS T SBETs SMicros
Vol M Vivtieros TR ALTREZBE— 2P 480 21 950 “C LA STy SMicro A Vdicro N
Hrig a0 1 Voo

iH
]
Ty

oif

23



Top 50 " 4} L ¢
= e R R =
z, B o H . B WPCT0
g Yr . 2 3 2 & 2DPCS0
E 47 £ 2 &1 @ 2DPCY0
Tut £ 3 17 5 2DPCY5
o g =l 9 | o
2 ! >3 % #: S
] S
] = ] I & |
= 20 s ) § B
< A~ ® | 3

2DPCT0 St &4 %
= z 1 9 f
Z1 2DPC80 =3 1] =

i "~ = A d
E T | 24l B R
o = = L 7 . 7
0.0 02 04 06 08 10 05 1 2 4 8 16 32 64 IDPCT0 2DPCS0 ZDPC90 2DPC95
Relative Pressure (P/P) Pore Width (nm) As-fabricated materials

=
¢~
p—y

Cls 2DPCTO

2DPCYS 2DPCY5 | 2DPC80

e - - ———2DPCY0

2 T ] ——2DPCY5
& j\\_k & SHPCOD g

R DpC0 | z ors
7] = ]
k2| N _2ppcso [ 2 2DPCS0 E
2DPCT0 2DPCT70
500 1000 1500 2000 2500
030w 5"., A s . . 150 300 450 600 750
20() Raman shift (em™) o
h . Binding energy (eV)

c=0 N-6 N5 N-Q N-X
- - C-OH _
E: 2 3
8 3 =0-0 E;
z o =
= G E
£ g z
g = 2
= E 2
|

M|
282 285 188 201 294 297 s 5310 534 537 5400 543 39 398 400 402 404 406
Binding energy (eV) Binding energy (¢V) Binding energy (V)

Kl2-5  (a) No PR/ PN ASIR 2, (B) fLAR A HIZR, (o) HEERMAAISLARIXSEL, (d) X 4
LATHEZR, (o) Pi=uilk, () Frifl&AR X SHE00H 7R (XPS) IR, (g) i
HEEE C1 s XPS Jeilt, (h) R #ER O1 s XPS i, (i) 2DPC90 I 7 #E % N1 s XPS i
Fig. 2-5 (a) N, adsorption/desorption isotherms, (b) Pore size distribution profiles, (c) Activation
temperature-dependent changes in specific surface area (SSA) and specific pore volume (SPV), (d)
XRD patterns, (¢) Raman spectra, (f) XPS survey spectra of as-prepared materials. (g) High
resolution C1 s XPS spectrum, (h) High resolution O1 s XPS spectrum, (i) High resolution N1 s
XPS spectrum of 2DPC90
I 2-5d H ) XRD K3 BoRfE~25 Al~43 (AN EAE S, 258 T
A sEBRI (002) A1 (100D ~F-EB297-1101, 3 H 7E~43 Kb B AT 5 06 3 B P i 26 1)
ZAURANK v B A = A SRR, 5 TEM 45— 3. 8okl (& 2-5¢)
PR D HE~1350 cm™t OO RLTTEF sp? i) AI~1580 em™ &b 1) G 47 (X T4
sp2 i) 1-1121, 2DPC70, 2DPC80. 2DPC90 Al 2DPCY5 )7L 715 5 4 B8 bk 1)
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HEL (o/lp) 43714 1.08. 0.93. 0.86 A1 0.83. 5E%EH) XPS WM& eif (|
2-5f) 7£~284.5 eV. ~400.1 eV F1~533.1 eV 2L =AM 5, AR F Cls. Nls
1 01s, O 1 N JCERAELERAE T FI FH A5 JEORER SR 70 30 2 b g 4 1 15 4
ZALBRII AT AT Y . BT RGN R C O RN B &8 7ER 2-3 1, Hi
2DPC90 H'f) C. O FI N FHE 737514 90.94%. 7.58%41 1.48%.
¥ 2DPCOO0 [ 73 HER Cls Jeile (B 2-5g) LA NI BAIE S, 735t
T sp?C (~284.7 eV) | spC (~285.4 eV) . C-N/C=0 (~286.8 V) Flz-n* (~290
eV) 91001, &4 Ols Jail (K 2-5h) 7] Aoyl =AM, DAAS[E ¥ il 4 Bl 45 C=0
(~531.9 eV, 32.3%) . C-OH (~533.4 eV, 35.5%) 1 C=0-0 (~536.6 eV, 32.2%)
now, Frfr C-OH AJ LAA 248035 2 FLII A RE 2 T VR 1 IR 3R 7K R H o 28 7-1%
LR m It FIREI TS, SRR Nls Otk (& 2-50) B 53 DU Fh
RBAHFAL 5y, 3 AAMEEE N (N-6, ~398 eV, 19.6%) . MM N (N-5, ~400.1 eV,
40.9%) . i N (N-Q, ~401 eV, 28.2%) F%EAL N (N-X, ~403.7 eV, 11.3%)
[103-1041, e NOFIIERS N Ay A I BB SRS (R 67 R, DR v R A 2 1) JR
LAY, A5R NARSEH TR USRI A 10 2 i, STk & 55 A S s D) 3R %
JE03.10s], gx |k, ATLAE 451, 2DPCO0 HoA MR, A3 2D JIUF
UK 5K RERTER A BALBR . A HEALE D Fi LU N/O 335 444
H HEHEN ) Zn//2DPCO0 R 1% B A L 5 (1 B Ak 24
% 2-3 Fitl 4 Z IR A T RIS R

Tab.2-3 The element contents in the as-prepared carbon nanosheets determined by XPS.

Element content (at%)

Materials

C 0] N
2DPC70 89.38 8.30 2.32
2DPC80 90.56 7.47 1.97
2DPC90 90.94 7.58 1.48
2DPC95 91.34 7.59 1.07
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2.3.2 BULEMRE TR

ARl 4 2DPCO0 1E A IEMR . B N Hitl, JFidid whatman B R4 ¥ 1% b
IF, MK R ZIHSC 25 (K 2-6a) . A2 T Zn/2DPC70. Zn//2DPC80 Fl
Zn//2DPCIY5 #AFHET AL ERE L. N 10 mV-s! FHHEE T Cv ik (K
2-6b) AILLEH, BT ZIHSC #3443 R BLH KRBT RIRIR, BA B0,
X T N/O L4544 5| I AL J5 SR BT S 30, R I H XU F 25 G L 25
VRS RFIEROST, I H 2DPCO0 JE I H e K AR, 1] 2DPC90 H A7 5 5
L HZS, & 2-6¢ IR T 1E 0.2-20 A-g™' [ FRLI 25 250 Bl P ZIHSC #8410 £ 22 14
RE, BEAREIG RO AR E BT BRI B BT & 4 2D SIURBRK A I B A R AT
H AL AR . 18] 2-6d /2 2DPCO0 #4EHIEIR AR e I 2 (GCD) , fE 0.2 A
g IR N, 2DPC90 4125 M) ZIHSC #3F L2 N 198.4 mAh-g!, HFREE
P K100 1% (20 A-gD) J&, ELHEZA A 113.5mAhg!, BEMFEEN 57.2%, T
Zn//2DPC70 (158.3 mAh-g',58.1%) , Zn//2DPC80 (158.7 mAh-g",56.1%) LLK
Zn//2DPC95 (193.6 mAh-g',54.6%) , K&l 2-6b 3 H 450 —F. HIREEN
20 A-g' N HI GCD £k (B 2-6e) 87 , Zn//2DPCO0 F B H B /M FELE B (92 mV),
UEBH T 2DPC0 B A PR 1) 1 TR 2800, bk, i i B B i — 2 4
Hr ZIHSC #44FH B T2 AT N, W 2-6f s, BEUSHIALRRINMEE (HRE
PN TR D, FEARSIUA S AR X 23 A 1] Zn? /SO« 5 T 1 HL A 5% 2,
R Zn? /SO>S FAEMI A R rh (¥ O FR I R, FLAT % 2 L BRI . 2DPC90
IR (B de /0, Ul B s e FEL LR AIG (4.29 Q) {IKXT- 2DPC70 (10.45 Q)
2DPC80 (11.31 Q) F12DPC95 (6.30 Q) . Zn//2DPC90 A HthwE. It
SRR EREAN 0.2-1.8V %8 TAEE I, 16 02 Ag! RSN, R KN
Tl 5% B A RE = 5% B 0 N 199.4 Wokg! A1 155.6 Whkg!, 75 20 A-g! A% B
T, HRMEMF N FZERGEEZE (18.9 kWkg', 85.1 Whkg!) (] 2-6g).
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K 2-6 UL 2 M ZnSO4 JyHELAR 5 7K F2 8% B TR & F AR 4% (ZIHSO) I AL £AT N . (a) ZIHSC
PAFEERIREME, (b) £ 10mV-s! T CV #1Zk, (c) 75 0.2-20 A-g! [P HEIR % FEVu B T Il &
PIRE 2 ERE, (d) 25T 2DPC90 1) ZIHSC 25 B 7EAN [F] R %5 B T 19 GCD ik, (e) £ 20 A-g!
N GCD Bk, (f) Nyquist &, (g) Ragone &, (h) 2DPC 90//Zn 7£ 5A g (IR ZE FE T BI1E

IR P A
Fig.2-6 Electrochemical behaviors of aqueous ZIHSC devices with 2 M ZnSOjs electrolyte. (a)
Schematic configuration of as-assembled aqueous ZIHSC device, (b) CV curves at 10 mV-s™, (¢)
Rate capacity measured at a current density range from 0.2 to 20 A-g"!, (d) GCD curves of
2DPC90-based ZIHSC device at different current densities, (€) GCD curves at 20 A-g*!, (f)
Nyquist plots, (g) Ragone plots, (h) Cycling stability and Coulombic efficiency of 2DPC90//Zn at

a current density of 5 A-g’!
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HOEREN - EME R 2-4 HR) , RS REREAA g s,
FF BN-ZIC-3 HI7K P ZIHSC #84 LDC (382.1 Wkg!, 97.6 Wh'kg!) 201, WC 6
ZnN-12 U (255 W-kg'!, 109.5 Wh'kg!) B2, CSGC-700 (100 W-kg!, 111.1 Whkg!)
(31, BC-CNa (77 W-kg!, 48.3 Whkg!) B (711.6 Wkg!, 1157 Whkg!) 73,
PZC-A750(382.1 W-kg!, 107.3 Wh'kg! )™, HHPC-6 (160 W-kg!, 117.6 Whkg!)
76, MEHC-3 (160 W-kg', 106.4 Wh -kg") 3], HPC (77.4 Wkg', 118.0 Whkg!)
(341, NHCNbs-6 (160 W-kg™!, 109 Wh-kg ) 351, PHCA (1000 W-kg" , 129.3 Wh'kg™!)
86, A1 PCNs-2 (160 W-kg', 119 Whkg!) 01061,

Zn//2DPC90 2 B AE 5 A-gt AL T, &0d 10, 000 XA R G 5 &
TREFE N 100.1%, FECRCREL 100% (K 2-6h) , UFSLT 2D B4k A BH
RHMPEIRERE. Ao TH gEIUEE M. SR LL R N/O 245 1544,
Zn//2DPCO0 #3 AT ( R ILH = A & LS IO MERE . O I e 2 FE RN Ty 3R 5
FE, IXEWRE AT 2DPCO0 BLA T I 1 N A 5

£ 3-200 mV-s™ FIANFEHRFEEZE T, #@id CV s Hr 2DPC90 HLfk 1) Hifk
AN 1% WK 2-7a Fizn, BIEAE 200 mV-s (308 R N 0 RE T SR
MR, HAPGES ) A R M RE AR S8, BT AL AT DLd i
R (D MRfEEE (v Z RSk

i=av® (2-8)

Hrrafib (0.5<b<1) RAIARFEPRMT, If JFUEFIEAIE T b AEHHE
790.88 F10.82 (E 2-7b) , FIXTEIKH b EHE/R T 1E Zn 2 (71T N2 R HE
BRI E ST XKy 2DPC0 A A [E T H) 73 R AL A M5 1 N/O
A, XA T HEE TR RRISEAKE, W HE AL Ao e 1
ST A S TR A IR R RS BT DURE DL Sk B AT BTk L -

i=kiv+ kav!? (2-9)

Forp kyv A kov"2 43 Bl 3ROR 2R DTRR AN BT R0 107), dn e 2-7d s, 9
HEMN 3 mV-s I INE] 50 mV-st, HAETIERM 58%Z LM F| 84%, HE—HiiE
5S¢ 1 2DPCO0 FE DL ARG E .

b T IAOK REEE IR A B R BAEZRSL, 1B LL 2DPCI0 NI ZnSO4 (geD)
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R 2-4 AFTREEPINH BRI K R ZIHSC B R AL VR BE ELER

Tab. 2-4 Comparison of electrochemical properties of aqueous ZIHSCs assembled by diverse carbon-based cathode

s HREE =R HHEBEARFR (%) BEEE EREE
ZE TS LS S| LRI T ) | \ N - b Ref.
(Agh (mAh-g?) /EREE (A g (Wh'kg™) (Wkg?)
BN-ZIC-3 Aqueous ZIHSC 2 M ZnSO4 1 162.6 45.0%/1-10 115.7 711.6 80
PZC-A750 Aqueous ZIHSC 1 M Zn(CF3S03), 0.25 124 65.9%/0.25-20 107.3 382.1 83
Aqueous ZIHSC 0.1 138.8 61.7%/0.1-20 111.1 100
CSGC-700 T 2 M ZnSO4 85
Quasi-solid ZIHSC 0.1 117.8 29.5%/0.1-20 88.9 94.4
Aqueous ZIHSC 0.5 127.7 33.5%/0.5-20 97.6 382.1
LDC T 1 M ZnSO4 86
Quasi-solid ZIHSC 0.5 116.8 47.4%/0.5-20 86.8 429.6
HHPC-6 Aqueous ZIHSC 2 M ZnSO4 0.2 147 48.3%/0.2-50 117.6 160 87
Aqueous ZIHSC 0.1 111 57.6%/0.1-3 109.5 255
WC-6ZnN-12U o 2 M ZnSO4 94
Quasi-solid ZIHSC 0.1 34.6 63.9%/0.1-2 27.7 35.7
MEHC-3 Aqueous ZIHSC 2 M ZnSO4 0.2 132.9 49.1%/0.2-50 106.4 160 95
2 M ZnSO4 with 1
HPC Aqueous ZIHSC 0.2 204 49.5%/0.2-5 118 77.4 96
M NaxSOq4
N-HCNbs-6 Aqueous ZIHSC 2 M ZnSO4 0.2 136.2 49.0%/0.2-50 109 160 97
PHCA Aqueous ZIHSC 2 M ZnSO4 1 143.7 56.1%/1-20 129.3 1000 98
Aqueous ZIHSC 0.2 514 39.9%/0.2-3 48.3 77.0
BC-CNa T 2 M ZnSO4 119
Quasi-solid ZIHSC 0.2 48 46.7%/0.2-2 35.9 149.6
PCNs-2 Aqueous ZIHSC 1 M ZnSO4 0.2 149 50.3%/0.2-20 119 160 120
Aqueous ZIHSC 0.2 198.4 57.2%/0.2-20 155.6 199.4 ,
2DPC90 o 2 M ZnSOq4 This work
Quasi-solid ZIHSC 0.1 166.6 33.0%/0.1-10 1234 95.6
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Fig. 2-7 Electrochemical kinetics analysis of 2DPC90-based ZIHSC device. (a) CV curves at a
scan rate range from 3 to 200 mV s, (b) Fitting plots of log i versus log v from Peak O and Peak
R of CV curves, (c) Diffusion and capacitive contributions at a scan rate of 10 mV s, (d)
Capacitive and diffusion contributions at different scan rates
AT S A I FE T L R LT — 8, B8 UE 1 2DPCO0 BB A 1 = 11
AL AT . LR A 0.1 39 N3] 10 A-g!, AR M 166.6 [FK A 55.0
mAhg'. HHREEMN 10 Ag KK E ] 1 A-gt 102 Ag I, FEDAN
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(02 A-g) ML, KB/, XFEH 2DPCOO 7E Rt BAEAF L FE b B B I
7N
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Fig. 2-8 Electrochemical behaviors of 2DPC90-assembled quasi-solid ZIHSC device. (a)

Schematic configuration of as-assembled quasi-solid ZIHSC device, (b) Rate capacity measured at

a current density range from 0.1 to 10 A'g!, (¢) GCD curves at different current densities, (d) CV

curves at different scan rates, (e) Nyquist plot, (f) Ragone plot, (g) Discharge curves at 1 A-g’!

under different bending angles of 0°, 90° and 180°, (h) Self-discharging
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MR 45 DL _E %k, 14 2-8f FR 7R Y T Ragone B, b v [E 44 ZIHSC 7€ 0.1 A-g!
N4 H 123.4 Whkg! I KAERZEER 95.6 Wkg! FITHRERE, FHAE 10A-g!
FRFF33.5 Whekg! I8 K Th RS R 7.5 kW kg (1 5K B 30 5% 18 3 e 40 (75 4%
T2 SR B ZIHSC, Zn FE HL i [20-32.35.72.74.76,83-85.96,106,108, 10911 41 17 A 25 2%
[97.99.110-124] - 4P 2-8g Fli7x, Zn//ZnSOs4 (gel) //2DPCY0 7E 0 ° & 180 °Ju il N 11
ANTRES A R R B I 2 R A AR AL, UESE T HERE S ZIHSC HAA TS
PN RN SE AN . ] 2-8h 45 T Zn//ZnSO4 (gel) //2DPCO0 #5441
HRCE A 2k . SElHERAS ZIHSC RHLE 1.8V 5 E, BT BRI,
JETE Th WRURITTREE] 1.6 V, SRJGTER TR 29 h NiZ# F 2] 1.3V, H HAE
120 h (1 TR JE FUE SR R ETE 125V, HIEE RN 4.6 mV-h!, F
Zn//ZnS04 (gel) //2DPCY0 a3 HIB AR, XM A F T i A8 5 TR &k
PR KK . A, Zn/ZnSOs (gel) /2DPC0 A] LALKZE) LED T i i
it 24 h (B 2-8h HHHEED , JFESLT 100 REEES )G, AERFERN
81.2% (J&2-9) . XL PRt — AR | H REHRE N/O 34575 2D 7 £ 1L
BRENK o — T T i 1) T P A BB YR P AR R

100} o
= sol %
S
S’
=
g oo} 81.2%
-
=
[=P]
< 40}
& Bed> 4
w
20}
180°
0

0 zlo 0 60 80 100
Bend number
B 2-9 Zn//Wif/ZnSO4/2DPCI0 EREHTE 100 IR 2F B ARFF R
Fig. 2-9 Capacitance retention after repeated bending 100 times
N T EINFR S BRI K Fr AEPE A E I i R AL 3, i $R Ak
M (600 ‘CHTFZE 700 C)H il 2 H BA B s ik B 2468 5 1 N/O H£452% 2D
I HERGIK Fr (2DPCT9) o @I L 2DPC79 (& 2-10a-b) 1 2DPC0 (&
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2-2g-i) [ SEM &, I BLPIRIRA R AOW 45 # AR H AR EL

K 2-10 (a-b) 2DPC79 [¥] SEM [
Fig. 2-10 (a-b) SEM images of 2DPC79
T2 FI I N2 I/ B AR 52 B2 A 2DPC79 FIEL R AR FLAZ 4548 (& 2-11
a-b) , KIL2DPC79 (L LA (2812 m?-gh) KT 2DPC90 (3178 m2g!) ,
f§1#3 2DPC79 ) Zn*> i AR 1A%, PRIEHEN Hy 2DPC79 I LE A5 2 i K T
2DPC90.

a:., 60 _5
= b > 2DPCY0
S 50F E 4}
E L OOIVIBODOOOTITD ) ? 2 2DPC79
o]
540- BLJ-)‘L t,_»._a.,\.\.p\.\_nx,.'_l- E " ] ; Q
g '9 }\"; B E 3 % L9
§ = ", Q
T S > 1o die
g y gz @ :% 2 9
z 0 =1 Ra s
b B 23 wya
S 10f Sl #3000 |
g 2P0 | 2 | %o W
& o} ) Jerr ) IS S
L AL L L L L 'c AL A AL A -
00 02 04 06 08 1.0 05 1 4 8 16 32 o4
Relative Pressure (P/P,) Pore Width (nm)

2-11 (a) No W /BB 2800 2k, (b) FLAR 2347 ith £k
Fig.2-11 (a) N, adsorption/desorption isotherms, (b) Pore size distribution profiles

WL B 2-12a AT LA, EMA IR R, 2DPCYO i LL L 25 B i v T
2DPC79, [A]iFf 2DPC90 ) CV £} AR 2 KT 2DPC79 (& 2-12b) , XLk
I e 05 13 20 R 1 4518 - 2DPC79 1 b - 2% (K T 2DPC90, AW ik, 2DPC79
B B B RN oh 2 % B T 2DPC90 (1 2-12¢) , X S5 FT i —%. 1H
&, A ANHTEEZ, 2DPCT9 FIEH e N (100, 000 7R 78T HLAEFR
JG, HCHZERYERF 105.1%, JFHZ5d 10, 000 A G FIEHE 91 20T 2DPCY0)
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(K 2-12d) , XNMEUEME 74K 2 OmRERE (WK 2-5 Fin) o

Ao b C
— 4F 10mv !
1.6 y E
3 o < 3 100
SR s =
st / Z ‘=g
P 12 N / a E 0 o
b NN = =
= W o
Eal B = s
>¢= ] =
v N 2DPCON 5
04t/ L S 2DPCT9 E, _23:23 2DPCY0
} S - 2DPCT9
1A g
0.0 . i e -6 10
0 50 100 150 200 250 300 00 04 08 12 16 20 10 100 1000 10000
d Specific Capacity (mAh g7) Voltage (V) P/W kg
i’ 200}
-
£ 160
"_:j 120
% = " a a adcaaaray 2o FERSELIES 2 B D I 3 i e S S L R a0
o SOF 204 g" !
% @ Specific capacity | -
g HI Coulombic efficiency -
W
0 20000 40000 60000 80000 100000

Cvcle number
K 2-12 (a) 7€ 0.1 Ag! FIHIRZE N, GCD XL, (b) 76 10 mV-s' FAfHEE T, CV X,
(c) 2DPCY0 #11 2DPC79 [ GE &% FE A T2 % FEXT LG, (d)2DPC 79//Zn £ 20A-g™ 1] LI FE
N IIEFR RS E AN R AR
Fig. 2-12 (a) GCD curves at 0.1 A-g!, (b) CV curves at 10 mVs™, (¢) Ragone plots, (d) Cycling

stability and Coulombic efficiency of 2DPC79//Zn at a current density of 20 A-g’!
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R 2-5 NEBREEPIN AL 7K R ZIHSC MR REELER

Tab. 2-5 Comparison of cycle performance of aqueous ZIHSCs assembled by diverse carbon-based cathodes

" gy LIFBREE  BMEE  HEAmAbg)@® HEARFER (%)@ BREEE  DREH
14 FEL AR R S ’ ; P ; & Ref.
Ghasdl BEER Tm (v % REFAC)  EFRH@BREEAg) Whkg)  (KWke)
AC 2M ZnSO4 0.2-1.8V Particles 121@0.1 91%/10, 000/1 84 14.9 [2]
1M Porous 1
HSC Zn(CFsS05)s 0.2-1.8V carbon 170 F-g'' @ 0.1 91%/20, 000/2 52.7 1.725 [7]
M
PSC-A600 Zn(CFsS05)s 0.2-1.8V - 183.7@0.2 92.2%/10, 000/10 65.4 15.7 [17]
BC-Can 2M ZnSO4 0.2-1.8V  Nanosheets 51.4@0.2 96%/90, 000/3 48.3 0.077 [18]
WE-6ZnN-12 2M ZnSO4 02-18V  Nanosheets 111@0.1 92.7% /50, 000/2 109.5 6.75 [19]
HPC 2M ZnSO4 0.01-1.8 V Egrrggg 204@0.2 94.9% / 20, 000 / 2 63.7 3.15 [52]
Porous 103%/Frist 20, 000/10
BFCA 2M ZnSO4 0.2-1.8V oarbon 225.3@0.1 07, 19%/Next 20.000/20 201.4 83.6 [53]
P&B-AC 2M ZnSOq4 0.2-1.8V 169.4@0.5 88%/30, 000/10 169.4 20 [57]
HNPC IM ZnSO4 0.2-1.8V E:rr];’(‘)‘; 177.8@4.2 73.6%/100, 000/16.7 107.3 24.9 [58]
M
NSPCK Zn(CF3SO3)s 0-1.8 V Nanosheets 136.3@0.1 99.5%/15, 000/5 77.9 14.46 [59]
GRPC-A13 2M ZnSO4 0.2-1.8V Egrrggg 441 F-g'@ 1 50%/270, 000/- 116 0.8 [60]
ICCN-10 6M KOH 0.2-1.8V Nanosheets 311.9 Fg'@0.5 94.3%/5000/2 9.7 0.25 [61]
AL-KIPC-80 IM ZnSO4 02-18V  Nanosheets 360 F-g ' @0.1 91%/10, 000/5 54.48 14.14 [62]
2DPC79 2M ZnSOq4 0.2-1.8V  Nanosheets 183.5@0.1 105%/100, 000/20 137.24 16.98 This
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24 KREING

AT, FIHRGHETREE AR AR 3D BHOEE, k)5 HF
FE AT KOH Z it SBER:,  TER N/O 245 241050 2D Z LRV K Ao TE2
K24 2DPCO0 AT MM SE 4 mtb R mR . S EA LA S i, LARFEE D
N/O 3526 DU AR AWV FIEA, BT 2DPCO0 4 % /KA ZIHSC 2E B 1E 0.2
Ag! NERH 1984 mAhg! IR R LA R, BRI RO 100 £, AR
B R 57.2%, FEHRAE 155.5 Whkg! F1 18.9 kW-kg! i HE () Al BRI TR 25 FiF
Zn//2DPCO0TES A-g ' R FE R, 7L L 10, 000 XG5 , R ERFFR N 100.1%,
TRDLH BT B R SE B3R 75 i o L 4R, 2DPCO0 2H 285 () HE [ 25 ZIHSC 23F B A 166.6
mAh-g! EEA B . 123.4 Whkg! HRE B % BEAIOL S IONUERYE . v 13— D6
UESIE S5 A ESE m IR AL RE 5 T 1) A 35, i SR AR L, S B i SR
JE)E, il ) 2DPCT79 AR H & NI IR PERE, 76 20 Ag! R LT,
FLHHL 100, 000 K, AR FFRIAE] 105%, LA IR 6 R FasE 1.
XL FE 0 E T, I AT AR A 3D I S RE R BRI B A ) Sk
BRDRHEE R B AF A S R AT 2 2 1 7
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BIF BEFMEIEFRESARUSESILRATS
MRk RHE T RSBRE RS

e

3.135|5

BN 21 A DOR, EIEH 7 K POE R, Bt the . m Th R 5 A
H R A A AR R A B AR JE I . AR &M RE R A B D, R A SR T LRI
s KGRI A 28R e, (H AR R 25 A5 IR0 15721291301 ey
EARAAB SRR B L, (HHS H DB, PRSI T s i — 2k AN H
O77.1300, Jrapske, ki A A A AR AT v A AR A S, DI R S R m D R
FEFRE R % K RIB G BB AREOBI, &R B FRGEBEAEY, 5
BT IRG S AR A (ZIHSC) 3 H H R BH AR AR B B A DA S 4 &5 1 F ARV AE R
BN R d L R T 0 I FRAL it e ke B . — O3 I31I331 0 ARTTT,  HH TR AR
LB A TR A BT AN G B, 3 B0 AR A P AR o A ) 1R S T R BELL vmy  FF
B SEREAC, SEOTH A S T RS AL R R E D, B ST
IE AR, A3 )5 e N2z 18, M BR | T ZIHSC [ & AN N 321341441

REMFEFRY], m ik aeEE A AGE E BA = AEDH A RFRE: (D
HATER Z RESLNE R ZR, AL SRR R TR, SRS AL s T
Zo> AR, TR IRSLI AT PLAS 24 & s S N 4, T4y B g 5T B 1 O N BB
LRG0, G ZIR IR TILB0R . RIE Tl A J5i R N 5N
B TEAL S TR AR, IF HA R T4 i AR SR K, AT PRI
A4 5 H AR S5 A ) T R PRS- 143181501 (i) SRS A5 ), XA HLA
W PERERI I S5AE, A EA — 5 BINUM R FE I D9 o /8 7 4% i 8 ST PR 3 TE
L1S3S.779L126] - S AP RH I S L PE . AR, HERURISHE REZ P IRE, 2R
FERAR « 22 Fh 2% B - & B A iR AT e i A B DL K 573 5 I AT B4R, I S8 b3 T
FAWAIEENTINARY =1 SN =511 BN Y 7 7 S e S <l 1 U 2 WG B N e 6 D VA i
B[R | 138.152-155

37



S W YN T e VAT

FEART R, LAEFE A4 AR JEMRL, 8 5 — i 5 500 v B i 1) 7 1k i D e
HA RN N/O JL48 3 103 o0 A1 S Z AL kL . Ad ARAE Ny —Fh g 2L i
I F R AEE SO B T2 A, TR A A4 AR B m] EDISORT 5 T WA R R
R JFH A4 BB 22.73%M Koy &k, BB CaO, Hon] ARSI
A0 A AU AR Sk R P [ B 7o 2 LG5 A Ry BR A R U013, T okl ) 445 g
A5 BT & DB A AR AR 516 Zn2 (766 RE 77, 7E 0.1 Ag! R EAT 244 mAhg! [
A2 &, BIfd0R B i R N 3] 20 A-g ' (F7K 200 £%) , LEAEH 116.4 mAh
gt (BR¥FFN 47.7%) , BOKAER . D&M 707109 190.4 Whkg! A1 18 kW kg,
I HAE 10 A-g! IR R 78 ACEEAEER 10, 000 VK5, ELHZRENS SRR 93.8%, 14
DR T IEEA R E M. BhAth, 2385 IUERE 25 ZIHSC #34F HAT RIFHINLIGE
VEFISE SO TR . X EEHIE T SRR TR ST A4 ARAERAE T ZIHSC M
Fiy v P RE A BH AR PR B 1) S AR 5

3.2 SKIEERSY
3.2.1 FEFERFAF
& 3-1 S22 LoatR
Tab. 3-1 The chemical regents for this experiment
W& HR %5 AP K
AL et | 24 4 A 2t A IR A 7
Hhi Ve Bl &3k 7 BR A )
LK G ER et ] 24 4 [ A 2k A IR A )
KB Denka Black Li250 FE AL A LN
PTFE LK D210C RIE ) Z PR A PR A
B
A4 4K - 19012 52 DR B EN4R
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3.2.2 FEMH{BMEHF

R 32 WA

Tab.3-2 List of equipments and instrums

DE EA i) AP RK
SR IP N HZK-FA110 3 R BTREARAR
Y HXL-1200 R S W PR A ]
B 608-12 Fig T IR AR A PR A A
KI5 DF-101S FEW AR R AR A PR A 7]
(EN R EAY AR e R 85-2A B BT AR G A PR )
IR EL S K IR SHB-III KD AR A PR
SRR XMTA-600 RPETHRHACRA R ]
AL 2 AR CHI-60E R H IR A A
I R 4 CT3002A BT A R AR T IR A R A
BRI AL MSK-HRP-MR100A LR AR A R A 7
JEAEDL ZHY-401B AEE AR A QLR R A IR STE A F

3.2.3 L mbRaHIE

e A4 ARBTRCR/NZI 1T em? (/N FRAE No U R, BL 2 Comin'! 2R
JHIR, E2 600 C, fR%F 1h, f32HRICE (Blank) SRJ5K Blank 5% {651 KOH
2 1: 3WRELTE RS, £ N2 F L 2 Comin! FHEZ 750 CHRIRE 1.5 h 32
ATiEA, IR AT RO 2 M HCL ISR G 2 i, SRS TEMEAR 95 C T
12 h, LA3RAS A4 U074 (A4CA3) o« RT AR, IR & KOH/A4CA
HEHHAN 1: 1.2: 1A 4: 1 I TIE 2R S %% A4CAL. A4CA2 H1 A4CA4

kL

3.2.4 EESHBBRIFIE

1E 65 CAKIBAME T B WA IM ZnSO4 ¥4 ERAAFIEL 1:4 R4, ik 1.5,
TR¥FE 65 CHIMEE FEE, FRRIERAEIN AR A, S A 4h, TERJEE
2959 3 mm [ [ S H AR
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3.2.5 ZIHSC ZH4E%

¥ A4ACAs (s RFTEWFIF A4CA EELL) . ZH BRI K LM (PTFE)
FURLA 8: 1: 1 HE ARG IIANEHRZEBAKD , RIS . R)5,
KPR Y12 (R 4R S B Fr s g FLRE A B A Hh DAAE 80 “C kAT T A4 T
24 h, ARG VIEN S EEAFE TR B AR, FEEL 20 ¢ (R TR R R 2= A 54K L,
TEHC A4CAs £ QMR BT & 7 E N2 1.0 mgrem?)

N T HEIKZANZN ZIHSC #3444, #4517 A4CAs ZBI MK . Whatman JE4%K 5
(121% 2M ZnSO4) H Zn §ERHMRAK X ZBAE CR2032 B Hh 58 H 35 4

TR A ZIHSC #3h, KHHIE A4CAs F=IH. BIIR/ZnS0Os (geD)
H Zn SEPBEARILCITHES, (R FH SR B 0 i e oty 2
32,6 HE

B IEAR 2L (CV) | CHI660E Hik 2% Tk LR FRPLRE (EIS) F1
7E Land CT3002A FEIHIIRAX FAITER 7R (GCD)  JEIFRE MR IEAl Ffk
FVERE. tbAh, CV 1 GCD ISR HEALE NI EE 0.2 2 1.8V KRN, EIS
ATV AT B 1B ELAE 100, 000 £ 0.01Hz FITEEAN (RIEAN SmV) - Hd, R
IS R R (L, A BCERE (6os) o WEEMERE (m,
g) FANALHE U (R HAAT A B B A B R & 1 (V) o R4S GCD s, i A
THEUTHEILEE (C, mAhg!) . BEEZEE (E, Whkg!) FIIEREE (P,
Wkg!) :

Cs=IAt/0.8/3.6 (3-D
E=VIAt/3.6m (3-2)
P=3600E/At (3-3)

HMIH VASP BEAT BT 1) B e AL B 58 — 1 R BT 5 . I BOR AN (PAW)
Tk - T MHEAER, JFRBTT U EIEB (GGAD M
Perdew-Burke-Ernzerhof (PBE) 75 1% 70t W T AC He SR HRRERI A BLAEH] o AR
Monkhorst-Pack k &A% JU~FA 7x7x 1. “FIHE I L RER N 700 eV, REEFIT
I SURE 2> B8 1075 eV A1 1x10-3eV Al KA Bk X (DFT-D3) 43#ria
A7) 2 18 B AR BAE H o Zo?t AE AT R 3R ) UK B B8 ( AEads ) E LR
ABads=Bszi—E+—pzotnepn, FH*Zn F*EIR Zn> AE R AR R BRI, pzo
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M 73 AR 7R Zo? A0 H B0 ESS, n &Ko HER 2403

33 ER511E
3.3.1 MR SRAE
\"T - NSTYEd REDUCE, REUSE & Zn¥ oS0 <
RECYCLE -
RIGHT! %100? 18 kW kg
F

10 100 1000 10000
Power density (W kg™)

KOH I Blank

Kl 3-1 [R5 A4 ARATAER A S0 00 20 2 SLRR A ) 2 AR s = R
Fig. 3-1 Schematic illustration of the synthesis of partially graphitic hierarchical porous carbon

from wasted A4 paper

] 3-2 SEM HA: (a-c) Blank, (d-f) A4CA3

Fig.3-2 SEM images of (a-c) Blank, (d-f) A4CA3
FIH R FE A4 AAE b, F s A s 2 2 2 SLBRiR AR an B 3-1 s
HGHE SEM WK A4 ARATAERIBRA RO BOE S (8 3-2,3-3) , A&
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A4 fTARK (Blank) 23 BA G L AR ZIUR (K 3-2a-¢) . 4
17 KOH i I =5 AKH (A4CA:KOH=1:1/1:2) , Wb RlRE R KA B ETN
([ 3-2a-c, d-f) BEETEALHILLBITHE 2 3:1 I, BAbRER I A T KB,
SEOE MR F IR R (B 3-2d-0) , FFH A4CA3 E I B A M HIERN
RIFFLRST IR % (B 3-26) , IXFIRRERI L 4544, A LA 44 K 5t
T TRIAR (I a2 P AR S5 YAV N ik LI A8 o (H /2 24 KOH 5 Blank [ EL A 21 4:1
i (B 3-3g-1) , RIZIIIZ S N AE £ 3D A8 I R4 il ERT21990, 3 S B A e
() LR AR A FLEE R RME R % GEad No IR Bl 3845 2058 0F, 413 3-3 B .

K] 3-3 SEM K: (a-c) A4CA1, (d-f) A4CA2, (g-i) A4CA4

Fig. 3-3 SEM images of: (a-c) A4CA1l, (d-f) A4CA2, (g-1) A4CA4
% 3-3 JiTil 2 ORI E R T AR A LR AR b

Tab.3-3 The structure properties of as-prepared materials

Materials Sger (m>g!) Shicro (M2-g'1) Viow (cm®-gl) Ve, (cm*-g1)

A4CA 325.0 96.8 0.21 0.11
A4CAl 1243.8 655.5 0.53 0.44
A4CA2 1825.0 955.0 0.65 0.60
A4CA3 2902.5 1563.9 1.38 1.05
A4CA4 2096.2 1127.1 1.01 0.76

B IR R P B DO RISl A E S e (TEMD
Xt A4 ZREEBAL B RO S5 /AT TIRABET . I HLAIE 3-3j-1 oAl LU 2]
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A4CA3 B 2 WMILE MWL E A A SR & 450, R I &
HEA A S ImE I R R 2 Lk, KOH/ZSHEEILM 1: 1 3 4:
1 FHEAE R =4 T B R O 45 4 22 57

] 3-4 TEM & (a-c) A4CAL, (d-f) A4CA2, (g-i) A4CA4, (j-i) A4CA3

Fig. 3-4 TEM images of (a-c) A4CA1, (d-f) A4CA3, (g-i)A4CA4, (j-1)A4CA3

BT A4CA3 (K 3-4j-D Z4h, Wk 3-3a-i fioR, HAB=AFERERHAE
B LI TG S8 bV 22 40 it IR AR oK 20 STl A4 () JURURRAE o i LA
PR (TR SRANGOML A5 R mT 0, KOH MY T DUE R FLE5 R, it HonT DU I e
KOH ) & Rz B T SRR 1 JE RS, L 0 A0 S0 R AT BUER 3 T 2 00 E 2
TERL, 33X 5 SCHRARTE (B e} 3 7 0o 2 2 A 3 0 25 ) AR K 1 SR (R 4508 — 3
(541551, @ A4CAx 1) TEM B ([ 3-3) #HTxfthEE A H, KOH 5 Blank
1) 2 5 LU IR BG oel A S R I AE K A R ), (H B B LA B 4:1 I,
SN BRIR S . BRI, 2 LBk AT A FROU 45 44 AT LU 2% KOH ) FH &
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SKAEATIHAT . A4CA3 HAE T HEMMALEM A BN, AR T8 5 7164
7 AR DT B T IOY BOM e e A%, BRI R 3 $R 1 ZIHSC B AL 2= PR RE

KH X SHATST (XRD) « 260 (Raman) N WP/t B 2535 26 K
(BET) 1 X LI HFRENE (XPS) 55T BOW ATl & s BH RO &5 4 . FL
B R AL R AT T VRGN M. W 3-5a FiTs, BT A4CAs fE~25°F1~43°
AbAE AN B S RN SR, A R R T A SR R (002) A1 (1000 “TTH . BEE
KOH F1 Blank Jii & LU AU AN, 2 (58 5 A 04 F o BE Bk 55, 3 B V& A o A v 4
F KOH &%, BB AR . thah, 20 <200 DXk P (147 5 5 FEIE S T
o B AL RIAFAEN2150, iX 5 TEM 230 b 45 R — 5.

=

——— A4CA1 _ 1000 A4CA3
e e B HOCCCOCOCOCHOT
3 —— A4CA2 3 E s ¢
G ——— A4CA3 < (7] 600 Y 4 aAcAd
~ ~ - L FIHOOCOC 3
] ——— A4CA4 ! >
:E \\% -{37: MDD 400 | %'7111(((((%i€?3((,,1
= = = £ LI EDOCOOOOUIROT
2 | £ < 200} A4CAL1
1 1 1 L 1 1 1 h > 0 E L 1 1 1 L 1
10 20 30 40 50 60 70 80 800 1200 1600 2000 2400 0.0 0.2 04 06 08 1.0
d 20 () e Raman shift (cm™) f Relative Pressure (P/P,)
o4af C
a0 —o— A4CAl _ | ——a4car _10
E 3t —— A4CA2 5 | —— A4CA2 S s
2 —o— A4CA3 & ——a4cas A
§ 2t —o— A4CA4 Z|——A4CA4 O N El 2
< iz imms g
MK Eb— | E:
S & A &
SR ) S N =
-] i ul 1 1 ol ual 1 1 1 = O
=2 A4 :“4(‘-’-\4
051 2 4 8 16 32 64 1200 900 600 300 0 L S g
- T < .
Pore Width (nm) Binding energy (eV) R

B
KI3-5 A4CAsFE: (2) XRD [, (b) Raman &, (c) No W/ Bt 25028, (d) LR, ()
XPS F, (HN/O LE T &=
Fig.3-5 (a) XRD patterns, (b) Raman spectra, (c) Nz adsorption/desorption isotherms, (d) Pore size
distribution profiles, (¢) XPS survey spectra, (f) The contents of N and O elements

K 3-5b $i BOEIELE~1350 em! F1~1580 em! Ab SRR T NS IS5, 251
XFRF D g (sp? Bk A G e Csp? i) 1220, /R NPEAN A S840 FE I B 22544, Blank.
A4CAL. A4CA2. A4CA3 Fll A4CA4 1 D 75 G i IIEME L (IDAG) 43 74k
EAN 112, 1164 1.09. 1.02 £ 1.08, KB KOH y&HL 7 H &I i< F 807
SERRIA SRR LG N
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FEWE 3-5¢ I No W PR/ SR 2 b, Rl B DIV RS S5 IR 2R (R & 1R 0T
FATE P/Po< 0.1 BF BA KE N2 WM, 76 0.2 <P/Po< 0.8 BF BTG HIZ, FEH
£ 0.9 <P/Pe< 1.0 By RA B R IICH, FUGEH T ARG/ AL/ KA 5 0%
FLEM . Ak, MK 3-5d TP H, KOH HERIEIMA T T FL45 5
A, RGN T AR FLIARR, BAR AACA3 BA 5 A4CA4 HILIFLAE 06, (B
FLAAREE K . AACA3 AT A4CA4 HIFLAR 0 AT £ E AL HPAE 1~2 nm Z 8], KT#R Zn?*
B A2 (0.86/0.76 nm) , KX L ALLEHH FI T Zn TEGR B N A5 AN A% 47 .
W 3-1 A%, A4CA3 B A 2902.5 m>g! Al 1.38 em®g! 1) % ey bL 22 T AR AN AL
PRAR, AT RHATIL B S8 4 (Y B 2 PR RE . SEBE Y XPS W=l b BT 221 (I
3-5¢) , Cls. Nls Al Ols BI=MANFIEAL T 284.6 eV, 401 eV M1 533 eV 4L, iE
BT A4 ATAERRTEA N/O LB IR MFHIE. 8id XPS 7 #ifiE T N/O LR S &

(E3-50 , N & E20E KOH/A4 CA = L3I FE2:f4%, (HOo & &
JEBRRIE e — RGN, X RS KOH M50 2 R BB R} o (1 44 I
T, {HifE K KOH ATRESI A O Ji 1.

TR Cls e (K 3-6a) 1, sp? C. sp® C. C-N/C=0 Flr-n* [IPY/
I 73 I FE~284.6 eV, ~285.3 eV ~286.7 eV H1~290 eV 4b. %, sp?C 5 sp*C
I (sp¥sp®) WA TVFAA SCRERE, JF H. spsp® LUME (18] 3-6b) KI5
M2 i S K ID/AG (B 3-6b) MBS, #E—Siil T A4CA3
TEFr il 2% 2 FLbk b B dm o SRR .

LA 73 7 N1s XPS 1% (B 3-60) 121 1 HERE N =A™ N-AH 2 H: 4] (N-6,
~398.5eV) , LM N (N-5, ~400eV) AN (N-Q, ~401.5eV) 4], Hrh
N-6 Fil N-5 Refg @ (LA /M R 2%, T N-Q 338 1 L7 5 F P A L A R T 2
(1581591 R4 i 0 HE R O1s i (B 3-6d) A LALA B = /N&, 2 BIAL F~531.5,
~533.3 fI~536.8 eV 4t, 437HJEF C=0. CO Fl COOR FfgHM2., N/O &5 T
A DA B A 22 PR 0y 0 AR VRCTE PR RRR T R Rt s R P
FEFRTEREDNST, W& 3-6 Fizk, A4CAl. A4CA2. A4CA3 Fil A4CA4 7K f
i1 (WCA) 235I18~133.2°, ~108.7°. ~99.8°F1~104.4°, XNEERE N, O o &K
BERERE, H2LRTAMILAR R EL, B LA FIT S g R
VB N AR AL, AT A 280 Bee A1 St T HELRHL
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Fig. 3-7 Water contact angles of wasted A4 paper-derived carbon materials

L BT, JEFE A4 AR R AL R, B N/O 3875 mibb R I L
Je A SR A S5, AREILH AR S Sk, EL A A R e B B I AR T T 22 1) FEL e A7
TEVETEAL iR, BRI B T AR e AR .
3.3.2 ¥ ZIHSC BB {LF AR

A Zn i+ 2M ZnSO4 TR AT AACA3 S A M MRSV RN 1A%, I H
whatman B 5K 1E 57U BT, 2028 sl 20 ZIHSC(Zn//A4CA3), I 4% Zn//AACAT
Zn//A4CA2. Zn//A4CA4 FIVLLLEL . K 3-8a 4 Zn//A4CASs [FIfis R MERE (0.1-20 A
g, BT R ZIHSC MR R #0230 FUN I BRI, R m AR R F AR
SEMABCES R, UEB T A4CAs B RIUFI AL I AR € 1. £ 0.1 A-g?!
HIREE T, Zn/A4CA3 KL 244 mAh-g! (R L2, JFHABRREEY
K200 1% (20AgD) J5, HILHEAN 1164 mAhg! (REFRN 47.7%) , BB
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T Zn//A4CA1 (RN 0.1 A-g' i, EEHZSN 90.3 mAh-g!, HLEEA 20
Ag' B, tHHZA 25.8 mAh-g! IREFRIUN 28.6%) , Zn//A4CA2 (HREEE N
0.1 Ag' B}, LLHIZN 183.6 mAhg! , HMHE N 20 A-g' i, HLHEZN 90.9
mAh-g! fEFFRAUA 49.5%) and Zn//A4CA4 CEIREEE N 0.1 A-g I, LLHIZA N
238.9 mAh-g!, HMEE N 20 A-g' i, LHEZERN 108.1 mAhg! fREFF{N
452%) - fE20 A gt MG, X anlikEE] 0.2 At fil 1 Ag!, ELHZESMIR
179.5 mAh g #1 159.5 mAh-g!, S5HIIEEEM LAl REF T 89%M 97%. U1K
3-8b ffizn, Zn//A4CA3 1] GCD i35 S0 X FRIEE, Ese T HAH Har®
A M. Zn//A4CAL. Zn//A4CA2. Zn//A4CA3 F1 Zn//A4CA4 K HLJE %53 5l
9369.72,162.3,160.9 F1 207.1 mV (& 3-8¢c-d) , XfFaiT A4CA3 H A=A
WAREE, BRER SRR, B BT AN F R o VA R TB) ) 3R T R BELASEN, #R
LA B AT S BE 70 R B BT (EIS) X A4CAs BT REAT N
BEATFEA ) A (1 3-8 s i X AR e /NI ], dd s [ ) B T ATHE
AT AR BB (Ret) , A4CAL. A4CA2. A4CA3 Fl A4CA4 I Ret 43 N 33.37,
17.32,14.12,21.50 Q, X 5] 3-8a /3 1458 — 3. Jf H EIS BIFEARAIX 1 A A
BEUSIRL A, X RAAE RO RHE A PRS0 H i e A RS 1 e )

W 3-8g 7R, Zn/A4CA3 FHE IR EEMERERE, £0.1Ag H
MEET, WEELH99.3 Wke'!, B RKIREER AN 190.4 Whkeg!, 7£ 20 A-g’!
ST, DhR% N 18 kWke!, S KMBEER N 83.1Whkg!, XLEA 4
L T 2 BB R FIZR B RR A R (3R 3-4) . Il Zn/LDC (97.6 Wh'kg™)
201, Zn//CSGC-700(111.1 Whkg!) B3], Zn//BN-ZIC-3 (115.7 Wh-kg ) 8%, Zn//3DPC

(156 Wh'kg) 138, Zn//HHPC-6 (117.6 Wh-kg™) 40, Zn//PHCA (129.3 Wh'kg™)
(1461, Zn//N-HCNbs-6 (109 Whkg') 1161, Zn//NPCN 750 (143 Wh-kg') 0162,
Zn//PCNs-2 (119 Whkg') 016, 7Zn//CFe (120.2 Whkg') U644, Rk,
Zn//AACA3 LRI 7 E A FE e P (£ 10, 000 IR AT HERR 5 (10 Ag) ),
LR BN 117.7 mA-gt, TR$F T HIGHLLEE R 93.8%, ORI 100% (K
3-8h) .

47



LRUTRR R 2 A

- b
L7 7 | B — R [ —]
(I — I}

Charge Discharge
_o_

R annanns ssesustanns

——

AdCAl

A4CA2

=

4 5

Specific capacity (mAh g™)

s
=

=
[ ST

Potential (V)
= =
P

60 70 80
Cycle number

110 120 130 140

0.0 0.0 A L L : 0.0 L . . L
0 50 100 150 200 250 300 0 40 80 120 160 0 30 60 90 120
Specific capacity (mAh g!) Specific capacity (mAh g) Specific capacity (mAh g)
e =
360 | ° | —o— A4CAl g =
g 300 F il ) — 150 —a— A4CA2 =
= o AdCA2 ° E 120 b—o—a4ca3 S 100 ¢
S 240F o A4CA3 ° = —a— A4CA4
1= o =] b
<= 180F @ A4CA4 BT = 80 2 g —a— AdCAL1
$120F o® go E? S 32 10F —o—A4CA2
2 sl o 2 08 40 o —o— A4CA3
; obo 9 g o ° o % % data2a = —0— A4CA4
aul aal ul 1 1 = 1 - L 1
0.1 1 10 0 40 80 120 160 = 10 100 1000 10000
Current density (A g7) Z' (Ohm) Power density (W kg™
TDO
h 21s0F :
S 1s0f ]
Z120f -
: 90 "' -
= 60 | @  Specific capacity 93.8%
2 @ Coulombic efficiency
= 30 .
o
a 0 L L L L L L ' L L L 'l
] 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Cycle number

120
100
80
60

440

20
0

K 3-8 /K #4138 ZIHSC #8141 HAL 2ZEPERE. () IR FEVERI N 0.1 2 20 A-g ! B AIf5 R g,

(b)Zn//AACA3 TEANFI L% B R ) GCD #HZR, (c)1 Arg ' P GCD 4k, (d)20 A-g™' B [

GCD 12k, (e)ML M 0.1 F£H] 20 A-g ™!, ()75 2 WiRr [, (g)Ragone plots, (h)Zn/A4CA3 7£ 10

Arg ! IR LI T AOPR MR RE VR RS R

Fig. 3-8 Electrochemical performances of aqueous coin-type ZIHSC devices. (a) Rate

performances at a current density range from 0.1 to 20 A-g™!, (b) GCD curves of Zn//A4CA3 at

different current densities, (¢) GCD curves at 1 Ag™!, (d) GCD curves at 20 A'g”!, (e) Voltage

drops from 0.1 to 20 A-g™!, (f) Nyquist plots, (g) Ragone plots, (h) Cycling stability and

Coulombic efficiency of Zn//A4CA3 at a high current density of 10 A-g™!
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Fig. 3-9 Electrochemical kinetics study of A4CA3-based ZIHSC device. (a) CV curves at a scan
rate range from 3 to 200 mV's™, (b) 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!, (¢) Diffusion and capacitive contributions at a
scan rate of 3 mV-s, (d) Capacitive and diffusion contributions at different scan rates
&l 3-9a ¥ Zn//A4CA3 SHFAEARIFIRE SR TR CV #iZk, 2 LK,
7R T Zn > AFAEALI LA T I T i I AR 1) R T 5/ J5 e ) 0002 R 2 AR
Zn BARR AT Zn 2P0 AR /R B I D F 220 193, JF H eV i L RIE7E 200 mV-s™!
(R R T I R I B B M AR, 3 3 B LA RO I A B ) A
PRI 0 T/ B T AR R
N T VRS T A4CA3 LK) ZIHSC s fFIf Mg A AL, ) DU I B i
JE G MR (v 2 p 5T A A
i=av (3-4)
i 3-9b Frow, A4CA3 B LR P A FIE [ 0% b {8 53 714 0.897 #1 0.901,
VW] Zn//AACA3 ZIHSC H LA A Hod A 3L Rz, JF Ho2 a4 £ 31
A DL I DA 25 200t B A BRo R E AT E
i=k v+kov!?2 (3-5)
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* 3-4 QBRI A R BRAS RHE BEXT EE

Tab.3-4 Comparison of Zn?* storage capacities of aqueous ZIHSCs assembled by different carbon-based cathodes

AR mAhgh) @ H i BB BERFER®%) | BHEREK
W42 7 & & (%) BREEAgD . Ref.
WER (Agh (Whkg-1) @HEREE (Ag))
BN-ZIC-3 162.6@!1 45.0%/1-10 115.7 99.2%/10000@10 68
PZC-A750 124.0@0.25 65.9%/0.25-20 107.3 100%/10000@10 117
HHPC-6 147.0@0.2 48.3%/0.2-50 117.6 88.0%/20000@S5 118
CSGC-700 138.8@0.1 61.7%/0.1-20 111.1 87.2%/10000@5 128
LDC 127.7@0.5 33.5%/0.5-20 97.6 81.3%/6500@5 120
BFCA 225.3@0.1 32.8%/0.1-100 201.4 100.3%/20000@20 121
WC-6ZnN-12U 111.0@0.1 57.6%/0.1-3 109.5 92.7%/50000@?2 72
N-HCNbs-6 136.2@0.2 49.0%/0.2-50 109.0 96.0%/25000@5 123
PHCA 143.7@1 56.1%/1-20 129.3 92.0%/10000@5 124
MEHC-3 132.9@0.2 49.1%/0.2-50 106.4 94.7%/20000@15 125
NSPCN-800 95.2@0.1 68.4%/0.1-5 59.0 82.6%/5000@2 126
BC-CNa 51.4@0.2 39.9%/0.2-3 483 96.0%/90000@3 127
OLCK4 121.7@0.3 40.0%/0.3-20 94.3 86.7%/10000@0.3 7
3DPC 194.0@0.5 53.0%/0.5-30 156.0 88.0%/15000@10 128
NPCN750 204.7@0.1 62.8%/0.1-10 143.0 95.5%/20000@5 132
HPC 204.0@0.2 49.5%/0.2-5 118.0 94.9%/20000@2 129
PCNs-2 149.0@0.2 50.3%/0.2-20 119.0 91.0%/10000@10 72
CFe0.2 178.8@0.5 46%/0.5-10 120.2 101.5%/35000@10 9
A4CA3 244.0@0.1 47.7%/0.1-20 190.4 93.8%/10000@10 This work
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Horb, kv Al kov!"? 23 AR B4 IR B dild AR 022 ARG ] 3-9¢, H
FATNAE 3 mV-sT FIRYUE BATIEE ) 60%. BEETIRGER M 3 mV-st #n 3 50
mV-s', HETIERAM 60%IGNE] 86% (& 3-9d) , XHHUEM [T A4CA3 [1[Y]
PRATE AT A7 At AR S R] ) FEL A 2 AT AR PRI B 30 7%

N TIRATETE A4CA3 AR H Zo WIAEAEHLEE, BEAT V&K (DFT) it
. KM C-OH fE AW FMA, MAHE Zo2 @ FHH AR C-O-Zn, LLJ
WE S HRE L (B 3-10a, ¢) 1381, JLHAEws N 0.511 eVe XFF N Al O 24571
B, BRI N-C-OH ([ 3-10b, d) , @EH AR N JEFMRIER C J&
TG, S5 C T B 7% BRI, AHA0 O JE-F Wil THe2
agE 7 O-H WtkAktsl, Fik, O-H 8% 5 W4 HY, JFA C-O-Zn 74, X
— AT DU I AEass PG 0.258 eV 3 ZER, R RS 8 T I AR T
Zo? Bt . IFH, BAN-6. N-5 F1 N-Q B4 A S df Nt AU AL, DAERIIeAT]
5 702 BT 2 A A AR (R 3-1100028 154, B AT IR Bt A ( ABaas ) 2399 4-0.562 4
-1.614 F1-0.297 eV,

Ne

a b ¢
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b T -
3 D .
3 ™ bR
) >3 e 3 o
> o » 6] R ]
) { e .
b o ¥ b
- > s |
P : | >3 > ‘\
» ) 3 - |
& > >0 _— >4
k- | | ba |
e ba - D > b
s D 4 ba |
k. - ]
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» a0 ooy 3000 » a3 PED ®

] 3-10 (a,c) Zn?*'5 C-OH M(b,d) Zn?>"5 N-C-OH KW FIAHEAEH (Kifa. B, 20, i
g E/NER K Co Hy Oy NI Zn )
Fig. 3-10 The adsorption interaction of Zn?" with (a, ¢) C-OH and (b, d) N-C-OH. (Brown, white,

red, blue and green balls represented C, H, O, N and Zn atoms, respectively)
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Fig. 3-11 The adsorption interaction of Zn?* with (a,d) N-6, (b, €) N-5(c, f) N-Q

3.3.3 MEE7ZS ZIHSC B L sE

DK EESE . ZnSOs (gel) « A4CA3 FERAMARIXHES (B 3-13a) 4 k]
A ZIHSC #4tF, H THHF0 A4CA3 MORHMEAEEIZS i Re 34 H 107 77 K 3-12a 22
£ Zn//ZnSO4 (gel) //A4CA3 EAFRIFHIERE T CV 4k, HERWEHEK
# ZIHSC MLk, #EREZS ZIHSC B CV MM AR T B0 ™ 2, Bl s 1) df AT TH AR A g6
AN B 3-12b-d Wb 525 ] 3-9 A 1A, B S 3 mV-s 3 ]

50 mV-st, HLETTERA 33%E 3] 75% (& 3-12d) .
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Fig. 3-12 Electrochemical kinetics study of A4CA3-based quasi-solid ZIHSC device. (a) CV
curves at a scan rate range from 3 to 50 mVs’!, (b) 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’, (c) Diffusion and capacitive
contributions at a scan rate of 3 mV-s™! and (d) Capacitive and diffusion contributions at different
scan rates
WA 3-13b-c flion, BAREE 53030 ZIHSC 280FFIL, 158 0 I FEL AR R 93
A2 ZIHSC WIfgRedls], (2 EBHIM T — e BRI IR, REwt, 7E
0.1 Ag! F 15 A g HRE LT, SRS 7 211.7 1 89.2 mAh g (& ELA &,
B F 2 FE YK 150 fif, SRR 42 1% MR B RFFR . 855 s 2 B K
JOREIE] T Ag 02 Ag!, HAEWKE ] 128.5 mAhg! M 159.5 mAhg!, FfE )L
T YRR E (1243 mAhg!. 161.0 mAhg!) , IESZ T A4CA3 AR B A H
e e AT A S T . AP 3-14d s, TERFEfR ZTHSC 25 B A 98.4 Wokg!
ThER % T HE 4t 159.3 Whkg! s KREEZ &, JF HAE 12.1 kWkg! i KI5
L 56.9 Whkg! FREE R T, # T F 2 A KR/ ZIHSC & (&
3-2) o M 3-14e A LAEH, 76 0°F 180°HIZ th A EVERI N, 78 10 mV-s! F14
AR TR 1) CV 2 LT 58 4 AH ] .
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Fig. 3-13 Electrochemical performances of A4CA3 built quasi-solid ZIHSC device. (a) Schematic
configuration of the quasi-solid ZIHSC device, (b) Rate performance tested at a current density
range from 0.1 to 15 A'g™!, (¢) GCD curves at different current densities, (d) Ragone plot, (¢) CV
curves with different bending angles from 0° to 180°

FESEBRF H L AT DU R AN [F] S Heks v [ 34 ZIHSC 234 M 0°% 18034 48
HE B 100 KGR, BERFFRREFE 90.2% (K 3-14a) o 75 10 A-g' L%
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Zn//ZnSO04 (gel) //AACA3 F A RIFHINUMGE A AL = ASE M, AT LA SZ AN
TR TE o FHERIZS Zn//AACA3 R A 1.8 V )&, HRIAH A K AT R, 18
W EZE] 3-14c FTLAKR I, HLFRLERT 4 /NP PUE TR, BEJS HUE T BEIE R R
gz, BTREE, 200 /NN JE, BEORIFE 121V, RILH 67.2%H) B ORI 5
F12.95 mV-h! (1 EHBCRER . 5, 7F 10 A s EIEE T AT 7R BCRER
Mk (Bl 3-14d) 5 £ 2000 XIEHJE B R IRFEFR A 94.3% M 100% ) FE 2 2L
AL T BT A4CA3 BRI H A 53 R 4l A R 1tk DL R MR 3 77 %
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Fig. 3-14 (a) Capacity retention after repeated bending from 0° to 180° at 10 A-g™!, (b) 1% and
100" GCD curves at 10 A g of A4CA3-assembled quasi-solid ZIHSC device during 100 repeated
bending cycles, (c) Leakage current curve after self-discharging for 200 h and (d) Cycling stability
and Coulombic efficiency at 10 A-g’!

W A ZIHSC G, AN A fe -2 CH R A R AR f s (& 3-15a)
B, =R ERHIER A ZIHSC S8 T LN O T ML) 2h (8 3-15b)
PN H3 B ] 2 ZIHSC #8417 LA (5% LED AT 2 8 h (& 3-15¢) , — Mk
A ZIHSC ##4FAT LLEZIKA f T 1H I a8 24 h (J&] 3-15d)  HUGAT W, X Fh
M2 ZIHSC RE BA ERKSCHMME. B S 2, XEEIRE AR 7 UL
F* A4 LA ARIERA EBA = 2281 N/O B 2 % Lk, BAPUERE T
SR TR R A B SR KM, R — PR R s g i SE R Y 22 FLBR AR o



GRUTRE R 22 A S

C

Single device

Two devices in series

==——Three devices in series|
1 1 1

0 1 2 3 4 5
Potential (V)

Current (mA)hb
~3

Kl 3-15 (a) AFEAEHERZS Zn/A4CA3 BILE) CV B, (b) =/MEMIZS Zn/A4CA3 BRI
RNRICTFIALE, () PANERE S Zn/A4CA3 BHERIN A LED i, (d) — MR A
Zn//AACA3 ERERIE DN R AL
Fig. 3-15 (a) CV curves of single, two-in-series and three-in-series of A4CA3-based quasi-solid
devices. Digital photographs of (b) Electro-luminescent bracelet driven by three devices in series,
(c) LED lamp lightened by two devices in series and (d) Electronic timer powered by single

device
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