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Synthesis of Co-Based MOF-Derived Sulfide Two-
Dimensional Nanosheets and Investigation of Their Energy

Storage Properties

ABSTRACT

In the context of escalating environmental and energy crises, the
development of renewable, sustainable, and scalable energy storage
technologies has become a global priority. Supercapacitors (SCs) have
garnered widespread attention among researchers due to their exceptional
power density, long cycle life, and rapid charge/discharge capabilities.
Electrode materials play a critical role in SC performance, and metal-
organic framework (MOF)-derived sulfides, which inherit the high surface
area and porosity of parent MOF while incorporating the superior
conductivity, mechanical robustness, and thermal stability of sulfides,
demonstrate remarkable potential for energy storage applications. This
study systematically investigates the synthesis and electrochemical
performance of MOF-derived sulfide composites. The microstructure and
phase composition of the materials are analyzed using conventional
characterization techniques, and their electrochemical properties are
evaluated through a series of tests, providing theoretical and experimental

foundations for high-performance energy storage devices.
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(1) Parent MOF face limitations as SC electrode materials due to
inherent defects. To address this, MOF-derived sulfides were synthesized
to retain MOF advantages while leveraging sulfide properties. Co-BPDC
was first grown in situ on nickel foam and subsequently sulfurized via
hydrothermal treatment with thiourea. Material characterization confirmed
the composite’s composition and morphology. The Co-BPDC-S3
composite exhibits a specific capacitance of 2589.2 F g'atl A g,
with 90.5%  capacitance  retention after 1000 cycles through
electrochemical tests. The asymmetric button-type supercapacitor (Co-
BPDC-S3//AC) delivers an energy density of 110.4 Wh kg ~! at a power
density of 1699.9 W kg ~!. After 10000 cycles, the specific capacitance
remained at 92.1% of its initial value.

(2) Conventional electrode fabrication, which blends MOF with
insulating polymer binders, leads increased interfacial resistance. A binder-
free approach was adopted by growing Co-TPBA in situ on nickel foam
via hydrothermal synthesis, followed by sulfurization with thiourea. The
Co-TPBA-S2 composite achieved a specific capacitance of 5099.2 F
glatl A g, significantly surpassing its MOF precursor, with 88.6%
retention after 1000 cycles. The asymmetric supercapacitor (Co-TPBA-
S2//AC) demonstrated a specific capacitance of 147.1 F g'at2 A g', an
energy density of 59.1 Wh kg™" at 1700.4 W kg, with 89.9% capacitance

retention after 10000 cycles.
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(3) With the rapid development of wearable electronics, the demand for
flexible energy storage devices has significantly increased. Flexible
supercapacitors were fabricated using the composites as cathodes,
PVA/KOH gel as electrolyte, and AC as the anode. The gel electrolyte
exhibited excellent flexibility, enduring stretching, twisting, and
compression. After 5000 cycles, the Co-BPDC-S3//AC retained 81.8%
capacitance, with minimal changes in cyclic voltammetry curves at 0°, 45°,
90°, and 180° bending angles. Under 180° bending, the capacity retention
reached 94.4%. Similarly, Co-TPBA-S2//AC maintained 80.2%
capacity after 5000 cycles and 93.8% retention at 180° bending,
confirming its robustness and flexibility for practical applications.

Xu Zhiwei (Chemistry)
Supervised by Liu Qian
KEY WORDS: Metal-organic framework; Vulcanized derivatives; Energy

storage properties; Supercapacitors; Flexible devices
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HVESR. HEAERK, RREHEAR; MO, WEER, HIHEMEZE. Pk
FEAR. BT R AHRIKE N MnO,, W] LATE AR —FRL KB A RN 25 5 P (4
s TR e 3 AT e A AR A AR E VR (0 R & B RS e 4,
MOF A ATR AL RS, i oy 7 g a2 s AR R R 4 T3k
F USSR, BT MOF K-S RMEZEMEM ATEENE, MOF 15 4% HL 2 4% 0
I R e 52 B R A 1821 g T e e, AF 7 N 03 250K MOF 5 Hetitb 545 &
il % MOF fiT M ESMEL, ZE SR A IR E AU B S, F &
P BN VR SE I HT D BRI S 5 1254, MOF TR E &k, s
JREMAD. ik EREEA (LD MBATAY, RAEmAB SR, B
R BRI ARAN SRS RE A TERE, (8 HL A A 4 R 5 F P Ay A i ) B AR ),
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1.4 MOF {iTE##

MOF e B EB a4 ik, (H i1 S i M A5
B, BR#I BRI RIRCR, B 2 1l FAE AT ERAR AR, MOF A L
FCAR ] AL BT R TR, 1 <)@ D R & R oe e, DU il i Rt el
B ma e, SRR LRSS, AL MOF RTAERRLRE RS 5 7) OR B R
A TR RESAN = LR R, SO S A a8 AR R T AR 18158

NiCo-MOF AC
Pure MOFs

1-7 MOF £ 82 i 25 Hh 1) 2 2 88

Figure 1-7 The main application of MOF in supercapacitors!®3]
1.4.1 MOFs TR £

2008 4 XulBI55E N 15 HRIE T LL4 B A HIAE 2L (MOF-5) i, i bl
FAE AR ERRALE] % T 9K ZILBNPC), M ZAF A 150 °Chn# 48 h, Jf
X HHEAT T A5 RAEAPE RN . 255K, NPC AT i LR T AN 2 ZL AL B 45
), HERHEAAE 2872 m? ¢!, [FIRHHRILH 70 5 0 i ERE, [/ 1 M
HoSO4 VBN LR, 1) 4% 1K) 2 FLBRAT R AR BHEE T LR 4%, LA
N 312 F gty ART U KR ZHOABA R E AR B XUZ L2 38 . MOF-5 fE N
H R S D) & B T RE K 2 FLBKk, BN T MOF E D) et ki £
&7,
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=
carbonization l'%!l’,%%”
pOU— - e Y

'3 ey

I’Zg@’}‘%ﬂ

di® e
il

porous carbon

P 1-8 PEA/MOF-5 fi72E 2 FLIR & il 72 1139

Figurel-8 Schematic diagram of synthesis of porous carbon derived from PFA/MOF-5[3]

B PanglV S5 N IE 1 & RO BT R B 2% 28 B 0 Bk /< JR A HL R 48 (N-
GLC/MOF) & & # kL F 77 7%, A% N-GLC/MOF-74. N-GLC/ZIF-8. N-
GLC/Cu-BTC #l N-GLC/FeCo-PBA. T ML [FfEH, N-GLC/MOF-74
HEMEHE 1A g ' ISR 47018 F g ' FILLHEZS, FETE 5 A g ' HAE 5500 YA
MR FF 95.04% M FE O R o X T LA N-GLC JE A MR BT Rl & il Ba e
T IR A

MOF f7AE ) 2 FLAIAA R T E FURE R FLBR 45 44 R 5L B 1 B AL 22 PR RE BN
YL LA 2 AR RS I B TR, B 2 N R T AR AT B A
VERE AT PN R i PR RE Al RE B SR TR bLIE . Jiid & Bk £ MOF Hi Sk 4
AR A, T CABE— D A ADRI R FLBR S5, 2 4 25 38 FE R A ek iy 2

GisBvirke
1.42 MOF T &RB&E &

UEAEK, H MOF il % [f] MOF 74 4 J& A 5 & ARk — i ) (1 f Ak
MR AR R aaRERE, $em 7 BRI S, 23 T
Z RPN, Lin2REHF H MOF BARE RTINS TREFN, (iR E5
2= [1) Cos04 ZHK KL ¥ £ 1B A 3 T B A BB (PANYIB JRBRIE T P, I ARk T
MOF A74: R A A EHP-Cos04@PNC). & HoREEWE 1-5 Fin. 1521 P-
Co304@PNC 4K 7E 1 mA em™ B 0] ¥ LA &4 614 mC cm™, 7E 30 mA cm™
I PR BE 28K 78.8% o o1t [B1 25 ASC #84F7E 750 Wkg™' T REE % 2N 69.6 Whkg'.
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Ak, FT1S ASC fRFE T AEPEIAYERE, 7E 10000 PG JG, 120 A ¢! FLb
A TEIRIUN 3.2% . HAh, il ASC 2344 B A B AT B g 350 50 PR A s v 1 22
W

Phosphorization
under Ar

- O-l',;,
p (= = %,
. \ (7%
3 NaH,PO, %,
“
P-C0;0,@PNC on CF Co30,@NC on CF
Room temperature Pyrolysis
co-precipitation under Ar/H,
Co**+2-MeIm
CF substrate Co-MOF on CF Co@NC on CF
>
eé“:c“
SN
& @ )
Phosphorization QF &\“ /
under Ar & 4 O
G ¥
! §
NaH,PO,
PNC on CF NCon CF

1-9 CF iK1 P-Co304@PNC Fl PNC 442K F 1) 4 il % 2k 2]
Figure 1-9 Synthesis Route of P-Cos04@PNC and PNC Nanosheets on CF Substratel®?]

Lee %% A DL =704 8 H HAELL(MOF) N RTBRAA A % T NiMnoOs/CoMnaO4
(NMO/CMO) R i 4. 7 500°CHRe G, anik i 4 i NMO/CMO & &M BHREE 1
=JC MOF HZ AL IIERS, RILH = 2 FLRISE K . 540 NMO A1 CMO ML,
SR A5 R 1 NMO/CMO 5 A M IHF 1t A A3 S Ay s 280 PR 184 o A v A 4 A% P B
[IFE%, NMO/CMO 53 Jf 45 3R I s M 4 i AR 28 1 Re . 97E 3 A g7 Rl
i, NMO/CMO & & #kHE R~ H Eb 4l NMO (579.6 F g )1 CMO (519.6 F g )&
A (756.4 F g O Z A5 5k RE, BIEZE 10A g™ THEELRFF 639F g7 [
LA, BRI, A NMO/CMO FH 1t 5 i3 AR AR i 4% i 25 2 ] LA
7E 750 W kg™ TSI 32.18 Wh kg™ I Re 2 FE AL 7 (UE A 4, ORFFIHAI4R
2% 92.1%.
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1.43 MOF T £ BMi)

AT VRE < T A R v B 1 2 RAEC AR 3 S L AR A 27 2t v B T T AR
SRR & 2 REPY ., O KEIRIERY, MOF TR &8 AL rAlb Kl
SR I ERWE 770 Chen® Wit 7 — B FE MRS b AL & et 3R X4 I8
MOF ATABRYIHNCMS) R G671, &7 i IR A A KW ZIF-67
VR HTIRAR R , S8 J5 HEAT P16 R R /K AR B o il 46 (¥ FEARTE 3 M KOH 7K
PERARI P RITE 1 A g MHREE T 938.1C g Mmth B A, IRHE Lo
BELARIE 7 HOAE A S E PE(5000 IRTEIA S 85.0%). SEHLE ), FT HN.CMS 24
B AR AR R 2R 280 T 51.2 Wh kg™ 7 i e B %55 2 AT 800 W kg ! (I Th &
R, I HRIUE R4, 16 5000 KAEH G TER: 81.1%MAR, £WE
OERTE WG )R MOF ATAEBRAEA) /2 SC A BV TE IR Bl . ZE TTIE N
HREET X4 @ MOF [{75 L85 1 TERG & 77 AR R T — 2% As, AIfi4 e
FEXFFR SC 1 HALF A

2-M+Co? :
DMF+DHTA Ethanol+TAA

Hydrothermal

ZIF-67@NF NiCo-MOF@NF HNCMS@NF

K 1-10 HNxCMS@NF 4 o = K109

Figure 1-10 synthesis illustration of HNxCMS@NF3)

LilOSE NTERF AR & i T — PR S $B4% ZIF-67 ATAE MG RAEM KL, 5l
A S 23 1 At ZIF-67 KRS, SECE RPN IR R, M
A7 H) T 5 NiCo 9K v UAE K. #4544 5 NiCo-LDH 44K i AHZE & -
TAXIEHR AR, 2 NETREZN )2, ALK S-NCCO FEBIE S T R I H
T S-NCOH HIPERE, 1X /& i T H A 23 458 Al NiCo-LDH 2 [8] 1) [F) 5 T 2408
PR s Yo R AR A 3 i U SR AR 24 7E 1 A @' (R L 2% BE R IR, S-NICCOo
BN 37444 F g MEFHAE. 5EMERACE S, AXFRHEYEALRE
750 W kg™ (TR ZEE PRI 92.3 Wh kg HURS RS, X0 TAE R 5K
W] DARS R EAT SE B A S 1 A U 4 R BRI BT, AR B i S
FH A B AL 2 1
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Ni2+ C 02+

TA etching S
- vy

—2 §

\ / sulphuration ’
B

90°C 24h

S
ZIF-67 S-Co5(C,0,),(OH), S-NCCO
1-11 S-NCCO I8 il i Feel

Figurel-11 Synthesis schematic of S-NCCO®!

1.5 KIPWIERIKEREEMRAE

1.5.1 EKIE

5 A R R K AR €, iR 2 RO H 3 IRl B 2 oK A BRAR R L R W
555 S AR AL, SIS ELEE R . R, SORB A AGEE
IR O Y 245 A 2 i 5 ok B B R B AR D). B 2 R A s SR A I v Dh 2 A
H EEA AR E T, FERRRE U 22 RUEPY . AR N H R AT, B
BOUE T HAERERIL . NI R AN RERAL M S, TF R BIFT AL AR 354
AT, RAHUE SRR MOR) R ELAE 7 1 3 LR RE S WA FLER G DL & 2
FERIALSCRAE R R 2 P 2 s ST ) A R B AR 001921, SR,
T MOF G HUPEAS RIS e e PR R A, AR 2% Fi a4 mh ) S B N 52 21 FELRS o
A, JERDK MOF FIERTIRAI A RRATAEY), A%k BE SE A FE AL RO
1O, ARSI TR 2 LA R MOF AR AR, S IR IR AR AL BT 44K MOF
% 17 MOF fiTE /@M E SR, IR RLET — RIS R AL, IF
Rl 2 (AR 2 i 2 s FEARAT ), T8 I = W AR AR 2R I A S Y i A A
E, R EAR Y IEAR 530 VR 4L AN A SR e A 4%, AR S iE s
PVA/KOH ¥t e S5 2122 SR MR B 2 r A s IR R LSRN A . BF S A
BHELUF LA ER -
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1.52 AIRAR

(nﬂ%mﬂA&%,%BH@M%SCMm$E%¥ﬁﬁ&E,E@%%
RKEJFALAKE Co-BPDC, MWt — LI AIRY Co-BPDC #ATHIAL, WL
IARFEBIRI &, AT — &5 MOFs fi74 %) Co-BPDC-S1. S2. S3. S4, i
IEXT MOF AU ORAAR DL AT AE AR 2y G544 TESR T RGURAE LS AR
AT

(2) FIFIKIA BIE, ¥ TPBA BifkS Co(ID)4 @B FHbAT IR N, {EHIHAR
RIAFEAAEKE Co-TPBA, H#t— B IMAGIKY Co-TPBA #ATHIL, HidH
AR IR R, AT — R FI MOF fiT2E%) Co-TPBA-S1. S2. S3, i#idx}
MOF #ii 3 fds LL G FT A= AP B2 55« 4504 TEBRIEAT R GURAE LSO RHEAT
7 L

(3) E()Q)FH:At ., FLAHISI#1 Kl Co-BPDC. Co-BPDC-S3. Co-TPBA.
Co-TPBA-S2 NIEM, AC Nfi#lk, PVA/KOH Bt N MR, 3T — K5

FMERB R AR, I — R P AL R SR IE | FeE 1 DL SRR % HLA L 2
M HEAT IR
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% 2E Co-BPDC R EITEMUYERLELIHRRIESE

M

2.1 5|18

B AR LSRR R IO B . DT P A B I OB, L4
WO TR BT SR 3 ST L, B P 28 B T LLSE
i ST 1) A KM AR SRR BRI A ROE AR . R B
IR TR0 2 A B D RURE, (A A P FE R I I
SISO TRIR RS . AT, Pl 28 B G 0 A 3 PE B T L4 T 32
IRV G OB S O 0L TR, 285 0 P 2 3 24
GEHI A7 o) 210108,

SR, AR 28 st 2 R SR 05 R AR ) s R o R KR L1
LIRS B2 36k, I TF AT B B O ST RE DA R0 . W04
AR RHEL AT 2 R B LA 3 s, U2 S T A3
AR U, ST R E R LO 00 S R L b
BT THE I T DFIEH S PSRRI AT 5 25, LAY LG (2
GRS, T PR UL BRI 0,

SRATHUIEALMOR B H IR LTI 1815150 7L 4% 1 LA B 0
PGB LR A, g MbT R B T B T B0 T BRI 0. SR, MOF k)
HEB7E L G ARE . ORIFRE A R AT, I S EL B e BB 5
FISEE) T, MOF RIUETEMIER %2 L0k SRAILY. SRBILIESE
ERPRINT, RESSIA AT RIS AT MBI AR, T BRI Sk, T2
FUEYOL AR ORI RE . LI A B TR A KR
115]

MOF {53 A LSRR, B KR MOF it Ol 7 S e 5 9
AL ARV & A 29 53 A H A B 38, 3 2 B AR P T
BT, Oy T LKL PR, QBT R T SR S A L 4 S
MEET MOF HUBPKEH, TSGR AR S B . SR ek 7]
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7720 bR 1 0 AN T FS IR 75 22, MRk 1 R i, JRRRE A R S
Hefiho BLAh, 1358 TR IFAE MIMOPREER, Btm T i E%E, Pk
TIEVEARL O HES:, AT B Rt 5E 2 BTSRRI ). Sunl 2004 N1 JefE e Tl
TLURER(NF) L _F 1514 K CuCor04(CCOYPKETFET, SR IE X4 B A B L)
Ak FFEFHEETE CCO K EFFESI b, DA o R & 570 10 B SO 450
CCO@NosCosOH/NF LIk EL, AAFEEHRZMhemE T, REFKNSHE
P, 0 I AL 2 S R R A AR A (R A M e

HRER| RS, AR kB K RGEAE AR E R A A K ] % MOF
TEMBACYIM R, TR A2 k. 7EIL, g /K PWE G BT —FhfEsIR
YK F Co-BPDC-S3. 5t H 4,4 -BZK — FRECAAF /S /K A iR B (D HEA T e Avr
A2 i Co-BPDC, P55 R S M) 8 52 & 44K Co-BPDC-S. Ay B Fufi IR B2 o)
HLAGZETERE SN, 4 T — RIUA FIRR IR R ROFE &, JFid R AEAT B AL 0
BAT T HT. TE LOAg ' W HIRERE T, HARAILL AL F] 2589.2F g, HEA
HERIIEFR AN, 1000 RAEH 5 A TREFHA 90.5%. Hidt— DU IEH S bR R
FIOE, FRATTH & 1 A0 st Y A P 2 i 4, 45 3REoR, £ 10000 X GCD
T3, HEAEMRE R 92.1 %. XL DRI T 2 IRk MOF ATAERELY
VRN It e i BE AR TR T S I AT SR 2 1078 75
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2.2 SCIGERSY
2.2.1 SEES AR &

R 2-1 SR TG, PRI e prat.

 2-1 St

Table 2-1 List of Experimental reagents

LR ZAR I e
4.4 -BRR WK C14H1004 TR R B A R A
B % NH>CSNH, TR R B A R A
S KOH B T AR R 4 PR
NKTEEREG (1) Co(NOs),-6H,0 R EREA A IR 2 A
LI C2HeO B FRE R A R A
N,N- = FH 5 e i C3H/NO B ZRE R A R A
A i C3HeO G FRE Ry A R A
TR HNO; HERTRL T A A A A PR A 7
LR C Sigma-Aldrich
AW (CoFs)n Sigma-Aldrich
TR Ni Ll 5 R A R AT IR 7]
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ARSI I R P BT FH SEIGAN 2R MR AR 2-2 B

R 2-2 LI K

Table 2-2 Experimental instruments and equipments

A S B A A TR LS A7
BEO L TG16-WS R AR AT PR 2 7]
BT R ZLT305STS R AR 2R AT PR A
BT R BSA124S FZ IR AR A IR A 7
AT AL KS-5200 LI ) S A AR A PR A ]
TR 1A DHG-9140A bR 7 SR RS AT IR
HAE TR DZF-6020A LW RIRVIA S B A TR A ]
X SFFERATHAX D8 ADVANCE TEEAE A H R AT
LR TARANFLAR 23 AT ASAP 2460 5% [E Micromeritics
(LIS AR IR I Bruker VERTEX PR A& A A PR A T
HLAL 5 AR CHI660E i R ATBR A 7]
ESEE AT S-4800 ERNERA/A!
B LT AR JEM-2100F H 4% JEOL
X PEOGH T REWEAL ESCALAB Xi+ %[ Thermo Scientific

2.2.2 FHEMER 53%

NATRAEA RV B 2245 1, AT 7T

VA=A

PRSI SE iARaif) . TORM S R AL AR AT T R SR AL . A S
WU AR SR Z N TR

1. AT B (SEM)

B O S5 48 70 A H A H L2 J] ) S-4800 R 343 i i Sl B2 56 B

RIMEIFMEERH 5 kV BT RIEBE, L

- /H

RAF

B ) BB AS FE R ) 5

JEER T HTEH] 10 kV B 15 kV P& A, PA IR A2 08 1) X S RO AR
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2. X B ATH(XRD)

XS Bk RAT I LA S — A AR 73 4 T B W T8 e ORI it A4 45
MR ZIEMFEE R X2 S SR N E T A AT EUN LR . AT
Vi U 57 PR R R B B AT %t T S SR (AR A BRI TR0 R e S5 2
#55 PDF AUk S e o R IEVEREAT X bl %52 HERE S RO PR 2 R S L i P 8
FRFAIE -

3. A FLIH AR LT A6 (FTIR)

i B AR S 2T AP (FTIR) 2 — Rl UL F R B RE B T Bk . T
R T BHETFE SO0 L AMR S P REAE R, 38 3 e R T K B IR 5
R AT AE B . AT 7R A Bruker /A &) VERTEX 70v 74 {8 BLIH- 5 e 21 4h
TEIEACHEAT I,

4. ST BABL(TEM)

AR A H A JEOL JEM-2100F A58 5 1 2 Sl B3 (TEM) IEAT A4 oK U 45
TRAE o 1 7y PHZ S BT L&A H AT R G, AT (RN SEBLRE IR TR SO 2 A
AR EE R BT . SERE AR, AURE AR A T (R B AR AR S R, RIFHIE X
HLFAIT S (SAED) B ARSI il HEAT Al AR 2 04
5. X-SF 40 LT RE IR AU (XPS)

AW R ZEE Thermo Scientific ESCALAB Xi+% X- 5 £8 )it o 1 AE 1 {X
(XPS)XF MR R AL 22 AL RGEEAT /30T, RERE kS B R AEM R 3R 1T 76 26 1 20 ok B 3L
WD EHEAREE X-HRBOR M RTE TR ZERT, AT R,
FE 0-1200 eV 45 RETE B N KA HL T RETE
6. M (BET)

AW 7K FH 56 [ Micromeritics ASAP 2460 U4y g8, JHid BRI SL5, 7
IR 2 A1 T I AR R T S A A BRI B 5, AT S AR LR TR AL
PR B AN ATIE DL o TP 735 B K 1 SR AR FL B 25 R RFAIE
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223 MR E R

(1) Co-BPDC K& il

J56 2 mmol (0.58 g) Co(NOs),-6H,0 A1 2 mmol (0.48 g) 4.4 -BkAK ~H R
(BPDC)5E ¥ i TE 60 mL N, N-—H J& H Bt i (DMF) W AR5 M n 5
mL K SmL 48 . #5E, HREEREIN 100mL #H PTFE WA A SN =
JEE . AREI IR GRS AL ] 30 Z3 Bl SRR TIUE I HER TR R AR
(NF 1.5 cm X 3.7 cm)iZ A\ ffill 2 FIAR H - 45 R 2R 160 °C FRAE LIRS T IR
Ff 12 /M. WENG, Co-BPDC HILE T/KH Al BE, PAERBRA, FEJG7E
60 °C [ EZS A T4 12 /N, A B SR AE AR - Co-BPDC .
(2) Co-BPDC-S {5 %

EE, 4 0.05 g BRI 40 mL 2857 K, HiPEIF B, B REmKE
fifto SRJG, Bl & A Co-BPDC HIVELIASR I FRVERH o BT BIA 100
mL [ PTFE WA ANV 28, 76 160 °C Nin# 12 /M. Bt E, FrfH
LR E BT KGR =R, AEBRAR BB, SRISTE 60 °C ME S HAH T
JE 12 /N, 15 BT R IR Co-BPDC-S3. B RRIRIM IR, 237 IA 0.005
g 0.01 g. 0.10 g Billk, 4ralan444 Co-BPDC-S1. S2. S4.

2.2.4 AL REMR

= HURIA R 0 BB A = Be R R CHIG60E T ARNSHEAT, il s ik k. 1
A IR FARANEA Fr fELAR 70 0] o AR R bR 2 O R AR A B AR 1 mol L1 S S AL 4
TR FEL R TRV o

CA_ESA 5 AR O IERR, RS TR R 5 bk B LR RE4S575 PTFECE UM &
Wtz 8:1:1 WILLENR &, ERTERhATEE 30 408h, BEEWINST AR IR 15 7>
B TE RIS SIIREE, SRIG R SROBNR R WIRER b, AR TEPERR S o 12 IR AR 52
G R BRI TERR A IERRSE T 2R A A AR U8 g 25 2%, AT
UMM AR 6.0 mol L S S AL B VAV o B3 L £ < A U5 I S AR
PERT R S B bl
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23 HER51Tie

2.3.1 TSR REERI TR

AR FE T A KGR S T MOF fi742 1) Co-BPDC-S #1%}. & 2-
1 757 Co-BPDC-S3 (il &AL . ZidF246 T Co-BPDC 7K #VE L, LA
AARAFHEIR, FIFKIGE, BRHETHKREARN Co-BPDC ¥ 5 i ARTE I AR
(NF)EJE E, i 2-2()f1 2-2(0)Fi7n. BJE, 155235 MK T SIBR .
B SN RIIEAT B AR S AL 3B SR B AE — ST A N ERIR Co-BPDC-S3, Bk
REVREA FREER, WK 2-2(c)f 2-2(d) 7w

7 T
Co-BPDC Co-BPDC-S

] 2-1 Co-BPDC-S3 A H1 il %% F2

Figure 2-1 Schematic diagram of the synthetic method of Co-BPDC-S3

B 2-2(a,b) iR T E AR (NF) R I35 51 803 AR K IR ARg KR 2k, RRgK
LA I ELAR 2N 0.4 um. 7EE 2-2(c,d)H', Co-BPDC-S3 #EHH# i T i
TS (SEM) B 7R T Co-BPDC-S3 /NERFE [ FoIR ¥ S FI B 4678 o, I gl K AE
(R THT 7~ H B ) — 4 FofRAR S . 3X M R R B T4 s A s iR BT
1) ) (R 2 BRAR B 1 P AR VLI 0 B 1 A i AT 50 PR I H A 27 e AT LA
FEME, &)k i) AL SRR AR IR T AT R R . R EE A, AT
PORMAA B4 ¥ FLA S ek e RO LR AR s
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10.4mm x1.00k SE(U) 50.0um il S4800 5.0kV 10.4mm x4.00k SE(U) 10.0um

548005 0kV B 2mm x1 10 PSE(M) o 1 ; 50 Oum FS4800 5.0kV 8 3mm x10 Ok SE(M)

& 2-2 (a,b) Co-BPDC; (c,d) Co-BPDC-S3 A~ [l KA %) SEM K]

Figure 2 Different magnifications of SEM images of (a,b) Co-BPDC; (c,d) Co-BPDC-S3

A XRD A FTIR XS A4 BFgE AT #E— PR AE, W& 2-3(a)Fr, v 1 HER
TR EREL O AL ST 10, K P A B A i A BB o B R Y
Co-BPDC F1 Co-BPDC-S1. S2. S3. S4 (1] XRD . Co-BPDC K% 5 F Al
45 (CCDC:140986)—H, EsSE | HEII& M. TIRIIINAIG, TR —ERE
RS, KR —E R, ATREEBR THEN T Co-BPDC itk , 3T IR i 4,
WRAE—ERERN, FET 58 EBAYAT R AT SR I, %R T
Co3S4(JCPDS#42-1448), [N J7 fER 121

3Co*" + 4HNCSNH; + 2H20 —» Co3Ss +4H,NCONH, + 8HY - A Z(2-1)

XAIESE T Co-BPDC-S3 FIRLINA B Bt )5 HIA EHE A Co-BPDC AT
i, FBY—LL MOF MR, RMATIRGA MOF 4 &b M7Ep kLt 3t
1o M 2-3(b)ZLAME B AT LA e 3421 em ! A IR ST U4 3ot 82 T 7K 23T JR JE 11
O-H fi%i4k5), £ 1610 cm™' ALMER B AR AT T H TR C=0 i),
1390 cm™ 4k BPDC [¥) C-C f#i4i#zsh, 1110 cm™. 765 cm™ b — 211457 )& T
BPDC ¥ () C-H fififikz. C-H MHAMEIRA ML RS . 1T Co BT
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fLfE, 1E 665 cm ' 4bF Co-O W N T IR SUEE, 78 359 em™ ! AbFH % Co-S I,
HE—PEH T MOF 74 B ) I T & 1 o

@) (b)
, , =
—— Co-BPDC-S2 .
~~ \
: 3 ] 35
2 g 15913~ 1382.9
3 2 \
? s —— Co-BPDC-S3 ‘\
o= = Co-BPDC 665.3
2 = —— BPDC 1600.9/ BT
5
2 w
= =
— —— Co-BPDC-S3 g
o = f
. —— Co-BPDC 1390 i ¢
s ! 3421 /
0354(JCPDS#42-1448) 1610
L | | : L -

40 50 60 70 80 4000 3500 3000 2500 2000 1500 1000 500
20 (degree) Wavenumber (cm™)

] 2-3(a) Co-BPDC #ll Co-BPDC-S ] XRD [; (b) BPDC. Co-BPDC I Co-BPDC-S3 ]

10 20 30

FTIR
Figure 2-3(a) XRD patterns of Co-BPDC and Co-BPDC-S; (b) FTIR spectra of BPDC, Co-

BPDC, and Co-BPDC-S3

it 88 K A/ 5%, #—5 4047 T Co-BPDC~ Co-BPDC-S3 (1%
FLERIFFPE(E 2-4 ab). 7E 0.5-1.0 P/PO JGIHI N, AHRIRIUH R BE-BEF 4T R, #4
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Figure 2-4(a) N2 adsorption-desorption isotherms of Co-BPDC and Co-BPDC-S3 materials; (b)
Pore size distribution curves of Co-BPDC and Co-BPDC-S3
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Figure 2-5(a) TEM image of Co-BPDC-S3; (b) HR-TEM image; (c) TEM-EDS image; (d) SEAD

pattern; (e-g) High-resolution TEM images; (h-1) Elemental mapping images
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Figure 2-6(a) XPS survey spectra of Co-BPDC and Co-BPDC-S3; (b) High-resolution S 2p spectrum of Co-

BPDC-S3; (c-¢) High-resolution O 1s, Co 2p, and C 1s spectra of Co-BPDC and Co-BPDC-S3
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Figure 2-7(a) Comparison of CV curves for samples with different thiourea additions at a
scan rate of 10 mV s7'; CV curves of samples with different thiourea additions in a three-electrode
system at various scan rates: (b) Co-BPDC; (c) Co-BPDC-S1; (d) Co-BPDC-S2; (¢) Co-BPDC-

S3; (f) Co-BPDC-S4
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Figure 2-8(a) Comparison of GCD curves for samples with different thiourea additions at a current
density of 1 A g™'; GCD curves under the same voltage and different current densities in a three
electrode system; (b) Co-BPDC; (c) Co-BPDC-S1; (d) Co-BPDC-S2; (¢) Co-BPDC-S3; (f) Co-

BPDC-S4
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Figure 2-9 Materials with different amounts of thiourea added (a) Rate performance chart; (b)
Impedance chart; (c) Cyclic stability test curves of samples with different thiourea additions at a

current density of 10 A g!
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Figure 2-10 Co-BPDC-S3: (a) b-values (slopes) after linear fitting at different peak currents;
(b) pseudocapacitive contribution ratios of Co-BPDC-S3 at different scan rates; (c-i) surface

capacitive contribution plots of Co-BPDC-S3 at 2-50 mV s~!
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Figure 2-11(a) Schematic diagram of the Co-BPDC-S3//AC model; (b) CV curves of Co-BPDC-
S3 and activated carbon at a scan rate of 10 mV s7!; (¢) Cyclic voltammetry (CV) curves of Co-
BPDC-S3//AC at different voltage windows under a scan rate of 50 mV s7'; (d) CV curves of Co-
BPDC-S3//AC at scan rates ranging from 2 to 50 mV s7'; (e) Galvanostatic charge-discharge
(GCD) curves of Co-BPDC-S3//AC; (f) Electrochemical impedance spectroscopy (EIS) plots of
Co-BPDC-S3//AC and Co-BPDC//AC (with insets showing their magnified views and equivalent
circuit diagrams); (g) Cyclic performance curve of Co-BPDC-S3//AC at a current density of 10 A
g'; (h) Ragone plot comparison of Co-BPDC-S3//AC with previously reported similar

supercapacitors; (i) Demonstration of Co-BPDC-S3//AC powering a small light bulb
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IFmE YRR, BEERRE RGN, AR R E. CV fIZ M
PRI HL AN REBOR, XA T LIS 2 I RE R, IR R I R .
2-11(e)Z7~R T Co-BPDC-S3/AC 1£ 2. 4. 6. 8. 10A g ' AN[FHIREE ) GCD
Bz, 2092751, 2104, 168.4. 141.2 . 130.1F g XTAril4 I A
ar AT BHPTIN, an i 2-11(H I Z 2 1R Bz, Co-BPDC-S3/AC (1 EIS HiZk
TE R (12 /T Co-BPDC//AC, ULHA'EI I R /1, FAAGTARHE R, HhZRTE
A X AL KT 45°, IX KM Co-BPDC-S3//AC & TR R &k, 1Ak, Co-
BPDC-S3//AC (N FHEUIK, &SRR P N(1.37 Q), A AT 5 1 1 todiA%
o PEPRIRSE LM 2-11(g), 7E 10A g I, Co-BPDC-S3//AC &3t —Ji M
RS, o BB RR AR RRAEVIAA (A 1Y 92.1%, RILH RIFMIERFE M. 16
PRI AR R, ELAAR O 5 775 J2 P9 VR BRI B0 B AT BB IR0 20 IR 45440, R Pl A
W R 2R 5T AT RE S RS RSO, E TR A AR E M o BE B TR Th 2 T v Ak
AL 2R A I BE A S S AL, AR A R (1-3 F1 1-4), A LU H Co-BPDC-S3/AC
M RE 2 LN DR T . B 2-11(h) i, XA E D) R LN 1699.9 W kg I,

REE®E N 1104 Whkg s IR EEIRTT 2 8503.2 W ke 't , AR & LA IR
£ 52.2 Whkg™o HAERRHR T SCHR i 4hai (¥ 2 Pl g i 2 3R 871250 Sk i B 1
AL i) £ () Co-BPDC-S3 HIARATRLAE & 1t e R 2 L A8 4 (M L R AT R i 55t

2 2-3 A AN RN A A 28 AR AN X R 2% FhL 2 4 P LA 2 PR i P ARG

Table 2-3 Comparison of electrochemical performance of asymmetric supercapacitors

assembled with different active materials

R AL R REEWE  IREE fiEA R 22 3CHk

(Whkg)  (Wkg™)

CoSx@NiFe-S@NF//AC 29 800 80.7% after 5000 cycles [87]
at 10 A g™!

NiC0254/C03S4//N-rGO 40.8 806.3 89.6% after 5000 cycles [125]
at 10 A g!

NioSs@C-5//CTP-AC 69.32 800.06 83.06% after 5000 cycles [126]
at5Ag!
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CoNizSs@NiCo-LDH/BC/AC ~ 95.57 866 95.2% after 10000 cycles [127]
at20 A g!

MXene@NiCo2S4//AC 51.21 863.65 90.7% after 10000 cycles [128]
at5Ag!

NiCoMnS//AC 47.2 750 85.2% after 10000 cycles [129]
at5Ag!

NiCo,S4s@HCs//AC 69.6 847 90.2% after 10000 cycles [130]
at20 A g!

NiCoMn-S-0.25//AC 71.86 793.56 90.1% after 10000 cycles [131]
at 10 A g™

Co-BPDC-S3//AC 110.4 1699.8 92.1% after 10000 cycles  This Work

at10 A g!

24 KB

AT H, BHWPKE, BeEilifE ERA 4K MOF Co-BPDC, #%
FIMAFEX MOF #4751k, 3% Co-BPDC 174 I 41l Co-BPDC-S, 5
J54E MOF AHLL, HRIAE R, BAHEZIEMEALR, B0 T R &8
1% AT RN LA T s A AR E L, £ 1A g™ RS T
Co-BPDC-S3 LLHIZ N 2589.2 F g WHE AC it pedn =RAEXS FREE 2 H 45
BIG, BE2A g WHEESAEN 275.1 F g, FEIHERZEN 1699.9 W ke
i, REEZE N 110.4 Whkg™', 7E 10000 X 78 TR G EL 5 B AT 485 92.1%.
XIU LA A G = TE RS MOF AT A E N AR BHR A T A 1 S AN B I 5 A
DT
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5 35 Co-TPBA REITEMUMEREELHFRIESE

M

3.1 5|§

TEABRBE YRR BRI IR BT 15 Y IR B R T, KR s AUt Re B © S RHIE A
SR E ST 1) FEREMERE B D, B R R A MR R PR RE L A 2 2 i
SRR, GRZR RSAE A — Pl AR R B, DI DR B AL M 7E
AR 1 DA S PR 1) 70 5 L RE D 3B R, FEACIB K A L [ By 4 D B A
JE I BRI L F A 79171400, R 20 P 25 8 32 BT 43 D U o F 2 o A R e 2
12, 1931 00 R, Jo2 v 2 2 A o P AW 2 T 29 1 O PR B 5 PR S TR e A i, 170 R P2
A UL T AR R 2 THD R A 1) PR RIS 3 S S S R A7 g 14 1990,
TR, LI < A A AN S SR A D AR 2R ) I A e R LA e ) B B
WL R IACIOL, AN, )8 A HUHEZE R EH(MOFs) B H & G R RHE (e LR T
FARNR R PG5 M, TE % BE SR I H 35 (1 R A 751500, SR, i 7E R
R e D) 23 B 1 [E) I 3k — AR T R R AR 2R R R B, AT ST A b ) R B
Pglsr1s21,

&)@ - B HIHELE(MOF) 1 4t /& B Omar Yaghi 2% 7E 1990 “EACE #A KR BLAIS,
MOF 2 8 i 56 T4 & B2 1 A0 HLEC A 1 Bl A 52 G ) B 228 4504 - MOF 4544
MNRANS T4 G, BEBETE GRS E . RFRR R R vr R e X
B ) 5 AL R T P ) R OE 0, RIS 7 &b D se i@l Bk, HT
5E il ) 22 FLE5 AR T T 45 0 R SR, MOF — ELZE AL RN AT fils o2 o 32 9SS
101, fEJ54G MOF 7] Be HAT el vb, it — 28K MOF {4yt MOF i
A BRI R AT IR B R T T2 R . SRR 2 (A FLVPAG T MOF 74 14
BHER L A3 1 N, APRHE FMURI R 2 FE 25 25 F DL AL S PR B AR e M o ARk
Rk, ST AR SRR DL 1 bl B R S7-159,

FTLLEF R, A MOF A7 AR BRI TE B G AR B3 0 7 s A B
], PR Soe = BARBI 7 7 ), k4 T — RS BN RO 4-(2,27:67,27- =0k
Mk E)-4"- 5 R (TPBA) 5 Co B T-EAT HeAir 1] 4% W B f4& MOF(Co-TPBA), i it [
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B AAIEAE KNGS P JEAL AR AR R b, 5 HEAT ZUOKBIMAER R, K AT 9K
& Co-TPBA HEATHIALAS 2] MOF MR E+RE, IR HAF v )l 2 2%
FIIER . MOF ATZEMIAK A AURDLE 32 & A 21, IR 1 i

HEETERE
3.2 SCREERSY

3.2.1 LB AR &

AR P A Y ) 24 i AR LR 3-1.

K 3-1 SR 2 KR

Table 3-1 Experimental drugs and reagents

TR 4 R G
4-(2,2°:6°,27 - IR E ) -4 - K TR C2HisN30, AR R IR A 7
i fix NH>CSNH, TR B A PR A
A KOH L ERTRL T A AR R A R
KRR (1) Co(NO;),-6H,0 BRI A PR A 7
L C2HeO TR R A R A T
N,N- - F B T C3H/NO TR R A R A T
7 C3HeO TR R A R A T
TR HNO; IERATRE T A AR A BR A
VY532 C Sigma-Aldrich
AW (C2F4)n Sigma-Aldrich
TR Ni L) SRR AT BR A A
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ARSI RE R i P S AR A A R B IR 3-2 Fh

R 32 LIS s

Table 3-2 Experimental instruments and equipments

A S B AR

RS C
ESOL TG16-WS R AR AT PR 2 7]
BT R ZLT305STS R AR 2R AT BR A
BT R BSA124S L HHRFAA A IR A A
A TE AL KS-5200 LI ) S A AR A PR A ]
TR 1A DHG-9140A bR 7 SR RS AT IR
HAE TR DZF-6020A LW RFIRVIA S B A TR A ]
X SFERATHAX D8 ADVANCE TEEAE A H R AT
LR AR FLAR 23 BT ASAP 2460 5% [E Micromeritics
A L AR 2T A RS Bruker VERTEX 2 [ A 6 AR A PR A 7
HLAL 52 AR CHI660E i R ATBR A 7]
ESEE AT S-4800 ERNERA/A!
B LT AR JEM-2100F H 4% JEOL
X BEOEH T REWEAL ESCALAB Xi+ %[ Thermo Scientific

3.2.2 FRIEMR 5%

FH Bruker D8 Advanced #E47 X S AATHH (XRD)IMG, LABH & #F il (¥ & A4
Y. A R S B BE(SEM,  S-4800)%} il & HIAT R HEAT TR SR AL, 5T
L (TEM, JEM-2100F) X+ 5t B0 45 /) AT WL 8¢, FRIE IS = 7 P08 5 B
(HRTEM) A X B AT 5 (SAED) 73 A H i AR 45 44 . 1@t Bruker VERTEX 70v {i
B AR 2T AT AC(FT-IR) 73 Ak 2288 K B R 1S 2 - 1 4b, it ESCALAB Xi+
X ST REIE A XPS) XS M RHE TR AR AN S AT 7047
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3.2.3 RIS

(1) Co-TPBA & .

541, F 0.2mmol(0.058 g) Co(NOs)2-6H20 A1 0.2(0.07 g) mmol 4-(2,2°:6°,2’-
ZHRIEE)-4 - R (TPBA)SE VA IRAE 20 mL £ B F/K TRy, ARG ME
HORIN 20 mL O, FREORSVERGEFALEE 10 708, BEE R HEI 100 mL A
T RV 2 (PTFE) AN i IR 28 P o AR J K 220 A B 407 R 158 4 9 ik 4
(NF 1.5 cm X 3.7 cm)iZ A il 2 BV TR A o 5 5 R 28 0 160 °C FROREF 12 /NE .
BHG, HHEEFKMLEESS =Y Co-TPBA 49K it fTiEvE. SRIGTE 60°C
(2SR BT I8 12 /B, 753 Co-TPBA.

(2) Co-TPBA-S {1 & i:

EE, 4 0.05 g BRI 40 mL 2857 K, HiPEIF b B, B RmIKE
fi. B & HEREN 100 mL 4 PTFE WA AR E RS, ARG, K
# IS Co-TPBA HIHIABINIAN FRIERH . £E 160°C T hNFA 12 /Mo F50
Wb e, HOREMER KR =R, BRERMAE, RIETE 60 °C KIHAHHH
TR 12 /N, B35 Co-TPBA-S2. HURHIRMIIIAR, 22510 0.01 g-
0.10 g ik, 43 7l#w 4N Co-TPBA-S1. S3.

3.2.4 TAERRHREIZ BN

BRI SIE 224,
33 R 5478

3.3.1 X RS

Kl 3-1 78 T Co-TPBA-S2 il id FE i & AR Kl . 152672 Co-TPBA 17K
WERG DR ERR, KM /e R, FIHKGELE 160 °CF S 12 h,
Hrr gk iR Co-TPBA ¥ A UTARIEIEHARR(NF)JLIE o BE)S, 7EAHE 5% 4F
NARABARAT MOF BEATRAG . BEAE [ RLBEAT, Sl IR G5 A 180 SR SR A —
ALIHAZ N RERIR Co-TPBA-S2, BRI A W& AR &5 .
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T 5 “’ y
— Hydrothermal - Hydrothermal p
¥ ‘ b 1 Thiourea
A i TN w
Coz+
Cathia Co-TPBA-S

3-1 Co-TPBA-S2 H1h1 ] 4 i 4]
Figure 3-1 Schematic diagram of the synthetic method of Co-TPBA-S2

3-2(a-d) s T IEIRIRER(NF) R T 3 &) 8O AR KSR TG K FrBES,
7EE 3-2(e-h)H, Co-TPBA-S2 #HKlHF34 T WAL (SEM) 1 LA 2 iR &
AR R T A AN IR BIRE R, REMAKTRMILRTR, AR T 58
SRR Vo R A AT 8 IR A, BRODR 45 440 J BB A W = (1 i ok, 28 Co-
TPBA HH A e XFp IRTEAT B TR s AL S 00RO K R T
L, PR B A R TR

TV BRI AR RO W T, DU R S AR IS b P gk e ke B
il 25 K0 XRD B0 3-3(a)frr, KW IR T Co-TPBA 1 Co-TPBA-S1.
S2. S3 {1 XRD K. /K#IEH| &1 Co-TPBA I HT 4 U 55 A A 0l 45 5
(CCDC:2045093)FE A —%, UESL T MOF MIh & il. IANBRIRERAL G, ASE AR
W EMEAEME BT 5 48 6k YA R AT S, xR T
Co3S4(JCPDS#42-1448), it —PAESL T A MBI & B ik J5 BT EHES Co-
TPBA HIfiTifiE, RMEEM BS54 Co-TPBA, iEH] Co-TPBA Hl14:
JETRAL) CosSs FEM R HETE
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B 3-2 ANEBCKAE S SEM [ (a-d) Co-TPBA, (e-h) Co-TPBA-S2

Figure 3-2 Different magnifications of SEM images of (a-d) Co-TPBA, (e-h) Co-TPBA-S2
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& 3-3(b)/& TPBA &, Co-TPBA. Co-TPBA-S2 f{{# B IH-AF 21 4h it
K, £ 3423.6cm™" L 1589.3 cm™'\ 1346.3 cm™ ¥ T Co-TPBA-S2 {2 HFEIE,
S %t N-OH W 7K 40 T I 4a 3R 3l, -C=C [Id4adkah LA &-C-O [ 4EE S,
5 TPBA BCIRRIFFHEE ReH—3, #E—LUi# Co-TPBA JFiA B, 1E
1004.9 cm™" &b Xf By C-N AH4EHRS), 7E 424.4 cm™' X R Co-N Hiff, B Co &
T5 TPBA JINECAL, Fit—D454 XRD 45118 Co-TPBA 5 Co-TPBA-S2
B o

(a) (b) —— TPBA
Co-TPBA-S3 ~——— Co-TPBA
—— Co-TPBA-S2
MWJMN‘ ——— Co-TPBA-S2
e P Y N

Co-TPBA-S1

f ~
X 13443 10164
34217 1591.2

10106 4147
1352.1
34178

Intensity (a.u.)

1598.9

T ot
Simulated Co-TPBA CCDC:2045093 f \1\004'?;24/4
1346.3 ’
‘ ‘ ‘ ‘ ‘ Co,S, (JCPDS#42-144) 34236 AN
1 1 T B |
T T

Transmittance.u.)

15893

0 20 30 40 50 60 70 80 4000 3500 3000 2500 2000 1500 1000 500
20 (degree) Wavenumber(cm™)

] 3-3(a) Co-TPBA. Co-TPBA-S [¥] XRD E|#l (b) TPBA. Co-TPBA. Co-TPBA-S2
FTIR
Figure 3-3(a) XRD patterns of Co-TPBA and Co-TPBA-S, and (b) FTIR spectra of TPBA,

Co-TPBA, and Co-TPBA-S2

HITE 88 K T AU SE38 i — P #i € T Co-TPBA. Co-TPBA-S2 £
FLEEHI(E 3.4 a, b)o FERRHIZRYS Y TV BURRAE No MR BT 2R, 2 s B A FLA R
IV-H3 ¥ilf J5 P2 02 R KA LR, 50T SEM 45 R — 3. Co-TPBA-S2
FHREHE) BET LR AN 1405 m2 g!, /& Co-TPBA (11.35m2g )i 12 5%,
WAL A b B B35 PO B K T AR U SR TR, V& A s KRG o e FL A% 40 A ]
ST, Co-TPBA-S2 FE il £HLH 5-20 nm WA FLAARFE. KA LR AL T
WEVEP) S FAR R OH 78 7 Hefik, 35 B i T MR FLARF AL S0 3 70 S A Rk
(AL PR
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(a)
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Figure 3-4 BET tests of Co-TPBA and Co-TPBA-S2 materials: (a) Nitrogen

adsorption/desorption isotherms; (b) Pore size distribution curves

L TEM % Co-TPBA MM A G HEAT TIR AT WA 3-5(a)Fia, w4k
X5 SEM EURZHIMSER—3. Bl 3-5(b)/E/~ I Co-TPBA-
S2 #) HRTEM EI%, FHriuial WA B A% 2680 SAg AR 0.297 nm X N
Co3S4 ) 440 fiifi, P 3-5(c). [AIEEA 0.423 nm &y Co-TPBA 1] 201 &1, & 3-
5(d). Kl 2-5(e-j)/E7R T JLE ) Mapping 73 A &, MHATLAEL S| Con Cv Sy O
N JCE I S ARTERROIRGK v 1R T
SAED Hl EDS S8 Z FRALFB ISR, 78 IESE | Co-TPBA-S2 M KR &

S AINER,

o
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P! ¥ Y ey
'-‘-1 m({(%ﬂ{)?ﬂ.{z3l’ll‘n '
™ N, o N

® Co

3-5 Co-TPBA-S2 KJ(a)TEM [&; (b)HRTEM [&; (c,d)ih 2> #Ei% 5t HE 4% 1K; (e-j)mapping
Figure 3-5(a) TEM image; (b) HRTEM image; (c,d) HRTEM images; (e-j) Elemental mapping

images of Co-TPBA-S2

KH XPS #t—25%t Co-TPBA. Co-TPBA-S2 #1470 2 [ it J5 sURIML 220K
BTN, NGB A H, H14 0 Co-TPBA IIFEM A C 1s. N s,
Ols. Co2p W&, 1A MERIR /G Co-TPBA-S2 FEfitZ T S2p &, & 3-6(b) ] Co-
TPBA-S2 ] S 2p Al FEAL T 163.21 eV F 164.72 eV K&, 43 5%t F Co-S
HEH S 2p3n M1 S 2p1p, X HZATHRIENGRERAY) —2. AL, 169.37 eV ALH]
5 SOCAHIG, TIAER B TARHE 2 U 285 5 R A2, A 3-6(c)
FEH, Cls maPtitE T, 284.8 eV A C-C [FFEIE, 286.1 eV A C-O [
FiElE, 288.6eV N O=C-O HIHFEIE, 290.8 eV Jy m-m* (sat.)%f M., 7E P 3-
6(d), O 1s msr#de XPS Jtilirt, WiAMAET O FEE B A B B, ff
F 531.9eV ALHIEICE Co-O #E, 533.1eV HIEE C=0 BIFE. K 3-6(c)
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() Co2p i FEFIGIE A& A H IRPEZS Co 2pin M Co 2p3n, Co-TPBA-S2 7)
N 796.9 eV Fl1 781.3 eV [ Co** 1 798.2 eV 1 782.6 eV [ Co**. 5 Co-TPBA
FHECA BT v] BE A2 7= 2K (1) CosSa B4 INXT J5 46 MOF A Friiid . AT 803.4 eV Ml
786.7 eV MU JE T Co 2p B MPA P AEWE. 7R 3-6(H) N 1s 4 PFR ik K
399.6 eV H1406.1 eV HIFINIES) 7] %f B - N-C WA N-Co I, Infiifa Co-N &5k
FER RN, FIBES CosSs ERUA K.
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] 3-6(a) Co-TPBA. Co-TPBA-S2 [f] XPS 41 &l; (b) Co-TPBA-S2 f S 2p =73 L, (c-
f) Co-TPBA. Co-TPBA-S2 [f] C Is. O 1s. Co2p. N Is m#HtiE A
Figure 3-6(a) XPS survey spectra of Co-TPBA and Co-TPBA-S2; (b) High-resolution S 2p
spectrum of Co-TPBA-S2; (c-f) High-resolution C 1s, O 1s, Co 2p, and N 1s spectra of Co-TPBA

and Co-TPBA-S2
3.3.2 AL M e

SR = AR AR Z 0T P &5 AL () AL 2 PR REEAT DA, 38 I U T R AE T B 46
RS BRI 22 R I AR e 1 A PR RE, BT A M EHYTE | M KOH R HEL AT
=R AR R R AT, AT T A EER RS NS AR A A e s . ] 3-7
()E/R T1E 10 mV s 8 T AFEFE S IERR Z2(CV)IIZ . FTAFER A IR
AR S, FTREE Co(ID)E] Co(IIN)FR A MR RN IE AL, Bk 5 kL
(¥ CV I 2 AR AR J5 A7 T S s H B v PR WAL P VAU R SE R B0 P 5 il 2, R Al
LA sy, o Co-TPBA-S2 WM AR A N, WA E ML AR K. X
—VERESR T 1 HIH N T ADRE & U R R AR I S5 R AR, BT R R Ik
HAR AR ORBEIES, NIMSIN T EZRETEA R, B, & 3-
7(b-e) R T A FEMEHE 2-50 mV s =@M R 22 i 2. v LR M ATA M
BHOEIAR 2 i 2R FE T RIFIARENE, KRB EIEAR, 3R BTl AR
BATAr e, B ar O, SRRl R DR P 2 SR 3 1 SR A i i
o R R P A RHAE, BRUDRVA IR G ORI, PEFAR 2 2R AR T AR B 2
R, kB R, DN IR i A i 2T AR DN, PR TR RN I
BEMFEE Y G R, CV HIZTH A Co-TPBA-S1. Co-TPBA-S2 #1 KL
WAz A, 37 Co-TPBA-S3 AEHN AW FRE, X HIESE [ iXx—H
W FEEFRGERNIEM, Fra MR R b e, I BB AR LU
B A BT, FEPERORME R A T AR AR, i 2 S A AR S5 43 i B O
5] B B A1 A7 Rl B B o IX e 25 SRR SE T AR A AL PR 25 50 T T IR AR HAE 2
VERE, SR TP I AR R E AL N B e
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Figure 3-7(a) Comparison of CV curves for samples with different thiourea additions at a scan rate
of 10 mV s7'; CV curves of different samples in a three-electrode system at various scan rates of

(b) Co-TPBA; (c) Co-TPBA-S1; (d) Co-TPBA-S2; (e) Co-TPBA-S3
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Figure 3-8(a) Comparison of GCD curves for samples with different thiourea additions at a current

density of 1 A g'; GCD curves of samples at different current densities of (b-¢) Co-TPBA. Co-

TPBA-S1, Co-TPBA-S2, Co-TPBA-S3

50




RT3

K 3-8(a) i T ANFIMEE 1 Ag R E T, BRI 0-0.5V I (HfE H
T AT (GCD) AL SR, Herbr L A B T R B 1 /NI ] o i 5
JRS 0B RGN, AR R T L TR R I BT R RS, Hod Co-
TPBA-S2 HLHRAT AL 1) TECE N (] 21 fe K AH o S0 250408 SR, Co-TPBA-S2 HAHK A
BB R B, IAF 2549.6 55 1M Co-TPBA AR AL 14 735 A Fisf 171 B S 4
5 F AR AL TR 2 & AR BHAE EEAF A 35 72 8 (Co-TPBA-S1.  Co-TPBA-S3
J% Co-TPBA I FELIE] 43514 1450.6 s« 559.8 s+ 1 403.8 5).

PRIE A Z(1-1) L H AT A #E L HL%¥, Co-TPBA. Co-TPBA-S1. Co-TPBA-S2.
Co-TPBA-S3 [FJLL 2507 M 897.3. 2901.2. 5099.2. 1119.6 F g'. Co-TPBA-
S2 I B K AT L BN [ A B s T L AR . 52 BT OV T2 ARy T AR AH o
B2, IXFRR S B AEVA R T MOF R SRAR S BR A (B ¥ FIVE R, A3 58 1
SEMEH AR . B 3-8(b-e) @R T AN FEIBIRAINEFIFEHE 1. 2. 5. 10A
g~ HIREE T GCD Wk, MEIH ] LLE BIMRHERE K I &, 25 iEm
T i AR R R AR

(a) (b)zs —@— Co-TPBA
~5000{ ° —9— Co-TPBA o %
D \o Co-TPBA-S1 /0 o Co-TPBA-S1

o —9— Co-TPBA-S2 20 - Co-TPBA-S2
&4000 T —@= Co-TPBA-S3 / Co-TPBA-S3

v < |

2 |

g ) 9

S30009 i

= I

2 ~

= \

2000

@

=

S10004

) \o

& —

0 T
0 2 4 6. A 8 0 5 10 15 20 25
Current density (A g7) Z/(Ohm)

(c)3000

Poo
2009 o
)
2500 "“@a.;,,‘,gg
200

@ Co-TPBA

20001 Co-TPBA-S1

@ Co-TPBA-S2

1500 - Y Co-TPBA-S3
.0900000000000000000‘

1000

500

Specific Capacitance (F-g™)

lQQOOOOOOQOOOOOQGQQQ

0

0 200 400 600 800 1000
Cycle number

51



g M N e e 2 VAT

K 3-9 A EBIRZS I IR R (@) R RE L (b)BEBTIEL ()10 A g7! -IRUE FE MR AR E

ERVIRTMES

Figure 3-9 Materials with different amounts of thiourea added: (a) Rate performance chart; (b)

Impedance chart; (c) Cycle stability test chart at 10 A g~! current density
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] 3-10 Co-TPBA-S2 (a)Z 14U & 5 A FIEHLR T b(RE)E; (b) A [EH13E T Co-TPBA-S2

) & FL 28 BTHR R ; (c-1) 2-50 mVs™! Co-TPBA-S2 [ FiL 2 T ik &)

Figure 3-10 Co-TPBA-S2: (a) b-values (slopes) after linear fitting at different peak currents;

(b) pseudocapacitive contribution ratios of Co-TPBA-S2 at different scan rates; (c-i) surface
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3-11(a) Co-TPBA-S2//AC U &; (b) Co-TPBA-S2 ALFHERAE 10 mV s 4T CV
HZE; (c) Co-TPBA-S2//AC TEAFIFE N CV HiZk; (d) Co-TPBA-S2/AC 2-10 A g™ )
GCD £k El; (e) Co-TPBA-S2/AC. Co-TPBA //AC HIFHBTE (W MR 5] A Hook &
AL E]); () Co-TPBA-S2//AC 7£ 10 A g™' PG Fa e MK (g) Co-TPBA-
S2//AC 5 SCHRRIE 2R L 2% FiL 258 24 1) Ragone XTELE]; (h) Co-TPBA-S2//AC fiss/NT i
]
Figure 3-11(a) Schematic diagram of the Co-TPBA-S2//AC model; (b) CV curves of Co-TPBA-
S2 and activated carbon at 10 mV s7'; (c) CV curves of Co-TPBA-S2//AC at different scan rates;
(d) GCD curves of Co-TPBA-S2//AC at 2-10 A g'; (e) Impedance spectra of Co-TPBA-S2//AC
and Co-TPBA//AC (insets show the magnified view and equivalent circuit diagram); (f) Cycling
stability test of Co-TPBA-S2//AC at 10 A g; (g) Ragone plot comparing Co-TPBA-S2//AC
with previously reported similar supercapacitors; (h) Image of Co-TPBA-S2//AC powering a

small light bulb
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FEA T, KL fI 4% T Co-TPBA fTAEMIE &41KL Co-
TPBA-S. %G, TERKER LIRAMZEK Co-TPBA, Fifi 5@l iR ALEE, 7535
A m LR AT 235 AL 5 1) Co-TPBA-S2 #4 8k, 54k MOF AHLL, %
WG IR RHE 2 B8 T R ARAR 0 S R A 1 e, R I H B v B B A AN BE AL

55



RT3

FHEAE!E. £ 1A HHREE T, Co-TPBA-S2 K HZAIAE] 5099.2 F
g o K5 Co-TPBA-S2 1F N IER 55 i 1 ok Tl 2H 2% il AN s 2% Fi 5 4% ) » Co-TPBA-
S2//AC 7E 2 A g 'R FIOLLHZS N 1471 F g s IEAL, 1% MH7E TN B Ay
1700.4 W kg 'If, RERZFIAH] 59.1 Wh kg, FFHAEZT 10000 RIEH G, 7
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HLAA R A D SR L 88 (R SR BRE AL RS 7 o L 0 1 P 3 o AT P I T 1 SRR
X ESAF IR BEAAPE RE R g M. BRI S, MBI & 7 3 R B
2 i PR 78 B0 FL R RN RE B A O T FL T 7 T D R 17 PR 8 1) AR R T Vs
ANREa REN 150, FE e, A R B B o B T R, (R VE R AR,
I HS R S P AR S G i R AT O PRI, VFE TN SRR TT T AL
o L AR R E N D R AR NCEN S B U= i Y = A R N i
A2 RLH, Bdh 5 T A B M AN 2 i G BB AR T AR 25 A 27 TRy
M AR, PR AR B K e R RTOS2%0,

PV A/KOH #EJi5 HiLff o LA v 1) 18 13 L I8 S RO ML E AL 22 R e
Gy TN H AR, 1 HA AL AR e PEar A e i PRS0 s, (AR
BAVOUE 2 o AR B PSR Lk )@, AP AR B, LAY A B0 )
NIER, PVA/KOH BBAZRNE MRS, RS RN AR, file 7 — R
FIAEXS IR 2 g, X HLREAT 1 — RBVRAL I, 25 8 BB A o m]
TR, AR ILEEAT AEAN RS il A T B R SR, S5 R R SRk
HLZ A AE AN (R A T IR AL S P RE R TE R R AL, 3K S v 45 (R SRk A L
AT RIFISRINE, BB 1N A Al

4.2 SLIGERGY
42.1 R HMPOEE
41 B 7 A A I R T4 T A 24 AR
£ 4-1 255 %A

Table 4-1 Experimental pharmaceuticals and reagents

2 ity S AR A4 K (A= i G
RO [C2H4Oln FHFRERE AR AT
4.4 JRIK IR C14H1004 FHFRERE AR AT

4-(2,27:6° 27 - = BEILIE)-
-7 R

frt ik NH,CSNH, FHF R AR AW

C22Hi15N302 R A IR A T
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AE LA KOH HERTRL T A A A A PR A 7]
INIKAHER (1T Co(NO3),-6H,0 AR R R R A
VL C2HsO AR R R A IR 7
N,N- = F 5 F P i C3;H,NO R ZRE R R 0 A R A F
TR HNO; Il 244 Ak R0 BR A ]
LHRER C Sigma-Aldrich
ATV (C2F4)n Sigma-Aldrich
HEM R Ni Bl ST R BR A A

AT SEBG I FE BT SERRAX &8 M B ik 4-2 Bz
R 4-2 LIGANH SR

Table 4-2 Experimental instruments and equipments

BE Y e A LS A7)
HTPRT ZLT305STS F i A BR A
AR ER S 85-2 SR AT K A PRA
A TE AL KS-5200 LI ) S P A A PR A
TR 1A DHG-9140A RS R SRS R A R A T
AT DZF-6020A g A R I PR AR A 7
HLAL 2 AR, CHI660E g R A AT TR A
423 R E R

(1) Co-BPDC. Co-BPDC-S3 [J & k: %5 2.2.3 MEHE .

(2) Co-TPBA. Co-TPBA-S2 (& H: 5% 3.2.3 MEHIE L.

(3) SRS PR B ) 2%« B ME IR (AC) 5 2 B T fi 7 K457 PTFECR UK 2
W) ¥ 8:1:1 (ELBINR G, ERFPRT R 30 208h, P NS NEEARBE 15 min,
BETE BURRL, FEVIARER EIRBEX PRI, AR iE TR R .

(4) PVA/KOH #ER FEfR T H 45 B, B 30mL XETI/K, ¥ 456g KL
IEEEPVAIIA K, 1E 80°CKISFAF NS FEL) 1 /DI, HEBR LIS
FHPRA . 5, B 6.39 g AEMAKONIMA 10 mL £B 7K h T EmM, £5
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R . AR AR, B R A DM R RS R, B O] KOH ¥
W5 PVA BRIk G . AT RA REFBIRERE K PVA/KOH Btk
HUR IR Rt M B =I5, RS IREA RIS, IR 5
R B, AN, JHERGRIFRE BRI, A2 RRE
Frl, LR R BN 5 e 78 3 F i

424 FMBREFFHEUFMERENL

FEARSER 2 (R R S TSR A e 1 i o, el fbss
P BE A 2 T PO AR 2R 8 o SRPH P LR AR St 1) 2 L DR A L S s S B b
PR, D AT B i 225 7

B A A B AL A AR R IR 2 B fE R se R I SRt
BRHTI LA S AEIA RS E PR . HAR I 2.2.4 s A2 PERENA

43 FER5T18

P 4-1 SR L 7 s 1A ) 5 2

Figure 4-1 Preparation Route for Flexible Supercapacitors
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Kl 4-2(a-c) i A iR T PVA/KOH JRURIRAS . Hif . R FE; (d-f) PVA/KOH #t i BEI [A]

ZL R

Figure 4-2(a-c) Photographs showing the PVA/KOH gel in its original state, under twisting, and

4.3.1 Co-BPDC & Co-BPDC-S3 {EZ B

during stretching; (d-f) Aging process of PVA/KOH gel over time
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4-32-50 mV s~ I TR 2 28 (a) Co-BPDC/AC FAEAR 4 HL 25 %3 F1(b) Co-
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Figure 4-3 Cyclic voltammetry (CV) curves at scan rates of 2-50 mV s™': (a) Co-BPDC//AC
flexible supercapacitor and (b) Co-BPDC-S3//AC flexible supercapacitor; Galvanostatic charge-
discharge (GCD) curves at current densities of 2-10 A g': (¢) Co-BPDC//AC flexible
supercapacitor and (d) Co-BPDC-S3//AC flexible supercapacitor; (¢) Comparison of CV curves
for Co-BPDC-S3//AC and Co-BPDC//AC flexible supercapacitors at a scan rate of 10 mV s™; (f)

Impedance comparison of Co-BPDC//AC and Co-BPDC-S3//AC flexible supercapacitors
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Figure 4-4 Schematic diagram illustrating the folding principles of an asymmetric flexible

supercapacitor device at 0°, 45°, 90°, and 180°
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Figure 4-5 (a) Cycling performance of the Co-BPDC-S3//AC flexible supercapacitor; (b) CV
curves of the Co-BPDC-S3//AC flexible supercapacitor at different bending angles; (c)
Comparison of specific capacitance of the Co-BPDC-S3//AC flexible supercapacitor at different
bending angles under a current density of 2 A g7*; (d) Demonstration of the Co-BPDC-S3//AC

flexible supercapacitor powering a small light bulb
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Figure 4-6 CV curves at scan rates of 2-50 mV s™': (a) Co-TPBA//AC flexible supercapacitor; (b)
Co-TPBA-S2//AC flexible supercapacitor; (c) GCD curves of the Co-TPBA//AC flexible
supercapacitor at 2-10 A g'; (d) Comparison of CV curves for Co-TPBA-S2//AC and Co-
TPBA//AC flexible supercapacitors; (e) Impedance comparison of Co-TPBA//AC and Co-
TPBA-S2//AC flexible supercapacitors
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Figure 4-7 (a) Cycling performance of the Co-TPBA-S2//AC flexible supercapacitor; (b) CV
curves of the Co-TPBA-S2//AC flexible supercapacitor at different bending angles; (¢) GCD
curves of the Co-TPBA-S2//AC flexible supercapacitor at different bending angles; (d)

Demonstration of the Co-TPBA-S2//AC flexible supercapacitor powering a small light bulb
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