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Synthesis and electrocatalytic oxygen evolution performance

of two-dimensional metal organic complex nanosheets

ABSTRACT

With the overuse of fossil fuels, problems such as energy shortages
and environmental pollution have arisen, making the research and
development of new clean energy sources imperative. Hydrogen, as an
efficient energy carrier, has received widespread attention due to its high
energy density and renewable nature. Currently, water electrolysis is
considered the most effective low-cost method for producing high-purity
hydrogen, and the oxygen evolution reaction (OER) occurring at the anode
has a slow four-electron kinetic characteristic, resulting in high
overpotential, which is a key factor limiting the efficiency of water
electrolysis. Currently, the most widely used water electrolysis catalysts
are precious metal catalysts such as RuO, and IrO,, but due to their high
cost and scarcity, they cannot be applied to large-scale industrial
production. Therefore, developing economical, green, and highly efficient

catalysts is of great significance. This thesis aims to use two-dimensional
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metal-organic framework nanosheets as precursors to synthesize two-
dimensional metal-organic framework nanosheet-derived sulfides.While
retaining the high specific surface area and high porosity of metal-organic
framework, thiourea modification is used to prepare derived sulfides,
increasing electrocatalytic activity and stability. The main research content
of this thesis includes the following three parts:

(1) Through the in-situ hydrothermal growth method, using
2,3,6,7,10,11-hexahydroxytriphenylene (HHTP), 2,3,6,7,10,11-
hexaaminotriphenylene (HITP), and 1,3,5-tris(4'-carboxyphenyl)benzene
(BTB) as organic ligands, and cobalt nitrate as the metal center, a series of
metal-organic framework materials (Co-HHTP, Co-HITP, and Co-BTB)
were synthesized. Then, by adding thiourea through a second step of in-
situ  hydrothermal growth method, two-dimensional metal-organic
framework nanosheet-derived sulfides (Co-HHTP-S, Co-HITP-S, and
Co-BTB-S) were prepared. For each ligand-derived sulfide, the
concentration of the organic ligand in the first hydrothermal step was
adjusted, setting 5 concentration gradients to prepare metal-organic
framework nanosheet-derived sulfides with different ligand concentrations.

(2) XRD, XPS, FT-IR, SEM, TEM, and BET were used to
characterize the morphology of the prepared samples. The morphology
characterization proved that we successfully prepared metal-organic
framework precursors and metal-organic framework nanosheet-derived

sulfides. After sulfurization, not only were metal sulfides successfully
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synthesized, but the structure of metal-organic framework was also
retained. Comprehensive analysis by XRD, XPS, and FT-IR showed that
the prepared metal sulfides were Co3S4. The surface element distribution
of the sulfurized Co-HHTP-S and Co-HITP-S was uniform, and the
specific surface area increased significantly, being 7.8 times and 7.1 times
that of Co-HHTP and Co-HITP, respectively.

(3) CV, Cdl, LSV, and Tafel were used to compare the OER catalytic
performance of sulfurized and different ligand concentration metal-organic
framework nanosheet-derived sulfides. Through comparison, it was found
that after sulfurization, the electrochemically active surface area increased,
and the overpotential and Tafel slope decreased significantly, indicating
that sulfurization could significantly enhance catalytic performance. The
electrocatalytic properties of the samples with the best -catalytic
performance of the three ligands were tested: at 10 mA-cm™, the
overpotential of Co-HHTP-S is 236 mV and the Tafel slope is 51.6
mV-dec™!, which can work stably for more than 30 hours; the overpotential
of Co-HITP-S is 231 mV, and the Tafel slope is 59.86 mV-dec™!, which
can work stably for more than 40 hours. The overpotential of Co-BTB-S
is 222 mV and the Tafel slope is 78.3 mV-dec™'. It can work stably for more
than 48 hours.

Guo Su (Chemistry)

Supervised by Liu Qian
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Industrially alkaline Discovery of Ni-based First pressurized Utilization of
water electrolysis OER and HER catalysts electrolyzer renewable energy
1789 1888 1890 1900s 1939 1948 1966 21st century
Discovery of Asbestos First large electrolyzer Nafion-based PEM Clean H, production with
water electrolysis membrane with 10,000 m3H,/h water electrolysis much cheaper cost
Concepts Fast developments New challenges

B 1-1 FAR KR S

Figure 1-1 Development history of electrolyzed water.
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Figure 1-2 Schematic diagram of AEM mechanism of OER.
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Figure 1-3 Schematic diagram of LOM mechanism of OER.
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Table 1-1 OER reaction mechanism under acidic and alkaline conditions
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Figure 1-4 T Simplified reaction pathways for OER under alkaline conditions (red line)

and acidic conditions (blue line). The active metal site on the anode is represented b “M”’.
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Figure 1-5 Advantages of MOF-derived materials as oxygen electrode catalysts.
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HLIR 2 B 10 mA em 2, AISZEL 284.7 mV WKL HLH, X2 BEM LR

FEAORMRL T RE 1 e e 2 — 12,
L

S

hydrothermal pyrolyzatlon
pyridine

/
’

o\
oordination / 1
I
> 1
crystal 1
l growth I
I
& pyridine L7 5 ) !
; ¥ ! &% graphene shell
: Lk
Eﬂt.,."'-:‘-cw"' / " " "
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K 1-6 L83 MOF ATIRAHI A& 4k N 2% Ni-NiS:@B AR R 17w
Figure 1-6 Schematic illustration of the preparation strategy of 2D N-doped Ni-Ni3Sx@carbon

nanoplates from Ni-based MOF precursor.

FRESE NARIE T BL Co3[Co(CN)s]a R JRAA 135 & L i SR AU (PBA) IR AL &AL
FIRERe bl & MR A AL CoaN@ AR A RIB z<%(AN-C)@W?KI?‘W:(NCS)“”]o M
BRI (A FLAT AN-C Z54E) AT LAY OER 3CHs 50 4 Bl v v b L
GFHIT AT . /4L CosN@An-C JUKTRA AR AE 10 mA em ™2 I )3 HL A7 9 280
mV, Tafel §% 4 69.6 mV dec™', KM Cdl Jy 39 mF em™2, 7ERE(1 M KOH)
VR, 7E 20 mA em 2 [HLE T B 24 h RIFIIFRE .
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o

— o N, L H, Amorphous N-doped carbon o ¥ \@,‘;'}A

Nitridation /\ LN A Y
in NH, gas i R ‘\ 5.

P
.
Y qv C
Q
co,,’,lfﬁgf,),‘]’ Co,N@amorphorse:r:;::scarbon nanocube Oxygen evolution reaction
] 1-7 LA Cos[Co(CN)s].PBA M5kl RS T/ FL CoaN@IAERES

N BIRBRINAKE
Figure 1-7 Schematic illustration of the synthesis process for mesoporous CosN@amorphours N-

doped carbon NCs starting from the Co3;[Co(CN)s]. PBA NCs via thermal ammonolysis.

1.3.3 MOF T 803 B & B SUE B KPR

L EWLES, BT HRBEABE R EACLE], RS 4 8 B
HIE A R R AR K S A TR . R A T — s, (HOo B AT
TSV ST RS CRE A /NE S 49K MOF fiTAE 9K 45 H4 BAS 4R A0 & AT
SRt —MNERIPk . tbAh, REZEIE R MOF fTAEATEY s A MOF
(RIARREIRAT Y, BRI AT AT AR AT AR ITE iR I R AR 5 R A B R

WREE N BCEI G BT EH 22 P U8 46 J8 AL D (NIC o ZnP) 44 K A1 1 A1 43 = e v 4
% % fik(N-doped Carbon NC)ZHK J1 2H B i) <55 J& A7 HLAE ZE (MOF) AT AE 1 = AL 44 K
g5, JFKG UK MOF AT AR T sl K B e A it R3850°8 3
nm {4 573 B NiCoZnP 9K Hf%35 5] /3 AT AEHE#E NC 4K v b, AT CERR AT
(Carbon Cloth CC) AL 324 NiCoZnP/NC 45K Fi 5%, BT NiCoZnP /)
FSFHINC (148 299K S54, NiCoZnP/NC 25 H K 1 26 T AR R K & (3 M A7 5
4k, NiCoZnP/NC 4K Fr B#E(E CC FAK, B TR AR, B3 BRIK
TR AR IR B SR KRR . A% ) MOF fiT2E4, VRN Rl /K W46 M
AR, ££ 1.0 M KOH ¥ i tHAR 75 1 HER 3G PR AT 74 mV BRI Fa 3, DAK
228 mV it B # ) OER 31, FI#E 1.0 M KOH i HiA#] 10 mA em™ [ H
BRE, FERPUNEEREBAOKIERA 1.54 VARHEALIES) 10 mA em? [5071ERE
AR LIRS E T
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a Carbon fiber CoZn-MOF nanosheets NiCoZn LDH hi L NiCoZnP

CoZn MOF N| anion wdlmnlM|
in situ growm elchmg phosphonzallon

Carbon fiber cloth NiCoZnP nanoclusters/NC nanosheets

K 1-8 NiCoZn Z4AKHIFE/NC 99K FEFIHI 7R B8] (a) NiCoZn/NC 9K B 41 (i il i 7 2
Kl (b) BRETYEAT: (o) ELRAERRET 4EAT LA K NiCoZn/NC 9K 551
Figure 1-8 Schematic illustration of the NiCoZn nanoclusters/NC nanosheets array. (a) Schematic
for the fabrication of NiCoZn/NC nanosheets array. (b) Carbon fiber cloth. (¢) NiCoZn/NC

nanosheets array directly grown on carbon fiber cloth.

S5 NAEBH T A A0 AR TR 1 A 25 5 X4 J& MOF 1 Ni Al Co [T LU 25 1)
FHZEU3ST, 43 2 Nio.1Coo.o-MOF 24t 384 mV HIAHNI KIS 4, & OER 21
100 mA em2, {Hy HER 2t 512 mV (i A . MY NioiCoooP (X7
276 mV [ AL RITA] A HER 32445 100 mA em 2. JRATE T X4 @ L s A 7E
OER 1 HER HHfEH .. SEEEMZ, %EMK Nio1Cooo-MOF Hl Nig.1CoooP KIK)
KGR, 7 10 mA em™ FIHURE R, HHBEHN 500 mV. XILIEN
RE 3 MOF AT ISR AL T AR, I 7K R B A 4R 6 T B s

%o
Co?* @

, { Ni-MOF  Nig5Cops"MOF NlosGongP
Wil A R
|

&l 1-9 NiCo-MOF #I NiCoP g 4k.7 i 2~ E B

Figure 1-9 Schematic preparation of NiCo-MOF and NiCoP catalysts.
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1.3.4 MOF {1 T E € BE XS MER KPR

eI P JE F A (CoMoOs) B AT RAFIF T HUME AT R e RS e 0 (KA
Mt tt, 7EHMELTEA ZMMBH. o, BT Co T 1M A il 5
N Mo JEF & SR Z B EVER, A5l B i A 3 BT A 19—
BRI, SR B CoMoOs 1R75 5y KA, FHILH & KRS S
il

25 NIB VA RIS AE IR E AT CoMoO4/Fe-MOF & A AL, IF
TR EAUWE AT E SN BRI, 7F 10 mA em™2 F, CoMoOs/Fe-MOF FH H
238 mV fI/NL A, HAA M ENG 49.22 mV dec! HIESFE/RAIR, IHAE30h
ARG R R IR E M. CoMoO4/Fe-MOF M5 1] OER 3 14 A1 K &7 F i
AMERT VAT Fe-MOF 40K F If) H SCH#AE K DA K 5B CoMoOs R 455
CoMoO4 5 Fe-MOF IS & @ T FE ik, MWimiiem 7SR, BT g
AR T3 EE 1S 2 IS MEAL . IX LS5 R, MOF 5 oot I & JE S
2H G T R R e R F AR R AL T ROs AR

BDC
=, Fe¥* 100°C 15h

Na,Mo0Q,
LY a Nﬁ_\\e\'ﬁ\a
Step’ ]
CoMoO,
SR e

1-10 CoMoO4/Fe-MOF (1] %3k F2 .

Figure 1-10 The preparation process of CoMoO4/Fe-MOF.

TARAE N I8 I A7 5 1R 75 U b BT 5 1 R O RuNi MOF AiT2E [#) RuOa Al
NiO 4540 LLA sk s 2 OER fEALH ) RuO,37) . 2 s AR A #GB UL FE AN
& U BCE SR EALT . AR1E )5 H RuO2-NiO-300 FRHLH £ OER 4 fE A1
Tsh fE R e . BRI S, RuO2-NiO-300 s H 210 mV ki fids, o]
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KL 10 mA em™ (T, [N RS 48.4 mV dec™ /N SE/RRER AN 10 h

WAL AR E T . BT 5 RS R R L Z A T S AN B 28N, RuOo-NiO 3£

L ARX N d by, S ECR T EA N RS, A AT OER idAE.
i 4E78 7 RuO Al NiO Z [A] (RS & 2N AE RS E Ru J5 T AR E M, I H RuO»-

NiO OER I FEHIH A ik L BRI Iz O* 2] OOH* WAk, PIth, XM sk i i

AN REFT I AL T EAG FRIUORE B PR G AN 2 FUIR S, B8N 1 s PR AL Rl R &
LAZ RuOx A NiO Z [H) B IR RN, 3o AR BA b S5 1 4 G o . X I AT

N MOF 774 1 2 J S A P FRL AR TR BRI 1 — i ] B0 20 B & SRS, T REDR

FA RN AL SN o

PALIP-9Z33.1)

RuO,-NiO-300

1-11 RuO,-NiO-300 f#EAL 77 &~ =

Figure 1-11 Schematic illustration of RuO»-NiO-300 catalyst preparation.

1.3.5 MOF {TH T E S BR YA YEBRBK PR

MOF 8% FEA P~ I & B Ay B A BEER SR ARG Ak 400 1w Bk 44,
AHAERAEERmAE. SRR RRETEE . AU BE R PR 52 M 1 S0 R L
kL. 124 N1k, MOF T4 i I 4 8 A ¥ (Transition metal sulphide TMS)f
AT R T ) % T BRI 5 (R PRI SRS T ) 2 MOGTE . S 1Y 2p i it i
G JE SR TR 3d B IR 7 R S B0 U S R R AL W I ANAE R S 25, AT
ROV R MM B, SBEmATTEYIEFAR . RIS EE
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FE 0 R AL SR B T A A U R . SR, B AT TR SRR AL,
Re IAER A AR I R R TP A S BIOR, 330 MOF BiRF & ML S 25 i f %
VAL IR A R o 05T, BT AR g ) A SR T E A, BRAA 1
HIEVE AL R A R e — B

K. Chhetri & N IIHBZE AR SR A LT FeS:@MoSy ZAREEA I —4E MOF
fTA ) CoSa BMAKEEFI N FLANKRESY, 1E25 HER F1 OER 2 H (1A B 5% 1
LTINS, A R FeS2-MoSx@CoS2MOF 7E 10 mA em2 ] HER & F R I H
92 mV /Mg, £ 1 M KOH B H{E 20 mA em™ [ 5AF R 211
mV [/ A

deAk, WFFRK HARRETE 10 mA em™ NI T4 1.51 V bR, FFHTE
30 h WHA M ERARREME. MRS 2 s 28 TAET T, K
IS T AR B 7K 3 i S R EEE A . BT & B0 A A A R n e H € H
HEALTERE AT VAR T 2 S R A 57 o1 S 7 A RS PEAL S 58 . FeSa@MoS: 2
WREEMF CoSa A FLANARE F 2 b SRS S0P 1AL AR B A S S BT 398 i 8 £
ALK o iR . BRI, XA S FH T8 44 K 40 iR (¥ MOF i AR B AL 70 R I K
QUSSR T ERHNAR . TR EE— 2P R MOF 1E 2y H Ak 2 e 5 i 46 B PR i 4
PR TR T R .

Co(NO,),6H,0
E
Tube furnace
500°C, 2h
Ar 20 MOF on NF
\ )

Na,Mo0,-2H,0 w

¥ /4
Fec"f KO 180° C/20h _ ik
NH,CSNH, U Hydrothermal >

1-12 FF B 7K 3 fi# 1H) FeS2-MoSx@CoSo-MOF Rk &5 ¥4 11 & s 7 K o

®Fe ®Mo

Figure 1-12 Schematic illustration of the synthesis of the FeS,-MoS»@CoS,-MOF nanostructure

for alkaline water splitting.
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BOLIBF 7L £, 5] NBRA (Carbon Cloth CC). FREF4ELL (Carbon Fiber
Paper CFP). B %44 (Fluorinated Tin Oxide FTO) ¥ I M AL (Ni-
Foam NF) 255 B M Al DU — S5 (RIE AL S i . MK REE . K
%2 HOht 7T AT A R A PR B AR 4 Nafion FIR 206 BE ) KE MOF IR (2 5 s IEH |,
PG LA A 7RI . (AR, XU &R Sl E . ik, Ao
H R — P e 5 LI AT AR A AR 0 o) 2% T s, DA aBE G Rl 45 70 L 3 2R
FALL 8

AN CAHRIEIE X )8 MOF iy B AR AR 1l 4 7 2D CoMo 49KAE, #
THT —FMEK Fe & 8(0.8 at%) M AL FEY) CoMo i i 4 J& i b4 7 o3 45 H AL
FU3, M5 pyC-Pt #E R, T4 1) Fe@CoMo,S4/ NisSo/NF (it - #RI5 £,
N 167 mV, LIFRTE 10 mA em™? [ OER HLRZEA 1.513 V K14 f#/K(Overall
Water Splitting OWS)HLItL L e o 15 28 T FE BRI I v H 9% HE i g oo, 48218
17100 h JUF3A 2k, RIBIR MM A, (RIE T OER 10 mA em™ (17 HLJ

]

W, IR 2SI AN R R T B o R B A TMS B AT, TR R

LT AR A, AT i AL 1 o DU OER Ak BE VA A Btk v A it P AL
YR E AT B2 LA TMS o< oo i [ 9 8 5 5 B
BOREAS T B T i T ai ), b itm T e TERE . EARXIAHIA &
TIETH AR Co/Mo/Ni BTERE B AL B 42 122 S L ) B A 3 PR s
PRI, XA RT3 T MOF 7 A2 A <5 Jem Bt A 470 m PR A 750 ) e o 45 A0 )
GBI 18T, JF HAT DAY B B R AR IR R B W 2 ALK S
il %% AL 2 R R et o TV 2 RESEAH IR R I i PR E OER 40K KL

2-MIM Linker Ubb

& B SN
: ® sesior)

[Mo-0,]?>* molecular binder

e 150°C : D O C
$ "\,’ 3 © {}:\__3) 6h ‘

v ('\rn 0’0

1-13 Fe@CoMo2S4/NisS, 14 s B

Figure 1-13 Schematic illustration of the synthesis of Fe@CoMo02S4/Ni3S,.
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1.4 KRR EEKIER EEZMRAR

1.4.1 IZRRIKHE

WA A ORI 52 A5 AN B Y 7 SR B AN W o, AR BRI ) 2 42
AR T 3RIE . SR AR B AR . SN = PRBE A T B
WONR AR R0 A RRIR I B AR B . 2K R R B SO EERZ —,
B7%, OER JSH¥ K 52 2% 1 DY v -5t AR IBC S B2 (P26 #4F N 4OH — Oz +
2H0 + 4e). HGBHE) )5 HFEHA B RE RIS K, B BR B
AR K BT T A R 3 A S TR LR (1.23 V) I A s . [
I, AOERTEE S KRR M B AT A A EE OER R4k 1R =i Ffif K
AR

LR, ETAHRAA S GRS 7O RO — 4868 -A HUEC S 98
KA AR A TR G B 4 4 88 v L R T APURIME AL 14 1T B OER 4K
AT IMEIE 2 — o BMEQI, fE400 4S8 - VLR &9k i R TH I
ERIPER, A48 BT A IR P 46 8 01l 5 BURAR L S 2 DL TR R
A SRR e 2. Hik, —4e & m-A LS &Y YNK A 1R AR
HES B B BRI IRAE, AR AT S AR,
P IR L RE AR A« AU R AN SRR s P I ST iR A A Bt i IS A B
1E e & @ -F N A K R HOr B 4 8 A AN J8 AL A Kok 7T LA
B G B A MU A AR I S R A LG e

LG, A SO 2 B SCEREEAT MBS, B K ARG R 4E & B -A L
FCA YK AT IRAA, IR RN BT SRR AT BRAY, A R B R A ok AR
HLEL OER AL, XA & B i & @8- AW &Pk v & 4 & @8- Al
HLE PR AT EYBEAT T — KAV B SRR AE AL AR

142 FARAE

(DR KPR AR, FIHA R RAHEARFT Co(D) &S 1A Heth — 4k
GJE-A SR BTIRAR, B 5 R BRIRAE Vi — 4k - WAL &
Pk BT ORARREAT B Ak, 415 3] 488 - WU A 9K A AT A Ak .
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(2) B REECARIRE, SRE e RV EA A FIBCAIKR B 1 — 4R -A Hl
BCAEDGIK R AT AR, 8 LSV 260 Cdl AR LI SRER 51 e AT A4
ISV

(3) W R e S R - AN S AK T R 4 R - BB & Ak Fr A
ARACYIBEAT TR SREAE, FEAE 1M KOH AR = AR A 2 vt Headt
AT AL SR AR, IR ABALAT G IL OER MEBEMIZ R, Aib B2 IAR A it
1T IR AME
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F28 SSwEksy

2.1 SEREM R 5 SERu AT

AR TR A i 0 24 i SR BT R 2-1 B .

R 2-1 SR 24 i e SRR

Table 2-1 Experimental pharmaceuticals and reagents

2 i Sk 44 A A= R R aifE G

2,3,6,7,10,11-75 722 =
7(2,3,6,7,10,11-

Ci8H1206 95% Shanghai Titan Scientific Co.,Ltd
hexahydroxytriphenylene
HHTP)
2,3,6,7,10,11- 7N & 2 =
7(2,3,6,7,10,11-
Ci8H2406 98% Shanghai Titan Scientific Co.,Ltd
hexaaminotriphenylene
HITP)
1,3,5-=(@- R A )%
(1,3,5-tris(4'- - .
C27H1806 98% Shanghai Titan Scientific Co.,Ltd
carboxyphenyl)benzene
BTB)
Shanghai Aladdin Biochemical
AL KOH 95%
Technology Co., Ltd
FNIK R EG(11) Co(NO3)'6H0  99% Shanghai Titan Scientific Co.,Ltd
LI C2HeO 95% Shanghai Titan Scientific Co.,Ltd
AR NH>CSNH» 99% Shanghai Titan Scientific Co.,Ltd
Sinopharm Chemical Reagent
P i C3HsO AR
Co., Ltd
. Sinopharm Chemical Reagent
TR HNO; AR
Co., Ltd
HEbARS Ni B LB T <5 BB IR~ 7]
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ARSI R A i P S AR A 2 B SRR e 4 AR 2-2 Pl

R 2-2 LIRS S

Table 2-2 Experimental instruments and equipments

A B A% A4 R ey AT
B0 GT16-3 JEICARAE R B LA TR A F)
R ZNT324 g A AT IR A T
TR FA2105A KRR B i BAX A PR A 7]
I BEL KS-500DV LI SR P A A TR A 7
IR R AR DHG-9140A RS 2 IR B A A PR A T
AR DZF-6020A B D) RFRVUL AR R A 7
X SHERATHA DS ADVANCE TEEATE AT
Fe R TR RN FLAZ 23 BT X ASAP2020HDS8 K 2w A
A6 Bruker VERTEX 70v FT TEEATE AT
LAk 2 T AR, CHI660E FigRERT]
JRF 70 R SPM-9700 H A By ]
AR T R S-4800 HAH AL A#
bRl R G Tecnai G2 F20 S:[® FEI A7
X SO T REEAL Escalab 250Xi R ZEER IR A H]
2.2 FRAEFA

2.2.1 XBF2& 4781 97 #r(X-ray diffraction, XRD)

AHT IS X B ZATH T T A AR ) AR S R . ISR ) XRD &
Z 58 ARATI PR RS 2 1 22 (JCPDS) & # 2 v AR e B i AT HL S, WTRA
WU A AT R SR 4544 . B ff B ) XRD ¥ %% #2& Bruker D8 Advance X S 2847}
ARATHAL, H X GHEAEAE 45 kV M 20 mA Tigf7.
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2.2.2 3 F B M $8(Scanning electron microscopy, SEM)

FAH T B A R R S U AR B AR SR TR A B LR AEARHT
FoH, A IR H AN H LA F 1 S-4800 HH M T R AEE), 7 S kV FIEH &
IR EEAT R AR AL o

2.2.3 IESTH F R/ $8(Transmission electron microscope, TEM)

ST A @ T DAL SEM 13 2 1 4 W28 SR BT ] 4% 4k 77 1)
DREERER, AOCE FEALTH R ZEE FEI 2 6 ) Tecnai G2 F20 5&E 4 #i 1\
B . B W 4> HE R GE B H 4% (High Resolution Transmission Electron
Microscope HRTEM) 1] LG 2 fmt% EIE . thah, EXHETATH (Selected Area
Electron Diffraction SAED) "I I FWFFLfiEALF] (45 SRS AUAHAFIE. AT
FAEF 200 KV R s F R 7= W3R4T it 1 T SRR T SRR ALE P 00 B8 R SR ALE

2.2.4 X Bt 2% B F gE 1L 97 #1(X-ray photoelectron spectroscopy, XPS)

X B BT REE AT AR AN FE o R AR E &, JF Hakmr BLd XPS o
R TRME N . Bl ETRNE SR, USRS . AT
H, EHEA Al (Ko FESTH X S0 TRERE (Thermo KAlphat, Thermo
Fisher Scientific, 3E[E) #E4T XPS 73#fr.

2.2.5 B BT IS (Fourier-transform infrared spectroscopy, FT-IR)

S0 SR, A AR LT A — PR AR AL A P A R B
RIRE E IR BN BRI DA AR . I TAES, 4G Rm-A a4
WA Py S AT AR FTIR S6iE£E %5 7 Bruker VERTEX 70v FTIR Y
A EHEAT TR
2.2.6 WS M MF(N2 sorption/desorption measurement, BET)

Brunauer-Emmer-Teller(BET) /7 Fl Tl N2 75447 5 32 T (11 BRI /A
o RESHBIFLL, LRI FLARFR) AT Lo ) R0 4% B
(Micromeritics ASAP 2020 HD88 {3 #5)7F 77 K Ha B T HEAT N WK B/ Wil & >k 3k
5. RABIH)FIEFREMEHIFLARAFLE, RA Langmuir 255 28100 5 —
U R - WL &K S HATAE A (K R T AR
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2.3 L RERAE

2.3.1 &R L% (Linear sweep voltammetry, LSV)

LRV R ek, MR E] LSV HhZR, I LLTE A — By 2 N
e, RELBEALTIMELIERE . X T OER ALk, [F— i E T, T
PN, UL BT OSBRI, LR PERRBLT . TEBEAT LSV MUK
R, SN TS LRI ATES: CV BN DUBOE AL A B A
WA, BT LSV K. ZEARTFTTH, 05 T LSV 4k DALLE 40 71 i HaLAk,
FmtE, HarE AKX R AR

N =Erne-1.23 ~n3(2-1)
ErHE =E Ag/agci + 0.059>pH + 0.197 /A\fﬁ(Z—Z)
ErHE =Esce+0.242+0.0591>pH /A\:T:t(2-3)

A n oy L (mV), Ernes E agagel M1 Esce A LASRAES HIAR . Ag/AQCI HL
PSRN H o AR A 2 L R AR T AT A5 ) R AL (V) o
2.3.2 & FE/RFLE (Tafel curve)

i1 Butler-Volmer J5 FEJEAL T K ) Tafel 3¢ R FEMIEFE/R TR R: 7 =a
+blogj (7 N HLH, jAHHREE, afBi%Ej=10mA-cm2 R,
b NIEFERARLE) . AR RRIERAIR T A S R I M R
W, LU R RO ORI AL TR 0 B R AR OGP . T S SRR R R
(b) 2 EERFMHEAFIERERZI 1% S5, B b BIR/NATDUE H AL ST
PRI NS F) 5 — ROk UL, itk BE AR AR B A RS 3R R R
2.3.3 AL FE M EFA(Electrochemically active surface area, ECSA)

FELAK 2 0 P R T AR 2 P S S R T AR S R 2 5 I R A M THT AR

— ANAEXS T U T AR M & o AR B B B A LA T AR R B AR R e A 71

PEBERAEL I o 1 BRI AN R] 1 AR B A S [ P e A7) 670 8 R SR RS P

PG, SINEAL S PER AR ML, FEH AR Dy EE RO [R) M A 7R A 1
BE M v o M WS 5 8 7 AR vk r 385 DX Sl AT AN [ i 56 P 9 B R 2
K%, Skits o HEH%E (Double layer capacitance, Cdl) IR, LASK7EfELL
FIE AL 2ETE PR AL, ESCA tHE 7 an=02-4)fiR:
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gsca= S A(2-4)
Cs
A, Cs AR R ) 2 TP B APRMEAR 8] S5 A N IO LLFLAE A (] LA o
R (EE. EEEAE SRR ILHRS Cs ANF, @£ Cs = 0.015 % 0.130
mF em=? Z[AA84 . Cdl W28 A R 2 T () dE kb 28 X 48 (O A A0 18 )5
R RAXIR) . HANXATIAGS], ECSA HIR/NS Cdl Rk /NEIEASE, Kt
Cdl B, AT ECSA I HBRK .

2.3.4 B ZPR$TiE (Electrochemical impedance spectroscopy, EIS)

LA 2 BET S S B ) A2 B BT CRE It FEL S 5 i 2 BB BRI AR AL A 5 TR 2 A
Z A MAR G R o L B A ORI L A R B ) R B R . AE
Nyquist & 3= S P87 2 . R FAmr B A s FR) e 390 XA g 2 Al A RO AT
BX o X R IAKEIN, MRS W FZERIA— K Bk Ha s
# F LA S AT DA B I ELAR DR/ INRABEA T T, S BB, DU FR A% P
BEBRAG, SNt gfih
2.3.5 FRE MM

— AR AR E PR TV A PR, — o e AR EeE Ak
T FRAEMRZEN S . 15 IR EE B R SR AR AR E R I FRIA 2 B B A LR
P B RIS TR AR A A, B 4 RN 10 mA em 2 R HUEAE, T4 5E
(RTFRIA S BE DU 10 mA em™ (AR 225N E 2 AE 45 7 1Y) H AR Y A EA T TR
(¥ CV IR, AR5 CV MR Z ATt LSV Mk 52 Ja it ar b, AT A RHE
FEME . ASCERHNIZTE 10 mA em? bR 1E F LS FLIRT AT AR A Y it il
2.
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FIE _HERB-BIEEIMNRE Co-HHTP REITER
L4 7E OER F YRR

31518

ARG A AT BBV 0 PR T AR LA S A F A A AR Iy SR AR 58 1) i m e 17
X EAL S e B AR AR SIS RN TR . OEREFIFH AR /K I AU A% O
BodE. K2y OER WIPURTTHE& i1, S Rk S R 75 I e B 42 10 v
JIT AR LA IMEAL R RANTE S RO, BRSNS T R R R R 22 . {ELR H AT A
5t mAEALT], PRI 53 520 B AR S it A D S R s SR 1 RS H
FTBL, 24 H—Fhaen, OER HA m AL G H AR AR AR AL B p A7),
DAHERUR K AR K R . — 44 8 -A WU & Ak i M RHE A s R TR 1
FFRE e & TG PR SR FLAR R 1 S5 58 H R A5 1 76 A% 22 ST 32 312
IR G, 2RI, REM T 4EER- I S PIK T RMTIIRAAE S e 224
W, YE S B-A LI S 9K R A T R d i T BRI, AELERE
Fermr FAT R SRR A, X BRI T E AT AT, [RIR PR T e AT E
NHEHIRN A . BRI, AERAIERT PR LASEIDOE . IS 1R S
T S B -GN SR AR 2R

55— 4R - N A AR AL, SRR SRS R A LA S
WAk Fr AT DA AR XN SRS R -A N S Ak TP B ©
SHCEEHIRIBCAR T LR OSSN T B MR AR T 14N, SE s
RE HL P BT TR A R B A BOR S 8 7, i — PN % A . 2,3,6,7,10,11-
ISR = IRHHTP) R — PR o LIS MG HIICA, JF B O AR SO R
FH AT 78 FBE 25 S FEI ) v 25 AU JL B (Oxygen Reduction Reaction ORR)FIHTAE %
XU RE AL T . 2R 55 N T8 I 45 R B IR @Fe-MOF  H 0% P #A it ) 4% T e 3 1R
FeS/FesC@NS-C-900 &AM K4, FF] FeS/FesC@NSC-900 1F Rz S IEAR ARl 78 HY
BRI 90.9 mW em™ A FE 5 /I DI FR % AT 750 mAh gz I HLZ & DL
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ST 865 h (1730 RGN I G FaE o (RN,  FIPIAS SR IR 2= S R B0
LED 4T A L5509k 24 h, azjﬁéﬁﬁ’ﬂﬁi ﬁ?%ﬁ?ﬁﬁﬁaﬁ'b&ﬁf—

Thlourea L

T
/I\ "4 N——
o DMF
FeCl3 : i
2,6-DMP 5
Solvothermal Synthe51s $ @
@®:FeOx @:FeS @: FesC

FeS/Fe3C@NS-C FeOx/FeS/Fe3C@NS-C

B 3-1 #5551k FeS/Fe;C@NS-C-900 & & A RHK #1145 o

Figure 3-1 Fabrication of honeycomb-like FeS/Fe;C@NS-C-900 Composite.

3.2 RlHIE

3.2.1 B A KERIKERELIERIE

PR E TR rh, S AN BB L AR SR, 5 15 min; FHZEMK
5 min IR B 0.1 mol Lt 2hERAE A 15 min: FFH 2418 /KE = 10 min
W B ZEEA 10 min 5, RABERET&H.

3.22 Z#H & RB-BIE &K AR R &

AR SEIG R H K PG A AR KGE, Wl D e B e 4 ) 45 4 < - LI
EAAK AT .

43 53% 0.01 mmol (1.25x10“ mol L), 0.02 mmol (2.5x10“ mol L), 0.03
mmol (3.75%10* mol L), 0.04 mmol (5><10* mol L 1), 0.05 mmol (6.25%<10*
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mol L) HHTP 5 0.5 mmol (6.25x10 mol L)1) Co(NOs)2 6H20 fin A 31 5 /Y 4
ZIF A, BN 30 mL 85 FKA 50 mL oK LB, HEEE, B R AR
fiit. SRR b D A B A AR BT 1 om =< 1 om IE 5 TR BN
VUSRI AT b, e B SR U R S0 A TN i R R 38 v, 170 °CTR )R 12
ho RNSERUE FARAEI R S, BUHIIRE, 28 F/RRTEK SR8 B i,
B =i B-A PSR, BRI EE Y 0.03 mmol (3.75>10* mol L-1)
[FFE S id N Co-HHTP.

323 ZH e B-AIERSYMNRAITEREIRH &

(ERVUS AN AT 0.05 g Bk, RN 40 mL Jo/K 28, @A 2 5%
SEVERR, BEREIMNREAL A KK Co-HHTP, KR IUE 41 WA B R N S,
170°CF eV 12 he RN FERE BARR EI R =0, BURIRRE, HEEF/KML
KGR BWEE, #8 _4e&m-aHERSYaKk A, LA Co-HHTP-S, A
R L, K TR IR B A RE i, DA BE IR 2 5200l s 44 9 Co-HHTP-S1. Co-
HHTP-S2. Co-HHTP-S3. Co-HHTP-S4 1 Co-HHTP-S5.

3.3 FERSRAE

X BT & 1 i Rm-A S AR B R AT AR TSR R AL, &
T XRD. SEM. TEM. FT-IR. XPS. BET &FRLE& R ERIN,

—— Co-HHTP
—— Co-HHTP-S

(200) (210)

| (002)

Intensity (a.u.)

m)(:ln)

( | (220) (J_LU) (511) (440)

Co,S,(JCPDS-03-0731)

20 40 60 80
20 (degree)

K 3-2 Co-HHTP #i1 Co-HHTP-S 1) XRD &

Figure 3-2 XRD pattern of Co-HHTP and Co-HHTP-S.
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S XTI 4% 1) Co-HHTP Al Co-HHTP-S #:47 XRD MR (G 3-2), &I
Jr& s Co-HHTP HIRHEATHNIE 3 AL T 9.4° L 14.2° H1 27.2° &b, WHJET
Co-HHTP (200). (210)F1(002)f1H . M Co-HHTP-S [ XRD Kb a] DLE 2,
J& T Co-HHTP [)9.4° A114.2° RFAEATH IEMKIROR Y, 1% HIIN 26.5° . 31.7° .
50.1° F154.5° [FRFAEATIHHIEENI R HAE & CosSa(JCPDS-03-0731) /4, 43l %t
BiA4(220)« (311). (511)F1(440) fflm. X —MNRLERERH, B PKIERT)
& T Co-HHTP, 2 B KMNEMMURIK TR I N —4i & R- AN &
QUK R AT IRAR S, BN T CosSs, T HIEMRE T —4E&)E-A L S99k
FTATIRAR (R AR 5 o X 10 B i D il 4% 7 MOF R Bk 1Ak S FLATT AR B AG 420 o

T LT R BT 4 0 SR A L S K i S AT A R A
MBS, SOMHFEAT T SEM A TEM llik. N 3-3 5 SEM #1 TEM L&, 3-
3a MALELTE AT IRER SEM &, FTLAE R, KRNI TEIARE R T 1 E
Zegttty. & 3-3by ¢ 44l Co-HHTP 1 Co-HHTP-S ) SEM MK, mTLLE
B, EHEIBKMERMAEKE, ERREEE EHIT KA A, B
B ERIREE M 28 B INABUIR K L R ALK G, BT 310 Co-HHTP-S,
HIUHR SR, BRORG MR S ARG @I SCik A, 7T BAAS
FN, E T BRI S (AL PR, 23 KR 1P 3 RAR IR o BRIRA AT A
R BERC & VRORL I A0 4L, 1T B3 wT DA BEQ KR T AW IR B R TH A AR K. sl
SEM Efixttt, Fifli, BRALIE RG4S )R -A L WAk, R
WK, FAb SIS VR T A K, T AT RO A I A A T A, s A
MR, (R THEBMTEY L 5 7B TrEee, miite TR
3-3e 7y Co-HITP-S ) TEM &, FTLEZIHERFOIRE ), i w3
ST B8 (HRTEM)WM % Co-HITP-S I 45 M B (1 2-3d filf7R),
HRTEM E&iE# TR T Co-HITP-S 9K g s RIG/NiaE g5, Kk Co-
HITP-S 42K B A LABR R 2 ¥ S8 Ak I SR AR B 14 floliE, X )@ T 5 gk
Ui 4 B AT WL Sk B MRS, 2658 Digital Micrograh i 14 7541,
A% ZE SR TR BE S 0.282 nm, Xt .F CosSa 1(220) b T, 3X X M. T /i 1] 1)
XRD &, & 712 CosSs, SAED (40l 2-3d 1 B ) s 1 Fr il 4%
1) Co-HITP-S [{1 £ f4FfE. [ 3-3f-j &y Co-HITP-S (1) SEM mapping &, " L&
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H C. O. Co A1 S JLEWLIHINAGIE Cu BJE b, XV T S L&A 5 A F
MOF Figkfadr, H S mHRBHEXIY Co & BEX AN N, WIFH T S It
ERRINH Co TEALS -
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P 3-3 (a) LA ER Y SEM E; (b) Co-HHTP /) SEM ;  (c) Co-HHTP-S 1) SEM &; (d) Co-
HHTP-S ff) HRTEM IE1LL [z Co-HITP-S fJ SAED K%
(e-j) Co-HITP-S [#) SEM mapping K]
Figure 3-3 (a) SEM images of nickel foam; (b) SEM images of Co-HHTP; (c) SEM images of Co-HHTP-
S; (d) HRTEM images of Co-HHTP-S nanosheets and Co-HHTP-S nanosheets SAED pattern; (e-j) SEM

mapping of Co-HHTP-S nanosheets.

T BRFTHITH 4 I 44 - A WL S AR B AT AR B AL W AR AT '
A A, SRR REAT T FT-IR WK, W 3-4 iR, 44hiEEE7R, Co-
HHTP 7£ 3431 cm™t. 1652 cm~1 /1 1384 cm~t Ab B 1 4RI, 4335 B F--OH
M RaN R WK F g R B -C=C 4k LA & -C-0
W ag s, 5 HHTP BURFIEE RERI— 2. 74k, MELT HHTP, Co-
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HHTP ZLAME &, 993 em AL BURFIEIETH 2K, IX Ui W] HHTP 12 5 141 Co-
O WIEH. 1 Co-HITP-S BZLAMEEF, FFiElES Co-HHTP HIRFALIERE——
SR, FFHAE 408 cm~t ib HHHLIRFMEVE AR /R T S-Co BEITE AL, DL - 4h R,
I £ T Co-HHTP Al Co-HHTP-S, Jf HAEA A ERS, LR T =
Yt R - HUIC & A oK Fr A SRR (14 45 4 58 B A

——— Co-HHTP-S
— Co-HHTP
~ —— HHTP
=
~ 4
o o
g 34313 08
= ~ 4
£ 1654.9 1382.9 4772
é. \ 14992
= 34172
=
<
=
A
1614.4 / X
3419.7 14523 1377.1

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™?)
3-4 HHTP. Co-HHTP i1 Co-HHTP-S [H4r 4h it .

Figure 3-4 IR spectra of ligands HHTP. Co-HHTP and Co-HHTP-S.

FIFH XPS M ] & HRE S R AR AN S AT 00T, A v Pl e
3-5¢ 1 C1s 1 &) fr T 284.8 eV [Fk-filk (C-C) B AT R #E . 141 3-5a. b 437l
il % ) Co-HHTP-S Al Co-HHTP [ 4ils &, m il LLE BB A= pr &
M RH D ER. EiEEER, Co-HHTPZH C. Of Co st R4 KL: ifi Co-
HHTP-SIIZH C. O. Co Al SZLL, Ui 28 — /K C il Co-HHTP i
o Clsi & 3-5¢ frow, LM ESLA tH = MRFIENE, 7372 T 284.8 eV,
286.3 eV f1288.5 eV, XN Bk-HiEE(C-C). Hi-% 88 (C-O) Fik=S W (C=0)=
Mg, Co2p HIFGAHTE & 3-5d h, P> FUEHILAE 781.0 eV M1 796.9 eV &, Ky
Co2pai2 M1 Co2p1iz; 7E 786.85 eV A1 802.9 eV 4t (M J& T Co2paz AT Co2pe
Frxd L A, K 3-5e 4 S2p HIkE4 s, K {7T 163.5 eV 1 164.6 eV 4b[1)
W73 TN BT~ S2pae K S2pa, JET4JE-S B, 7T 170.3 eV AbFIEN 2 T A
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e, 22 idxt XPS M A 234 Ja v] LA R B & i Co-HHTP-S 1) Co ok 2
LA =M A2 R R AEAE, AR S2p MRS iE A e 6 B8-S o, Xt —
AR T P& i —4E g - HLBC S Ak A AT AERiALY) 79 CosSas

(a) (b)
Cozp Ols
P -
‘915 J
Fl S 3 e
) 2 | WA
z £z Cls
£ Cls & ~
2 Sy rd & u
= 5
\'ﬂ\/" S2p
) re
M‘%} utv
1400 1200 1000 800 600 400 200 O 1400 1200 1000 800 600 400 200 0
Binding Energy (eV) Binding Energy (eV)
(c) (d)
Cls Co2p .
02p;,
_Cc-cie=C
—_ .l ~
:: ; Co2py, Co"? Co™
)
oy z
£ Z
: —
= =0
c-0
,
283 284 285 286 287 288 1289 290 805 B Wm0 7SS I
Binding Energy (eV) Binding Energy (eV)
(e)
S2p
-
=
=
; S2ps
-t
Z
=
2
E Sat.
~ S2pya

162 164 166 168 170 172
Binding Energy (eV)

3-5(a) Co-HHTP-S ] XPS 4= /&; (b) Co-HHTP ] XPS 4= /&; (c) Co-HHTP-S ]
Cl1s XPS [&; (d) Co-HHTP-S ] Co2p XPS F; (e) Co-HHTP-S [¥] S2p XPS &,
Figure 3-5 (a-b) The full XPS spectra of nanosheet of (a) Co-HHTP-S and (b) Co-HHTP; (c-¢) The

narrow XPS spectra of Co-HHTP-S focusing on (c) Cls; (d) Co2p; (e) S2p .
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CLE M SRAL, ARSI & 1 i R- A WL S Ak 4k
EJE-AHEC SR A ATAEmAe,  H2E 25K EGE T & B CosSs.
Jf Hilid SEM BRI TEM MRER & 04T, IIABR & i & ok i —4E 8-
LRSS Pak AT fe s, HHRIBE R, A S e L, 37
R TEVEAL AR 2 e, (Rt TR EY B, e 7 Irkee, MMt
THEALPERE. RS TER, B prl & A RLEEAT BET Ik, Bl e —
FI B A RE

() (b)

—~ 3504 —*— Co-HHTP 2~ 0.035 —a— Co-HHTP

& —+— Co-HHTP-S I =1 1 #— Co-HHTP-S

©2 300 P g 0030

—\‘ 1 ¥}

ol ! = ouns

250 I 5 4

: .| E T

= 20 /| = 0020

3 g -

5 150 g E 0.015 )

Z '{3,0 £ 3

< 100+ ’_‘9.‘,33-3:3-@:‘#3‘3'30 . a oo 3

£ gagdesdsd 4 = \,

s .

g 50 4 @ /:’,:/? § 0.00: ! s

= et - o

o 0 3-90-0-0-0-0-30-NN P = .00 w g
T T T T T T T T T T T T T T T
0.0 0.2 0.4 0.6 08 1.0 20 0 20 40 60 80 100 120 140 160
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3-6 (a) Co-HHTP H1 Co-HHTP-S ] N2 WKt [l B <5 £k ; - (b) Co-HHTP Al Co-HHTP-S
MIFLAZ 3 A
Figure 3-6 (a) Co-HHTP and Co-HITP-S N adsorption-desorption isotherms; (b) Pore size

distribution of Co-HHTP and Co-HITP-S.

i 3-6 Jy Co-HHTP Al Co-HHTP-S [¥) BET Mllik &, Co-HHTP ffLb K H
BN 371 m? g1, Co-HHTP-S ILLR AN 291.5 m?* g, itb/sM e, H
HER AR 4R/ - A SR AT SRR i LR THARY 7.8 £ . Co-HHTP
F1 Co-HHTP-S [ P FL42 43 5 8 17.7 nm A1 14.5 nm, FLBEZR 7354 0.145 m3 g1
F10.529 m? gto PIFPATELE ISR RN ER AL, (B TRARIIERH, 159
KRLF4utk, Ll Co-HHTP-S [ FFLAR 2/ T Co-HHTP 1T FL4%, (H2
Co-HHTP-S (IFLIRZE Z Co-HHTP 1) 3.6 {5, Pt Co-HHTP-S ) kb 2 i fH i
KT Co-HHTP (LR IAL . PR i (0 B Jd B it 240 )8 1 AT (Bl BRI TV
Rk, JFHIEFIRRTERAN H3 A, H3 BT 2RI R LM, Foak
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SER S ALAPRE . R ST (K (8] 20 5 A KA RE (0 1 M 42 R 6 A 11 it RUARRAE
BET (R4 R AR AESE 1 22 A FUAR i AR KA Tt

3.4 AL RESRAE

N T R AT 4% ) Co-HHTP Al Co-HHTP-S 15 4 OER 4k 7] 1) {1k 14 B
£ 1 M KOH 1, il = Hitffk RZX} Co-HHTP Fl Co-HHTP-S #H4T— R 5 H
T2 RERAE, SEERECARIREE Y 0.03 mmol (3.75>10% mol L1 Co-HHTP Al
Co-HHTP-S3 1EA2 BRI FIPEREXT L o X B A A SRt S Lt
ARIEACER NG, T IR AR AT IR AME, RN ECAIERMNR LSV i, %A
P Sk KM S B IR, BTLAARIRSCATE LSV R I8 SR FH 44 1 75 720
[141-145]

A LI T 00 A TR TE AR A R SR e B X ] A AN R R ) CV it 275 38 44
3R Cdl #i4k, ANIFHEIE CV I Ze IR IX (]3R5 I B X TR Y 0.1 V Y .
3-7a f1 b 43514 Co-HHTP Al Co-HHTP-S3 (AR [FIFH3# CV [, it CV ik
K752 3-7c, Co-HHTP il Co-HHTP-S3 f Cdl fiizk, 515 H Co-HHTP il
Co-HHTP-S3 ) Cdl {54714 4.5 mF em 21 7.5 mF em=2, XEXIEW, itk
J&, [FIFCARHRE R Co-HHTP-S BAT B K A A0 PR TR, 3 R 5 58 AL
WEPEL A . B 3-7d A Co-HHTP fil Co-HHTP-S3 () LSV 2k, ilidits, nrL
23], £ 10mA em 24k, Co-HHTP F1 Co-HHTP-S3 i L3443 514 365 mV F1
297 mV. Bifb)E i Co-HHTP-S, H OER {1 GE M B AL T KR4k ) Co-HHTP.
FRE IS LB Hi 1 Tafel REZEK/NR R EALS) ) 1 Pg, @i LSV iz
5153 Co-HHTP Al Co-HHTP-S3 [¥) Tafel &3 4> %14 115 mV dec™! f1 86
mV dec™', Co-HHTP-S3 ] Tafel #Z /N T Co-HHTP i Tafel #13, Ui Wi
S5 AR BA ST AR 75 I AR
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K 3-7 (a) Co-HHTP A A CV ; (b) Co-HHTP-S3 ANH$13# CV E; (c) Co-HHTP 1
Co-HHTP-S3 () Cdl #iZk: (d) Co-HHTP # Co-HHTP-S3 ] LSV Hh4k;
(e) Co-HHTP Al Co-HHTP-S3 ] Tafel fizk.
Figure 3-7 (a) CV diagrams of Co-HHTP at different scanning speeds; (b) CV diagrams of Co-
HHTP-S3 at different scanning speeds; (¢) Cdl curve of Co-HHTP and Co-HHTP-S3;

(d) LSV curve of Co-HHTP and Co-HHTP-S3; (e) Tafel curve of Co-HHTP and Co-HHTP-S3.
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B, RSEHRTT TR AN RO A BT ) 46 SR — 4k R - DL & 4 9N
KA AT, X H OER ThEERIF M. ¥ 3-8a-e y Co-HHTP-S1-Co-HHTP-
SS5MARFECV I, EEAFRFEMCVE, itHEER, 53Kf, Co-HHTP-
S1-Co-HHTP-S5 () Cdl &, MEH A LAKITE, Co-HHTP-S1-Co-HHTP-S5 i Cdl
E 5N 43 mFem=2. 47 mFem=2. 7.5 mF em=2. 14.7 mF ¢€m~2f1 8.2 mF ¢m2,
B Cdl {HRX LR, Co-HHTP-S4 B & KM AL S AR, R HLfk 2
PR RUER R, BT ERER VEME AL A, MR TR LE, BT BL T4 Co-
HHTP-S4 A5 751 OER LM RE . 2 J5i@d iR, 3%] Co-HHTP-S1-Co-
HHTP-S5 1 LSV &, M LSV B it S LAfRH], 7£10mA em=24k, Co-HHTP-
S1-Co-HHTP-S5 (i #4354 350 mV. 342 mV. 297 mV. 236 mV #il 253
mV. XA, Co-HHTP-S4 HA R OER fiEfLPERe, BEEXT LSV
Mkt 475, 193] Tafel fhzk, Co-HHTP-S1-Co-HHTP-S5 [ Tafel #1243l
74109.8 mV dec™!. 126 mV dec™'. 86 mV dec™!\ 51.6 mV dec™! 1 79.7 mV dec!,
Co-HHTP-S4 B A f/Mi Tafel #, Ui I HAES) 12 metd. DA BRI R a2 1%
RERAE, UEWIRCAAMR A 0.04 mmol (510 mol LI, Frifil 4 ) MOF fi2E 6%
WA BB PR AL . /M OER It AR /MK Tafel R1%, 8
AL AR E 2 0.04 mmol (5107 mol L) fr il % ) MOF fiT4E Ak ¥11E >y OER /i
WA R AT

a
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— 20 mVs e 20 mVes 7!
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4 3-8 (a-e) Co-HHTP-S1- Co-HHTP-S5 f A [F#7i# CV E;  (f) Co-HHTP-S1- Co-HHTP-
S5 ) Cdl #i£k; (g) Co-HHTP-S1- Co-HHTP-S5 [ LSV Hhk;
(h) Co-HHTP-S1- Co-HHTP-S5 [] Tafel k.
Figure 3-8 (a-e) CV diagrams of Co-HHTP-S1- Co-HHTP-S5 at different scanning speeds; (f)
Cdl curve of Co-HHTP-S1- Co-HHTP-S5; (g) LSV curve of Co-HHTP-S1- Co-HHTP-S5;

(h) Tafel curve of Co-HHTP-S1- Co-HHTP-S5.
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@I LA . Co-HHTP-S1-Co-HHTP-S5 [ HEL {41 BEMIA XS L, mf LA,
Co-HHTP-S4 (AL P RE R AT, WHERE ST ) Co-HHTP-S4 #EATHE— D
2RI . SR EIS WIAXT Co-HHTP-S4 () s R 5 F1 22 b T/ 78, 4
& 3-9a, i Co-HHTP-S4 ) EIS HiZkn] LATSAN, Co-HHTP-S4 ) i fif 4% i FH
N 117Q, HHEMHEE AR /N, XU Co-HHTP-S4 /£y OER ik, £
SN IR AR R R e, LRI RN R . Bl S XT Co-HHTP-S4 #EAT i-t
MR, A AL AR e AT As, X Co-HHTP-S4 jifi il 10 mA em~2 i 1) Hy
JE, FEMEHE TS IR BN AR it fhZk. i 3-9b fivR, Co-HHTP-S4 7]
PAZE 10 mA em~2 I ¥ B3 R A€ LAE#E 30 he

a b
@, (b),
84 G ] g
“ 24
-
g6 :
= £ —_—
(] @ E 04
=4 .° <
N . g
a® g
24 o 5 24
PJ -
0
T T T T T 74 T T T T T T
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3-9 (a) Co-HHTP-S4 1] EIS i Zk(fiE: Co-HHTP-S4 (&5 % 1)
(b) Co-HHTP-S4 17 i-t #h £k,
Figure 3-9 (a) EIS curve of Co-HHTP-S4 (illustration: equivalent circuit diagram of Co-HHTP-

S4); (b) i-t curve of Co-HHTP-S4.

34 FEPT

(L 3@ WP KRR A K, & T Z4e 8 B- AN Sk v &
S BB S WAK TR, HERE TSR, 1 ki8I XRD,
XPS Al FT-IR X =Ml l, UER] 1 i % 1 Co-HHTP 1 Co-HHTP-S, JfH.
H XRD. XPS 1 FT-IR Bl B 704, Bl % 1) 4k Jm- AL & ek i

AN CosSao [t iEIE SEM T TEM MR WS, RIIMABIRGR L
G, BT 4SRN E AR R AR, R4 T afe,
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RIMABIG K. @ BET WK, KIBRALIG 1 = 4EE 8 -G NS &9 7 AT
B L R AR AR TR MOF #EHT) 7.8 fif .

(2) @R T ZHMARUE B S Th il 4 T Co-HHTP F1 Co-HHTP-S J&5, &1
AR L AL 2B e, #RFT T Co-HHTP Al Co-HHTP-S [ L2 P g LK AN ]
AHEARAEE ) Co-HHTP-S [ HLAL = fE . 45 5K W] Co-HHTP-S [ Bk %
PETAR B2 KT Co-HHTP 14k 2236, Co-HHTP-S 1) OER fi# 4k RE 1 &
T Co-HHTP; X T FAAFIKER Co-HHTP-S, Mg REH], WA
0.04 mmol (5x10* mol LY Ak 2= yE AR i K, OER AL PERE S 4T o

(3) %} OER fifb1kGE A 4T () Co-HHTP-S4 #E4T EIS Al i-t HiZR IR, 453
R, AR AR /N, F I Co-HHTP-S4 ) OER f#ALIEREILHL, H7F
Jitihn 10 mA em=2 i (B HLE ., Co-HHTP-S4 1] LLAZE TAFi# 30 h, ixFHIH:
g R LT .
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FBAE _HeRB-AINESMAAKA Co-HITP RELTER
HAN7E OER IR

4135|8

AR, i JE-A NS & Ak AR R ) S T 5 & 7 AT
2R, S A4S m-ANE SR IS AR T T, CoBHT. CuBHT.
THTNDSP. NiAT. Cox(THT), %54 SEEGHRAE A6 BT ZUR B LA . 3 2ept
BHEREPE O E RSB (M-SX). WU BEE B BrA 2 iRk R,
NE I 1R R A A PR . Co-Ng U A A 20 OER FEIEF L,
PRIA e e SR R oA R () AR A e A2 1R

EARE R, P T /NEHE =K (HITPYEAGHLEAR, T Cos(HITP) fEH
OER AR 7t OB FTiiE . FEE AN n-d JEHEM — 4k 48 -A PR S 90K
F MK Cos(HITP) AT | OER FAEAIMF L 40), 5 FEyz s FR TR I, Cos(HITP),
BB R TR SR, X5 IRENEA1150 S mT) RS 5. AR,
X Cos(HITPY, AT HE—LIIMRAG, H4 Cos(HITPY fEJyHTIRMAS, I I ABRRA I &
TS RGNS K T AT AR . TS, BT g & R WL A
KR AT, BEREIREE Cos(HITP) () n-d JLHELEH, NAEEA &ERiAL(M-
SX)RIE Mo DRI, T FT A4 1 4 42 R HLIC & Mk A AT A BAL )
OER AL HERE 1S 2T

S 5
(9 (9
PR 2 S v o Qv %
HN  NH, ioge N . N
=S o, 3 Qg@ Og@ Og@ ¢
. . 6HC1 —— HN, NH HN, NH HN, NH
HoN O O NH, HN40H(aq) " nN‘CO'MH nN'Co'NH
HoN NH, @) § W,
-0 -0, agar
¥ 8@ o Og@
e i,

B 4-1 Cos(HITP), [ B B RN S5 44

Figure 4-1 The synthetic reaction and structure of Co3(HITP)s.
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4.2 Rl &

421 B EKERIKIRLIERIE

PR E TRt , Jein NHERE GRS, #A 15 ming K
5 min YK B 0.1 mol L ERFREAE 15 min: FH 248G 10 min
W WG EEE 10min J5, RN T%H .

422 ZH g RB-ANE SI99K H B IA RS &

ARSI R K AR SR AT AR K, I 2 RN e 24 A 4 4 R - HLC
EIIAKFATAERA) .

435 0.01 mmol (1.25%10* mol 1),  0.02 mmol (2.5x<10* mol L-1). 0.03
mmol (3.75x10* mol L), 0.04 mmol (5><10* mol L. 0.05 mmol (6.25x10™
mol L)) HITP 5 0.5 mmol (6.25%10°° mol L)) Co(NO3)2 6H20 i A 5128 VU 45
2 A, T 30 mL KA 50 mL oK LB, fitdE, A EEAeR
fift. SR FRKE b0 TR F AT B R BT 1 om =< 1 em IE 7 TR BN R
VUSRI AT, e B S DU 20 A TN R R 228, 170 °CTR B 12
ho RINSERUG FARAEI R E W, BURIIRE, 287 /KMToK CREAE Bk,
B QS E-AHE SR, AR 0.03 mmol (3.75%10 mol L)
[IFEalic A Co-HITP.

423 e B-ANESYRRAITERICINSIE

FER VUG LA A AT AN 0.05 g Bitlk, FRIIA 40 mL Jo/K 41, R 558
BV, BRIMAJRAZERE Co-HITP, 4 3R IU S £ M N AN i i s Rz o,
170°CF R 12 he JRFERE B AR A A SR, BUTHERE, HE &KL
KRR pioe, B3 4k m-AHEAWAK R, 1Ky Co-HITP-S, N5 fE
AL, K F PP IR BE R Rl LAIRBE MR 2 & 23 il s % 8 Co-HITP-S1. Co-
HITP-S2. Co-HITP-S3. Co-HITP-S4 fil Co-HITP-S5.
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4.3 FoSRARAE

X BT & 1 - 4E G B-A VLS A 9K B M AT A TR SRR AE, &
J#iT XRD. SEM. TEM. FT-IR. XPS. BET &% FE45ARIESHERIN .

——— Co-HITP-S
at —— Co-HITP

(220) (400)

Intensity (a.u.)

Co,S,(JCPDS-42-1448)

20 40 60 80
20 (degree)

K 4-2 Co-HITP F1 Co-HITP-S #] XRD %K.

Figure 4-2 XRD pattern of Co-HITP and Co-HITP-S.

B S 4 (1 Co-HITP Al Co-HITP-S 34T XRD M (& 4-2), HEA
LAEH], Co-HITP ) XRD Kl B B ARFIEIE, 2 PRy L 45 it o A 7 1461481
Ifi7E Co-HITP-S ff) XRD Er, 16.1° . 26.7° A1 38.1° HIMAIHFAEAT S0, AT
JHJ& T Co3Sa(JCPDS-42-1448)(111). (220)A1(400) /b TH - X — k4 & 1,
KPR T SRy, BT & & BB CosSs, HIEXT
T KPERT IH4% T Co-HITP, BN Co-HITP [4h %, Fr
DA B HAR T S0 R AE 1 AT BOd AT 1E— 25 (I

N T HRFCFTH 4 (1) Co-HITP Al Co-HITP-S [IRFIEF BE B Mo Ab 2t X b
BEAT T FT-IR WA, Wil 4-3 foR, 404MERE7R, Co-HITP £ 1553.3 cm=t #l
1361.7 em~t AL L TRFAENE, 43 0 R T = AR BRATE A F A 1097.5 emt AL
FEAEIE N N T C-N IR 4E RSN ; 875.7 cm~ 1 669.3 cm* b tH B AIRRAE G, U] 4>
A RET C-Ny N-H WM& HiR3); X5 HITP FIRHER GEH—2. MifE Co-
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HITP-S (LAt h, L H I T 5% BT = 2R R N fifh . C-N I ZE 3R 3
X R C-N AT N-H 25 i 3R I RF AR . 1X 5 HITP Al Co-HITP FRHIE B RER]—
. B4, MET HHTP, Co-HITP Ml Co-HITP-S K44 g, HBLIE 418.6
cm~1 1 439.3 em L AL REFIE, XN F Co-N Hifff, #6837 HHTP Al Co [ 3h
Fofr. DA BSR4 S XRD BZEG 0, RHITh#l#% 1 Co-HITP 1 Co-HITP-
S, FFHARGBY) CosSa MRS, AR T 44 B -A HLEC A YIANK /i kA4
[ 5 4) 5 R M

=l|'. 1369.14138 871.8669.3
S 1543.1 —==
p—g
[<P]
2 RN
g 1097.5875.76694318'6
E 1361.7 .
E
@
=
~
S .
B~ [—— Co-HITP-S 1328.9 439 3
871.8
—— Co-HITP
— HITP /

4500 4000 3500 3000 2500 2000 1500 1000 500
-1
Wavenumber (cm ™)
4-3 HITP. Co-HITP il Co-HITP-S 41 #ME ..

Figure 4-3 IR spectra of ligands HITP. Co-HITP and Co-HITP-S.

FIFH XPS M ] & (IRE S R AR AN AT 0T, BT v 1 3 4%
& C1s 1 AL T 284.8 eV [RIBR-BR(C-C) R B4 RevE . & 4-da. b 43 i i &
(1) Co-HITP H1 Co-HITP-S )43k &, &b el LAE BIPI R )i & A7 1o s 4l
NS, KRR, Co-HITP &M C. N f Co JRAM; 1M Co-HITP-S
Mj2H C. N Co M1 S Ak, BEWIE B /KPGEDHIIME Co-HITP #ifk. Co-
HITP A1 Co-HITP-S ) N1s 1% &40 &l 4-4c A1 d fras, #RAT A2 IEEAULA HE Y
AR . Co-HITP HHFAEIEE 53 767 T 399.4 eV Hl 397.9 eV, 43 il K 35 4 -
ZUBE (Co-N) M- ##(C-N);  Co-HITP-S HHRFEIE 7y 73] 2T 399.3 eV il 397.9
eV, 3 St B2 - U5 (Co-N) B4V BE (C-N) o X BEH T, &l B 1 A0 AL A
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FRINAC & . Kl 4-de. T4 514 Co-HITP Fl Co-HITP-S [J+11#] Co2p i, 7E Co-
HITP-S ()1 [1) Co2p 3, AT DAA HIR S Mg, Hdt, Co-HITP-S [ Co2p
HREANIE ] 4-4F b, PIAS TG HIBLAE 795.8 eV 1 780.5 eV 4k, > 65 J %}
N % Co2pie 1 Co2psr; IMTE 802.7 eV 1 786.4 eV AL AN & F Co2pye Fl
Co2psp AT L TR IE, HITP-S () Co2p F5411% 5 HITP-S i) Co2p A5 411
Ffth. M Co2p i) XPS B 1, RILAEH], Priil % #) Co-HITP-S H1#) Co y
=M ef7, X 50T XRD W E 2348 CosSs 11 Co MASHAX B, & 4-
49 N S2p WIRGATE, KWL T 170.4 eV F1 169.2 eV AL 53 5% BT S2paj Fl
S2p3, X5 FTHRIE I & R B ALY — B 23 % XPS MR E ) 44t JE AT A
FHPTE ) Co-HITP-S W) Co Juz s LA M A =M 3L F MR AP AE, Rl
S2p WIAEYIRAIE HAFTE S-S B, XE—DIUEM T Fr & i 4 & @ -a LR &
PR R AR CosSas

(a) (b)
Cls
- Co2p
—_— —_—
3 5 /
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S S
z £
£ g
2 =
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I I
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Colpy,

(e) (H
Co2p Co2p
Colpy,
- 3
= .
3 E
g £
£ =
805 800 795 79 785 780 805
Binding Energy (eV)
(2)

Intensity (a.u.)

800 795 790 785 780
Binding Energy (eV)

S2p

172 171 170 169
Binding Energy (eV)

168 167

] 44 (a) Co-HITP ] XPS 4% &; (b) Co-HITP-S [ XPS 4% [&; (c) Co-HITP ] N1s

XPS &; (d) Co-HITP-S ] N1s XPS [&; () Co-HITP [£] Co2p XPS [&; (f) Co-HITP-S K

Co2p XPS &; (g) Co-HHTP-S ] S2p XPS .

Figure 44 (a-b) The full XPS spectra of nanosheet of (a) Co-HITP and (b) Co-HITP-S; (c-d) N1s

XPS map of (¢c) Co-HITP and (d) Co-HITP-S; (e-f) Co2p XPS map of (¢) Co-HITP and (f) Co-

HITP-S (g) S2p XPS map of Co-HITP-S.

23 XRD. FT-IR A1 XPS ZE& 4081, AIh#4% 7 Co-HITP A1 Co-HITP-S,

HHuE s =D

A G TP A B BRAG D A CosSae T SE VHAH WL P il 4% (1) —

Y5 JE-H WU AWK i B AT AE B I O TE SR, SO ILHET T SEM Al
TEME. FNE4-59SEMAMTEM MK, 4-5a Jysb 3 56 i 40 A 2 SEM &,
ATLLE R, AR S AT AR Y R e B 445 . B 4-5b O Co-HITP (1
SEM WA, AILAER], B0 KMERAMAKSE, TERAEE L LT R
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RIS, TSR ; Bl 4-5¢. d A Co-HITP-S (1) SEM i,
B MR IRKRE A ARG, FTfREI Co-HITP-S IR AENE, BRiR
SER R AR I B I FOIRGE M . B T BRR (0 2 [ BSOS, 751 46 1) — 4 4
JB-EHLES S AR ik, BAEHE T 4 S m-E YL S AR A AEK . |
i SEM BT LE,  Fifh &t b Ja Frl 45 1) Co-HITP-S, H LR K, §
R TIETERL R 55, AT A S PR G OK, (RE TR R B
B, AMEE S 7 EtERE . Bl 4-5e-g 9 Co-HITP-S ¥ TEM &, A TEM il &
(B 2-3e-f fiioR) . AT LAEZ S B B0 AR MERR 4 0 s e il w13 208
H 7 58 (HRTEM) W52 Co-HITP-S HITESR 45 /4 B (i B 2-3g Flfn), HRTEM
K& 78 Co-HITP-S 9K b B S A% 4 A ELASER],  IX 2R D Co-HITP B 45 &
PELE S22, BTS2 3 LE BRI 10 i A 45 4, 220t Digital Micrograh #4411 545 50,
A S SUIE B (A1 B/ 0.149 nm, XF R T CosSa H1(220) b, X W5 RTTHI XRD
BRI, T AIE B T & BRI CosSa, SAED (&l 2-3d I Fm) &om 1
il % 1) CosSa 12 fRHFAE. Kl 4-5h-1 & Co-HITP-S (1) SEM mapping &, LA
FHC. N Co M S LRSI ATAE CubJis b, XU T S LR MINGI A F
SR -H U A AR R R R A

S4800 3.0kV 132 x1.
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P 4-5 (a) LA ER Y SEM K5 (b) Co-HITP ) SEM E;  (c-d) Co-HITP-S [ SEM &5 (e-f)

Co-HITP-S ) TEM K; (g) Co-HITP-S ) HRTEM ELL K Co-HITP-S [ SAED ¥ Z: (h-)
Co-HITP-S [#] SEM mapping

Figure 4-5 (a) SEM images of nickel foam; (b) SEM images of Co-HITP; (c-d) SEM images of Co-HITP-

S; (e-f) HRTEM images of Co-HITP-S nanosheets; (g) HRTEM images of Co-HITP-S nanosheets and Co-

HITP-S nanosheets SAED pattern; (h-) SEM mapping of Co-HITP-S nanosheets.

DL RIS RAE, {ERH Co-HITP #1 Co-HITP-S [ Ih il &, H2 K
POEFT A BAIBRALYI N CosSao F HIEE SEM JIHUAT TEM MR %2 BT i 46 K
MBS, INABRIR)G 4% 1ok Co-HITP-S, HELRMmAME A, (15 Hibis
VETARIE O, §7 K TVRTEAL A 258, (R FHRB M EY #, &5 T BT
PERE, MMTHER T HEALIERE . VRS SR A RO, BT 4 B A RE X
AT T BET SRk
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(a) 00 (b) 0.035
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T e o
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B 1504 | «“ o
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= /] 2 0.020 1
R ) =
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2 Vol v 001
£ " s §
4 Lo
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< gaeedd?®d 2 a - 3
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= 504 o 4 % 0.005 3%
s 3 = o
5 WWWOGW""‘# - Lmr:::*o— —
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& 4-6 (a) Co-HITP 1 Co-HITP-S f#] N2 W Bt i Fr <5 2k (b) Co-HITP 1 Co-HITP-S [ fL
(TP
Figure 4-6 (a) Co-HITP and Co-HITP-S Nz adsorption-desorption isotherms; (b) Pore size

distribution of Co-HITP and Co-HITP-S.

Wl 4-6 5y Co-HITP Al Co-HITP-S ] BET Ml &, Co-HITP ¥R AR
N 35.9m? gt, Co-HITP-S [HLLRHA N 254.4m* g1, ik 28 — /K IGERL
JG il ) Co-HITP-S, HILFEMAZ Co-HITP LR MARK 7.1 fif. Co-
HITP 1 Co-HITP-S [1°F34 L4245 5 16.2 nm 1 10.7 nm, FLBRZE /73724 0.131
m® gt 1 0.407 m® g, BIFA RIS R AN AL, (R T RRIRIAE
ERGPKRLT 404, bl Co-HITP-S [~ 344U 2/ T Co-HITP -1 #4 1%,
B2 Co-HITP-S MFLBRZ & Co-HITP 1) 3.1 £%, FTLA Co-HITP-S [ Lt iR 2
TR T Co-HITP (W ELFRTIAR . F0RE it (10795 PR 58 B ot 28 40 Jes T~ AL A Tl A 1 TV
Rk, JEHERIRATERE H3 B, H3 BT RGN REM, 74k
SR ALAEL, X5 TEM MK B 25 R — 50, PR IR R 2 KA R
FERIE R AR I S ALRFAE . BET FROMIRSE AR S T 2 7 LU 2 A8 K (1 104 o

4.4 ELF M RERIE

N T K ) 45 K Co-HITP Al Co-HITP-S {5 OER 4L 4L 12 fE,
£ 1 M KOH 1, {#if] =ik 2% Co-HITP f1 Co-HITP-S i#47— &A1 ik
SEPERERAE, EBUECARIRE A 0.03 mmol (3.75%10* mol L)) Co-HITP A Co-
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HITP-S3 {E /2 A fb MR BT b S RO A SR AR, 5 L HAR A AR
AR, A R BT IR M, [FIN A IR LSV I, A plgnd
REIAEIE I ERYE, BT AR SCATE LSV RIS SR 4431 1 75 i e 2481

A DL T 00 A AR E AR IR R SR S BE X (] YA R T 1 CV il 245 3 44
3R Cdl i 2k, ANFEIFE CV il 2l ik X [A) e 43 AR 26 SOSEIX 8] 7 0.1V Vi
4-Ta F1 b 435124 Co-HITP F1 Co-HITP-S3 (A [FF1# CV K, @il CV iR
73 E11¥ 4-7c, Co-HITP F Co-HITP-S3 (¥ Cdl {14k, 14515 H Co-HITP Fl Co-
HITP-S3 ) Cdl {543 %4 3.1 mF em=2#1 5.7 mF em=2, XFIXIEH, #iik)E, [F
FCAARHE ) Co-HITP-S BA S K AL IS PETHIAN, A R T 5 58 g AL
M. Kl 4-7d S Co-HITP F1 Co-HITP-S3 1) LSV #iZk, Eilits&, mrbifgs|,
7£10 mA €m=24t, Co-HITP Al Co-HITP-S3 (13 H #4437 4 323 mV #1231 mV.
Ak J5 i) Co-HITP-S, J: OER AL TERE B BAL T ARERALH Co-HITP. i@ Lt
B ) Tafel R A/NK B H AL 72210 g, il LSV #iZit e 2
Co-HITP #1 Co-HITP-S3 ] Tafel &34} 5|}y 98.64 mV dec™ 1 76.11 mV dec™!,
Co-HITP-S3 [ Tafel £ W] /N T Co-HITP ) Tafel £, HUIHL G AR
HATER TSN T15
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(© (d)
0.7 , -
CoHITP & 400 Co-HITP-S3 (231 mV)
0.6 Co-HITP-S3 E Co-HITP (323 mV)
™ o
- < 3001
05
g E
E 0.4 £ 2001
s g
< 0.3 = 100
s -
= £
0.2
E N ————
=
0.1 o
. . . . : -100 ; . : : :
20 40 60 80 100 1.0 1.2 1.4 1.6 1.8
Scan rate (mV-s 1) Potential (V vs RHE)
(e)
380 Co-HITP-S3
Co-HITP
% 360 4
< 340 e’
= g8.6A ™Y
T 320
Z
£ 300 o
E sea1 Y e
© 280
260 1
240 ; . . . .
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Log[ J (mA-em ?)]
K’ 4-7 (a) Co-HITP A[A#5E CV E; (b) Co-HITP-S3 A [HFHi# CV &; (c) Co-HITP il Co-
HITP-S3 (1] Cdl #i%E; (d) Co-HITP 1 Co-HITP-S3 [t LSV #liZk: (e) Co-HITP 1 Co-HITP-
S3 [1) Tafel k.
Figure 4-7 (a) CV diagrams of Co-HITP at different scanning speeds; (b) CV diagrams of Co-
HITP-S3 at different scanning speeds; (c) Cdl curve of Co-HITP and Co-HITP-S3; (d) LSV curve

of Co-HITP and Co-HITP-S3; (e) Tafel curve of Co-HITP and Co-HITP-S3.

Z e, AR TR AR A FURC A K H % Co-HITP-S, X Co-HITP-S1-
Co-HITP-S5 #E4T— R4 I AL = ERENIK, SKERTT OER AR AEM AR .
4-8a-e  Co-HITP-S1-Co-HITP-S5 KA RIF#E CV K, @i AFRFH#EK CV
K, HEAEE, 153K 4-8f(Co-HITP-S1-Co-HITP-S5 f¥) Cdl &), & a] 4,
Co-HITP-S1-Co-HITP-S5 1) Cdl 43514 1.44 mF em2, 2.53 mF €m=2, 5.46
mF em2, 2.89 mF ¢m=2F1 2.3 mF ¢em2, B Cdl {EFI%f LKA, Co-HITP-S3 A
A BRI R TR, RN A S PR TR R OK T 5 e ARV MO s i %2
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HAR I MERF, FTLATiAL Co-HITP-S3 FLfF 751 OER fifbtEfE. 2 Jaxt
Co-HITP-S1-Co-HITP-S5 #47 LSV llil, #3%| Co-HITP-S1-Co-HITP-S5 )
LSV E(& 4-8g), M LSV EHiH ] LIA33], 7£ 10 mA em?4k, Co-HITP-S1-
Co-HITP-S5 fJid B34435 294 mV. 279 mV. 231 mV. 266 mV 1 287 mV.

RN LEAF A, Co-HITP-S3 HA H 75 1) OER fiEfLikRE. FlJaxT LSV ihZkit
TitE, 153 Tafel ghiZk(/& 4-8h), Co-HITP-S1-Co-HITP-S5 [#) Tafel #1243 5|

N 92.94 mV dec™'. 80.82 mV dec™'. 59.86 mV dec'. 57.49 mV dec”! F1 76.11
mV dec!'s Co-HITP-S4 fil Co-HITP-S3 W& Mg 3E /R Rl dzir, vl HH ML)
J1%EcfE, T Co-HITP-S3 A HEARKI AL, RS TEREZENL T Co-HITP-S4.

DA b () AR 2 It BB R, UE ARG AR BE D 0.03 mmol (3.75>10 mol L1, Fr il
I A& B -A ML SR P AT AR AR A K AL iR TIAR . /N
OER i LA LU /N ) Tafel /3, 15 BB ARV Z 9 0.03 mmol (3.75>10 mol L)

I Tt 26 (1) 2 R - WLEC S 09K A AT AERAL 0 O OER AL IR fiEAL T fE
A o

(a) (b)
03{——20mvs : 0.5 = 20mVv's*!
o~ 3 L — 40mV-s?t
's E 0.4 = 60 mV:s!
b = — 80 mV-s'
E 0.2 4 E 039 — 100mvst
; 3, 0.2
g 0.1 = 0.1
=2 1
£ g 001
= £
S 0.0 5.0.1
© 0.2 4
0.1 . . . . . 0.3 T T T T T
1.00 1.02 1.04 1.06 1.08 1.10 1.12 1.00 1.02 1.04 1.06 1.08 1.10 1.12
Potential (V vs RHE) Potential (V vs RHE)
(©) (d)
1.0 {=— 20 mV-s* — 20 mV'st
"f'-\ 08— omvs? SO0 v
E T — 6omv-s? £ — G0 mV'st
B . 20454 . o
- 0.6 {—— 80 mv's - 80 mV-s
—_ gl — 100 mVs
E a7 100V gz ™M™
£02 iy
z §0.1§
% 0.0 =
E-02 5000
4 2
5-04 50.15
“ 06 ©
-0.30 4
0.8
100 102 104 106 108 LI0 LI2 100 102 104 106 108 110 LI2
Potential (V vs RHE) Potential (V vs RHE)
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e
( ) 0.6 (D y P
— 20mVs" 0.6 @ Co-HITP-S1
'r — d0mVs! . e Co-HITP-82
£ — 60 mV's! @ Co-HITP-S3
044 g vt . 059 & coHITP-84
= — 100V 'T'E > Co-HITP-S5
g S 044
E 0.2 =
£ £
= = 0.3
~ ol
-] )
= 4 .
g 0.0 'E 0.2
ko) -
S
02 0.1
T T T T T 0.0 T T T T T
1.00  1.02 1.04 1.06 108 110 112 20 40 60 80 100
Potential (V vs RHE) Scan rate (mV-s 1)
(g)‘m0 (h)
—_ Co-HITP-S1 (294 mV) 340 4 Co-HITP-S1
D Co-HITP-S2 (279 mV) Co-HITP-S2
g 3001 — Co-HITP-S3 (231 mV) 3204 Co-HITP-S3
. Co-HITP-S4 (266 mV) - Co-HITP-S4
é Co-HITP-S5 (287 mV) E 300 Co-HITPSS oo
= 2004 2 94" —
= 280 -
g £ W
G=J 100 4 §_‘ 260 4 ey T -dec
= )
N -
= O 2404 -
@ 7.dec
: *] W 2986 e
= 2201
]
-100 . . . . 200 . . r . .
1.0 1.2 1.4 1.6 18 0.7 0.8 0.9 1.0 11 1.2 1.3
Potential (V vs RHE) Log[ J (mA-cm )]

K] 4-8 (a-¢) Co-HITP-S1- Co-HITP-S5 (1) A [Fl51# CV K&];  (f) Co-HITP-S1- Co-HITP-S5
i) Cdl #14k: (g) Co-HITP-S1- Co-HITP-S5 ) LSV f4;;
(h) Co-HITP-S1- Co-HITP-S5 [f] Tafel #h k.
Figure 4-8 (a-e) CV diagrams of Co-HITP-S1- Co-HITP-S5 at different scanning speeds; (f) Cdl
curve of Co-HITP-S1- Co-HITP-S5; (g) LSV curve of Co-HITP-S1- Co-HITP-S5;

(h) Tafel curve of Co-HITP-S1- Co-HITP-S5.

B i B BE B UF ) Co-HITP-S3 JEAT HE— 25 i sk 2 BE IR, SR
EIS WlliX%) Co-HITP-S3 (i ¥, #5847 Wi 78, W&l 4-9a, Hi Co-HITP-
S3 11 EIS HIZEFT LIS 51, Co-HITP-S3 MM 4% 4% FFH N 0.61 Q, H AL H
BEAES /N, X UEH Co-HITP-S3 /2y OER HEALF, 78 [ Niid e o B TAL AR
w, B RN R . BJER Co-HITP-S3 #E4T i-t MK, LARMEILFI A E
PEBEATVRAL, 6 Co-HITP-S3Jiti il 10 mA em-2 i iy i &, 7018 FEL R I i bl
ISR it Bh2R. WiPE 4-9b fi7R, Co-HITP-S3 1] LLTE 10 mA em 2 i B &
FeE LA 40 h,
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(a) (b)

10

Z" (Ohm)
=
L]
Current density (mA-cm 2)

T T T T T T '10 T T T T
0 2 4 6 8 10 12 14 0 10 20 30 40
Z' (Ohm) Time (h)

K] 4-9 (a) Co-HITP-S3 ] EIS £k (4fil&]: Co-HITP-S3 [1) 55 231 FiL % )
(b) Co-HITP-S3 1] i-t Hh £k .
Figure 4-9 (a) EIS curve of Co-HITP-S3 (illustration: equivalent circuit diagram of Co-HITP-S3);

(b) i-t curve of Co-HITP-S3.

4.5 XE/NS

(L @ WP KRR A K, & T 48 B- AN S ek v &
S BB S WAK A TR, HER TSR, kB XRD.,
XPS Al FT-IR X =Fillik, UEH] J Bizhl#% 1 Co-HITP A1 Co-HITP-S, Jf H
XRD. XPS A FT-IR Bl B 04, Bl i) —4E 5 Jm- AL e aK rfind:
BALYIN CosSs. BHJEIEIL SEM 1 TEM MRS, KIINAGRIRETIL
G, Rk T 4SRN E AR R ARG, R4k T alfe, Lt
R K. @ BET MK, KIBRAL G 48 @8- S WaK A iTE
B LR AR R B — 4L 8- AN A PR MR 7.1 £5.

(2) @R FEEHMARIUE W 8 hil 4 T Co-HITP Ml Co-HITP-S J&5, #EiEid
DRI AL 2ZETERE, R T Co-HITP fl Co-HITP-S (L2 g DL A F A HL
BCAARHR BE) Co-HITP-S [ ALt RE . 45 SRR B Co-HITP-S [ H AL 22 14 T AR
2 KT Co-HITP K H 4k 223, Co-HITP-S ) OER #4614 At th B 248 T Co-
HITP; 1T AR ER Co-HITP-S, JRLE BEW, KN 0.03 mmol
(3.75x10* mol L)y lAL 3G M IR A K, OER AL ML RE AR LT -
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(3) ItJaXt OER AL HERESLFI Co-HITP-S3 47 EIS Al i-t iR,
EILRI, H AR EEIER /N, R Co-HITP-S3 (1) OER LM REMLEL,
HAEMI 10 mA em 2 i (JIEHEE T, Co-HITP-S3 v LAfaE TAE# 40 h, X%
I F AR e AR AT
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HOLE _HER-FEEIMKE Co-BTB RELTERMKL
17£ OER IR

51515

it A Bk Re U R A R P A BRUR RR SR I3 0, e i A7 R 6 P ko
FZ B AATOGHE. AR — PMRA AR ISR BRI, SOl Fi R
FET] 78 LRI AT B e ) B AT AN e R G Lo AR S0 BE R T4 8 1 H it
(LiBS). %57 Hi(ZIB). HLA% L H(LIS). HEZ HL 25 BH(SCS) A K MTEUR M HT4R
SN AL COp ik [ B (Electrocatalytic CO, Reduction Reaction CO-RR)FHAEIE J5 [
oS AL AR AN e R (2D . R, T AL R R e Al R G0 TR B
CE R RN AT T 75 PEBE I P AR AT AL 70 AT A AR T el i, ity
LR BEFE AR ORMEF2 R IR . A )RS K, MHKHEmg
TR R PRE B Ha 17925 AU AL 1) R B A LG
T PRI E T LA o PR P~ S I R I 8 H PR A AR I e o i
N T R AL IR R, A T R b AT B9 ¥ A2 5 (Proton Exchange Membrane
PEM) FLMRAE, ZHURAEEC S T B Pt AN Ir &)@ IR, SR, &5 2 AT
S 4 a8 1) PR T SRAF P W R RS FRARAE A S LTV R B — N B KA
BRI, AT S AL R T T T 2 T

AR, SJEANUE ARG EREER N G, Tt — R R
btk AT T RERAEARANTEAE . MOF & — i h 428 P O (FR) RN WL A4S £ i i
Pt sl 2 FLAEL. 1995 4F, Yaghi S AR T 55— MOF, 1999 44 15—
ASMOF, vl e TR (7). MOF HAAREINSE . HLRImAR. 38
T FRERIFEIIGER . BRI S IR-BCARM AR B R B 8 7RI = i)
FLEREZE, DRI PRI h A B s 4 e . s bR AR S m AL
FAL SERRS R -EO A AR . B e R AN B = R LR . R, MOF MRHE
SRR Sy B REAT FALSERI . AT F AR BERRN 2t S TR B 1T 1
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FifHe 1,3,5-=(4-FRHIRE)F2E MOF A= i RIFA HLEC AR . B Rh R is AR
i, RTRAPAE SR EA AR SL MR MOF 2574

KENE BT —F A =ARIRECA 1, 3, S-—@-RERE) RIS
(HERS 55 B - MU E 24(Q-Zr-BTB@CNTs).  ZRe 1 A1 F 1 Zr-O T SR d i 45
O AT RSB, XM BC AT S 1 R A B i 45, AT
Bhom R 2B AR AN Ao [, BT Q-Zr-BTB oK A AR AN K E (1)
a2 VAN b ZWES 2 SN N i v U iR iR e AV N T U TP
S/Q-Zr-BTB@BR A E LA = ) a6 7 AL A RE e

Zr, cluster

o
TN ;
CNT " HBTB
@©c ©@o @z @u C s Zr-BTB@CNTs Q-Zr-BTB@CNTs S/Q-Zr-BTB@CNTs
K] 5-1 Q-Zr-BTB@CNTs & T &
Figure 5-1 Scheme for the synthesis of Q-Zr-BTB@CNTs.
5.2 PHRlEl&

5.2.1 RAE K ERIARLIERIE

PR E TRt , JeinNEREGE R, #A 15 ming FH MK
5 min HIX; B3R 0.1 mol LY ERFRAEE 15 min: 5 Z&MEAKE A 10min
W EJEfEH B A 10 min 5, BAMLAE T2 H .

522 Z#HEE-BHE AR R RTIRIARSIF

ARS8 R F K B JEAT A K vk, B D S M B 4 1 19 4 4 R - LD
BWAK AT .

43 5% 0.01 mmol (1.25x10 mol L),  0.02 mmol (2.5x10* mol L-1). 0.03
mmol (3.75x10* mol L), 0.04 mmol (5><10* mol L), 0.05 mmol (6.25x10™
mol L) BTB 5 0.5 mmol (6.25x10° mol L)% Co(NOs)2 6H20 A 31 5 VU 4
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ZIFEA A, TN 30 mL KA 50 mL JEK LB, fitdE, A EEAeR
e RGN BB T HR AT A AR B BT 1 om < 1 om IE TR E BN R
VU LI AT, BB S DU 0@ A O R R R 28, 170 °CTR B 12
ho RNSERUE HARA IR MR, BUHIKRE, 28 FRRTEK ZREAS B ik,
B3 QS E-A IR SYPIK R, AR 0.03 mmol (3.75%10 mol L)
(W i1t Co-BTB.

523 ZHERB-AINESYNK A ITERLIAHZ

FESE VYGRS JE AT N 0.05 g BIK, FEAIN 40 mL oK LB, HEAE 258
VR, BEEIMANJEALAEKE Co-BTB, H4ERVUG LM N A TN =i e R N S
170°C N RN 12 he RMSERUG B EI R SR, BUHIEHER, M XS F/KT
IKCEERZ & e, 193 g4 B-ANE Sk, 128 Co-BTB-S, A E
B, B FFPER BE GO i, LR BE MR 73 il s 44 4 Co-BTB-S1. Co-BTB-
S2. Co-BTB-S3. Co-BTB-S4 fll Co-BTB-S5.

5.3 AL RERAE

N T K T 4% () Co-BTB Al Co-BTB-S /4 OER AL 7L PERE, 1E
1 M KOH 1, {i [l = fitlefk 2%+ Co-BTB Al Co-BTB-S 47— R4 B4k 2 1
ReLAE, WHUECAAME Y 0.03 mmol (3.75%10"* mol L)) Co-BTB A1 Co-BTB-
S3AE IR BRI AL TR P REXT L o S5 RO AT SR b, 23 Lb RO AR A AR
HAR, BT RIS A AT IR #Ms2, A BRA IEFAR LSV I, At KR
BRI IERYE, BT U SCHTA LSV MR SR A 143 1 7 ik I [ 248]

AT LI T 00 A AR TE FR R R SR e B X [R] A AS R T 1 CV it 2675 38 44
3 Cdl {2k, AFHE CV il 2 A X Ak B R b 28 e B IX AT P 0.1 V S
5-2a fil b 43Jj1° Co-BTB I Co-BTB-S3 A FFE CV K, @it Cv kB
53 5-2¢(Co-BTB 1 Co-BTB-S3 i Cdl H#li2k), 15751 Co-BTB fl Co-BTB-
S3 K Cdl {4 514 3.6 mF €m~2 1 8.7 mF em=2. Cdl FIMR 45 5 5 Fr s 22 254,
BifbE, FIEAIKREZER Co-BTB-S HA B KM ML IEMERF, HFTREEH
AL iGN 2. B 5-2d A Co-BTB il Co-BTB-S3 () LSV £k, JEidits, Al
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LIS ], 7F 10 mA em=24k, Co-BTB il Co-BTB-S3 fJid % 45ilA 293 mV Al
222mV. HifbJEH) Co-BTB-S, I OER fifb AL A B4 T A #i{LA Co-BTB.
FRB I LR 1 Tafel AR KRR HEAE) 11U, @id Lsv thek
5153 Co-BTB f1 Co-BTB-S3 (¥ Tafel #4374 117.1 mV dec™! fl 78.3
mV dec™!, Co-BTB-S3 ] Tafel #%H8 &/NTF Co-BTB [ Tafel R3¢, BiHm
J5 IR SRR T A0 3 T %

@) (b)
- — 20 mV:s! 154 20 mV-s™
a 06d— 40 mV's? a — 40 mV-s!
E | — 60 mVis! E — G0 mV-s"
: — mves? : 04— 1
L 04]— toomust < 1 — oemvac
é K e 100 mV-s E mV:s
05
5 g
= < 0.0
w 0.0 -
= =
) 2
502 505
o )
0.4 -1.0
106 108 110 112 114 116 106 108 110 112 114 116
Potential (V vs RHE) Potential (V vs RHE)
(©) (d)
1.0 300 4 Co-BTB (293 mV)
o Co-BTB-S3 (222 mV)
g 250
@
- < 200
£ E
: 150
= £
=t S 100
[« =
3 -
: § 50 4
5 o
S '~
-50
0.0 . . . . . T T .
20 40 60 80 100 1.2 14 1.6 1.8
Scan rate (mV-s1) Potential (V vs RHE)
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e
( )300
Co-BTB
Co-BTB-S3
z
= 250 1
3 e
=} N &
;_5 Wi
=
B =
2 200 83 WV 0
@]
150

0.7 Ojﬁ 019 Ii(] l.ll 112 1.3
Log| J (mA-cm )]

P 5-2 (a) Co-BTB A[A/#1i# CV &; (b) Co-BTB-S3 A~[H$3# CV &; (c) Co-BTB #il Co-
BTB-S3 i Cdl #fizk; (d) Co-BTB #1 Co-BTB-S3 [ LSV HiZk: (e) Co-BTB Al Co-BTB-S3
(1) Tafel 2.

Figure 5-2 (a) CV diagrams of Co-BTB at different scanning speeds; (b) CV diagrams of Co-
BTB-S3 at different scanning speeds; (¢) Cdl curve of Co-BTB and Co-BTB-S3; (d) LSV curve

of Co-BTB and Co-BTB-S3; (e) Tafel curve of Co-BTB and Co-BTB-S3.

ZJc s A TR AS TR B B9 HLRC 44K i % Co-BTB-S, %} Co-BTB-S1-Co-
BTB-S5 #k47— RAIK AL EIERE I, RIRIT OER PEAEMRAEMACHIKE . K
5-3a-e /y Co-BTB-S1-Co-BTB-S5 M AR CV &, i ANFEHEP CV &,
HHEA/EE, 753K 5-3f(Co-BTB-S1-Co-BTB-S5 f#) Cdl &), HEF1a[ %1, Co-
BTB-S1-Co-BTB-S5 i Cdl {44 3.7 mF €m~2, 3.8 mF ¢m2, 8.7 mF ¢m2,
6.4 mF em=2F1 2.5 mF em=2., tH Cdl{ERIXT KRG, Co-BTB-S3 BA H KM HLk
SVETETAR, BN AR TR RO, P B Ee v A i 2, Hf Ak iE 1k
LT, FrPATIG Co-BTB-S3 BT A7 ) OER fEALERE . Z JoXf Co-BTB-S1-
Co-BTB-S5 #47T LSV ik, 53] Co-BTB-S1-Co-BTB-S5 ] LSV ¥(/4l 5-39),
M LSV Bt ST LR, 7F 10 mA em 24k, Co-BTB-S1-Co-BTB-S5 il Hi
P3N 304 mV. 277 mV. 222 mV. 289 mV 1308 mV. J@Eidxf 551, Co-
BTB-S3 B A &M 751 OER fiAbERE . BEJS X LSV MIZRHAT I, 193] Tafel i
£ (& 5-3h), Co-BTB-S1-Co-BTB-S5 i Tafel #2444 102.7mV dec™'. 101.9
mV dec!. 78.3 mV dec”!. 97.1 mV dec™! 1 66.7 mV dec™'. Co-BTB-S5 [{J3&E
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IRFEREIT, UIIHHAR L S) J12E e fE, 1T Co-BTB-S3 [{#4 3k /R &H% 5 Co-BTB-
S5 M AR R RIET, MAHBCNRF M) 1%, (HZHT Co-BTB-S5,

Co-BTB-S3 K3 AL Fit ik T Co-BTB-S5, K 4ia AL T Co-BTB-S5.

PLE O FEAL S R RERAE,  AE B EC ARV 4 0.03 mmol (3.75>10* mol LY},  Fir il
£ 1 45 B -A ML S A K i AT AR BRI B R AL AV TR TR L B/
OER i HL#AFI LI /N Tafel /12, 15 BHEC A&V 2 0.03 mmol (3.75>10 mol L)
I T 1 46 (1) — 4 4 B - HLEC & 9K 1 AT AR B A W1 S OER AL TR fik Ak M R
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( ) 0.8
- — 20mV-st
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() 10
0.84—20 mv:s™! @ Co-BTB-S1
Fahe @ Co-BIB-S2
£ | ® comIBSS
S 06 084 o coBrBs4
< a ®  Co-BTB-S5
E o4 £
= 2 0.6
Z 02 E
= .
@ N’
= 44
Q o
E 0.0 %
= -
502 0.2
-0.4
T T T T T T 0.0 T T T T T
1.06 1.08 1.10 1.12 1.14 1.16 20 40 60 80 100
Potential (V vs RHE) Scan rate (mV-s ')
h
(2) 300 ( )400 T
Co-BTB-S2 (304 mV) CziBT]}-'?Z
& 2504 Co-BTB-S3 (277 mV) et
‘E Co-BTB-54 (222 mV) ; 350 4 E"“ :; g ;i
2 5004 Co-BTB-S5 (289 mV) = g ‘
*Eﬂ Co-BTB-56 (308 mV) = Co-BTB-S5 (7 v dec
3 =300+ 57 1 my des
150 4 = T et
Z ‘5 T -~
‘7 r.dec
2 100 s Lo my &
"':'Q. E 250
D
5 S 201
-50 4
T T T 150 T T T T T
1.2 1.4 L6 1.8 0.7 0.8 0.9 1.0 1.1 1.2 1.3
Potential (V vs RHE) Log[ J (mA-em2)]

] 5-3 (a-e) Co-BTB-S1- Co-BTB-S5 () A [Al4Hi# CV E];  (f) Co-BTB-S1- Co-BTB-S5 (1) Cdl
Hi1%Z; (g) Co-BTB-S1- Co-BTB-S5 (1] LSV HfiZk;
(h) Co-BTB-S1- Co-BTB-S5 [ Tafel #h4k.
Figure 5-3 (a-e) CV diagrams of Co-BTB-S1- Co-BTB-S5 at different scanning speeds; (f) Cdl
curve of Co-BTB-S1- Co-BTB-S5; (g) LSV curve of Co-BTB-S1- Co-BTB-S5; (h) Tafel curve

of Co-BTB-S1- Co-BTB-Sb5.

H Je BB 1 B B 4T I Co-BTB-S3 HEAT HE— b iy Bk 2 dE RE MR, R
EIS % Co-BTB-S3 [ HLfif ¥, #4550 /2t ATt 78, wnl& 5-4a, 1 Co-BTB-S3
(¥ EIS M4 nT L4341, Co-BTB-S3 WML e #2 HilH Ny 2.86 Q, i fir %% #% FikH
JEF /N, X UL Co-BTB-S31Ey OER AL, 7E J B 2 i HF A4 s
FELHEAL S N 2R T o Bt JE % Co-BTB-S3HEAT i-t Mk, LUK Ak 7 A A8 et A T
P, 4 Co-BTB-S3 jifilin 10 mA em=2 ¥y i, 768 FEL T 4% F It B I [
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PR it thZk. Wil 5-4b s, Co-BTB-S3 A LAZE 10 mA em~2 I [ HI & T #aE L
ke 48 h.

() (b)

15

—
[
1

=l
Il

Z" (Ohm)
[
<
[ )
Current density (mA-cm %)
=

’1

2 0 2 4 6 8 10 12 14 0 10 20 30 40
Z' (Ohm) Time (h)

K 5-4 (a) Co-BTB-S3 (1] EIS #h £k (Jfi 8l Co-BTB-S3 &5 &); (b) Co-BTB-S3 [ i-t
k.
Figure 5-4 (a) EIS curve of Co-BTB-S3 (illustration: equivalent circuit diagram of Co-BTB-S3);

(b) i-t curve of Co-BTB-S3.

5.5 FE/N

(1 @A PR KGR A K%, #1147 Co-BTB A1 Co-BTB-S, JfxfJH:
BT AL RENNR, #RFLT Co-BTB Fl Co-BTB-S M HLLAMERELL R AFH
HLUECAK IR ) Co-BTB-S [ Bk 241k fE

(2) HALZEMNRSE FR Y Co-BTB-S WAL AP EI L & KT Co-BTB
[ HLAG M, Co-BTB-S ) OER AL REH B AL T Co-BTB; X T Fif
AR E R Co-BTB-S, MIALE LM, WAy 0.03 mmol (3.75x10* mol L)
HLAL A TR K, OER AL IERER AT

(3) /o Xt OER MEALM: AE i 47 ) Co-BTB-S3 #E47 EIS Al i-t fh£k MK, &5
RZEH], Co-BTB-S3 HyH M AR /N, X 1B Co-BTB-S3 i OER fift
YEREAUER, HLAEHEI 10 mA em 2 IEHLE R, Co-BTB-S3 1] LR & T.1F i 48
h, XRHHRE R,
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FOEENDLELRE

6.1 N E%

FEARB T, RA TP KRGEEAE KL, RIH& 7 44 E-E L
EWAAKF B —HE R R AN SR TR . 55— 8 LR N R,
IMAAS R AG HUEC AR AR &5 & B T = — 4 8- LIS & 45K Fr #4 L Co-
HHTP. Co-HITP. Co-BTB); 25— PIMAGMRSE, &R T 44 8- HLAD
G F AT E ALY (Co-HHTP-S. Co-HITP-S. Co-BTB-S). M1 T I T Hi
JRABEAT B, BROCERBIIN, ERGURR Ak, e T S B-GHR A
AR R B AR, AEE R -A MU A DA K R 1R A 70 45 R AN 2E i) v
AT RO TR AL AR A, T ORIE MR, R R R, (R R TR R
BYHG e CHETYERE, R T EATERE. Db TIRIESS A, BEJE X T 4E
ER-ANE SR P B — 4t /- NI S 9K P AT AE B AL i) TR 35 45 44
AR A PR BE AT I, X HEAT T A HE SEM. XRD. TEM. XPS. BET.
FTIR & — &R

TR, SRR AU B NN AR s AR SR, RS IR
VEREAF RN RE RIS, X FEMEAR, AEREEAT TR ZE R IR T, B4R
) = A 1) o ) A VR

(1) @ KPR FEAL AR, ##%H Co-HHTP 1 Co-HHTP-S, £it—
ROV FAEAEACZE TR S, BHI45 R : Co-HHTP-S KILLEMA N 291.5
m? g, /& Co-HHTP ] 7.8 f5; Co-HHTP-S [¥) Cdl {5~ 7.5 mF em™2, kT
Co-HHTP [f] Cdl{fi(4.5 mF em2). XRS5 1 Co-HHTP-S LR A K,
AL SR PR ARG R, & K TSR i R 8, $2m 1 it ERE . XTLE LSV
MAAFIIESE R, Co-HHTP-S i AL A HE /R R R A EZ (K T Co-HHTP,
X 5 H T TE SR AR XS o X T AN RIECAA IR FEI) Co-HHTP-S, A0 R 4T
()R BO AR E 9 0.04 mmol (5107 mol L) il 45 I FE i Co-HHTP-S4. Co-

61



RT3

HHTP-S4 7F 10 mA em2 b3 FLA7 2 236 mV; #53E/R RN 51.6 mV dec™';
H EIS MHAT] DA A1, FH AR A 1.17 Q: HRETETE 10 mA em=2 i1
HLE T AR TAE#E 30 he

(2) X+ HITP Fctk, 75 HHTP BCARIALN & BRI, 554 8RR
B: IMABRIREHE G ) Co-HITP-S, JHLLRMIMAN 2544 m* g, & Co-HITP
FER AR 7.1 %5 Co-HITP-S ¥) Cdl {E5 5.7 mF em=2, ZH{E KT Co-HITP
] Cd1{H (3.1 mF em2). 5 Co-HHTP-S K1, Fifk)5 1K) Co-HITP-S, H L&
PR, Ak 2GR O, AT DA RO I e YA AT 0 B R, AT B 3
HLEEALPERE . XF LG LSV MNAAIEFE/R R, Co-HITP-S [l i AL ATIE SE/R B2
WEITART Co-HITP, X5HITIIHIMAIN B X T A FEEAIK R Co-
HITP-S, fi#{bMERERIF AR ECAAME N 0.03 mmol (3.75%10™* mol L) il % 1)
Ffd Co-HITP-S3. Co-HITP-S3 7£ 10 mA em~2 kbl A7l 231 mV; BEFE/R
Ry 59.86 mV dec™'s 1 EIS MR A5, e mrF# ifHICy 0.61 Q; H.
RETESE 10 mA em 2B (¥ L T e e LAE#E 40 h.

(3) XtF BTB ECfk, 7 ATIRERA TR, @I KMGERMAKIE, &
f% 7 Co-BTB Fll Co-BTB-S, FX & 15 IR AR IR St (AR s DA RAS R A ik i
(R AT A MR AR, DR AL MEREZE R . MBI RS S5 () Co-BTB-
S, H Cdl fHy 8.7 mFem?, Zi KT RINGRRSER Co-BTB ) Cdl {H (3.6
mF em2), XKW, RGN Co-BTB-S, HAL2ZEyGMEHAIE K. XFH LSV
WA SRR B, Co-BTB-S [id LA FIES FE /R R ELR(K T Co-BTB, X it
WY, TS 2R E Co-BTB MHLELIERE . X T A FECARMK ] Co-BTB-
S, MEALMERE AT AR BCARIE A 0.03 mmol (3.7510* mol Lty 1] £ B i
Co-BTB-S3. Co-BTB-S3 7 10 mA em2 &b A 222 mV; 3EFE/RFHR N
78.3 mV dec™'; 1 EIS WA W LIS AT, HAATHF BN 2.86 Q; HAEAELE
10 mA em~2 i} [P HELE R AR UE TAEE 48 h.

6.2 lRE

AR SCE KGR R A RIS, #%& T e Em-AIER S WK & Yk
EJE-A LB SR A ATAERRAL YD, X B 2 AORE dh EAT — R AT RALL
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AR, S5REH . KdmRSES, Bkl &0 4648 B- A&
PIAK AT AE B, OREE T n-d SEHER) —4E SR - HLEC A 9K A PRI 2544,
T T R 46 J AR A ) SURT DA v LR A MR A AR e 1 o PSR ) = L
FeAR, &R —4E & R- AN SR RS BRI 5, HL A R
A RFWIETE, XA GRS B - AR R TR A YIE LA A OER J7 T
(R R AT B AR T . H T SEIR R RIE PR, AR SCRISER N B A A 22
WheT LT IR S 5E 3, fEMREERE b, il — TR

(DA SCAT LA B A 2 0 R A0 A A0 Bk Fl AR R rh g AT, DRI i 8038 TSk o e A
B P A A 7R PR M B EAT 30 R T

(AR SCHT ] & i AL 7R, B RN T AR K A 2 R SR Fer — A, ]
OER I, J5 & 58 vl LLE— SR FUMEAL IV HER AL IR TERE o

QAL HIERE T Co BTENEEF O, SFiliESRENEEFOEK
MOF & A i — IR T, JGLEm1EFE Fe. Cu. Zn HSHAMSESBIEAE)E
Hrl K& A MOF .
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