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Abstract With the extensive utilization of fossil fuels in industrial development, the energy crisis and environmental issues
have become crucial challenges for current scientific development. The development of sustainable and clean energy is of
great importance for sustainable human progress. Fuel and metal-air batteries have emerged as promising alternatives to fossil
fuels, providing environmentally friendly and sustainable clean energy. Improving the efficiency of the oxygen reduction
reaction (ORR) is crucial for energy generation and storage processes of batteries. Therefore, the development of efficient and
stable ORR electrocatalysts is a key task to improve battery performance. Noble metal-based materials are known for their
excellent ORR catalytic performance, but their high cost and instability have limited their applications. Hence, it is essential
to develop low-cost, low-pollution, and high-efficiency electrocatalysts as noble metal-based alternatives. Transition-metal
(TM)-based materials, metal alloys, and metal-free carbon nanomaterials have been reported as alternatives, but their proper-
ties are not as good as those of noble metal-based materials. In addition, their complex processes and difficult-to-identify
active sites make it challenging to elucidate the intrinsic mechanisms. Rational design and precise synthesis of electrochemi-
cal catalysts are critical strategies. Covalent organic frameworks (COFs) have several advantages, including high crystallinity,
high specific surface area, high stability, and regular pore channels. Besides, the construction of COFs has the advantages of
pre-design and precise synthesis. Reasonable design and construction unit is an important strategy to realize the functional
application of COFs materials. Many new products with structural characteristics have been reported since the introduction of
COFs, and they have demonstrated excellent performance in several fields. In this study, we investigated the application of a
highly stable sp>-carbon-linked COF (JUC-557) based on a bicarbazole building block for electrocatalytic oxygen reduction.
We performed various characterizations of JUC-557, which demonstrated its high crystallinity, high specific surface area
(870.64 m?/g), and regular structure. Moreover, JUC-557 exhibited excellent thermal and chemical stability. In the ORR per-
formance test, JUC-557 showed good ORR catalytic performance, with an onset potential of 0.80 V vs. RHE, a half-wave
potential of 0.68 V vs. RHE, a Tafel slope of only 62.20 mAecm 2, and a Cq of 5.79 mFecm 2. Moreover, the Zn-air battery
assembled with JUC-557 as an air-cathode electrode catalyst has a stable open-circuit voltage of 1.29 V and can easily light
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up the “COF” LED board. In conclusion, the rational construction of COFs as ORR catalysts has great potential in energy

device application.

Keywords porous materials; covalent organic frameworks; electrocatalyst; oxidation reduction; metal-free catalyst
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(330)&m M. JUC-557 BRI & M S0 a=3.51251 nm,
b=4.18519 nm, ¢=0.40831 nm, a=p=y=90°; F5&J5

Acta Chim. Sinica 2023, 81, 884—890

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

OHC, CHO

C ()

N-N i EP
o .
(J B

OHC CHO
| V(1,4-Dioxane) : V (4 mol/L KOH) =10:1 |

B 1 JTUC-557 I& ks
Scheme 1 Synthesis strategy of JUC-557

: )
t{_«.-
& >
PEr it o
o &
2 ™
&

+ Experimental
Pawley refined
Calculated
Difference

R, = 0.89%
R 2.10%

5 10 15 20 25 30 35
201(°)

B 1 JUC-557 ] PXRD (SBfh: stipfl; 40 Pawley (51850, W
e BOIE; St RZEVEH] 3 AR JUC-557 ML)
Figure 1 PXRD of JUC-557 (Black: Experimental value; Red: Pawley
refined value; Blue: Calculated value; green: Difference; Yellow illustra-
tion: Simulated structure of JUC-557)
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f) JUC-557 s S0 a=3.50819 nm, h=4.18010
nm, ¢=0.40956 nm, a=p=y=90°, R,=0.89%, Rwp=
2.10%. SRERALMSE RAF S HA SR, B
HHEIE/R T TUC-557 (FLIE FHEZR S5 #).

18 B IH- AR o 27 4% 3 (FT-IR) R AL~ 7 JUC-557
()RR, AR 2a T L JUC-557 7€ 2214 cm ' 4b H B
(T P 4E R B, & T 00 8% FU2E (CN) B RRE I 78
3027 em ' AR T HTRARIRBNEE T C=CH M5
5, AIMIEW T C=C 8RB, Nk B4 E JUC-
557 WIS E L, FRATRZMRHEAT T BC 2 Xk
b B 1 e R RESEIR(13C NMR) IR AEAI 0. M 2b
H] DAILEE BIFEAL 220 A58 6 108.1 F1 141.9 1 ) g 7Y
C=C55dHAE, UELEMBE NS 117.5 1 CN S
e, KB T JUC-557 I & k.
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Figure 2 (a) FT-IR and (b) solid-state '*C NMR spectra of JUC-557
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Bl 3 JUC-557 ffI(a) SEM B4 #1(b) TEM E14
Figure 3 (a) SEM image and (b) TEM image of JUC-557

Wl 4a FroR, JUC-557 1E544 K 77 plpo KT 0.05 BRI
NIRRT SCRAAE, X8 T HAFL iR, ik
4b, 8T A R B 2 bR R (NLDFT) 1 5 1 L2 4
i, &R E/RIUC-557 HIFLAEZ1 9 1.35 nm, FLERR 5%
A SRR R IE A Y & . i3 Brunauer-Emmett-
Teller (BET) 7 #2iH & 331 JUC-557 MILLRTHA N
870.64 m?g !, EALIARFLERXS K 7T plpo 9 0.99 I 15
REH 0.622 cmPeg ! X ELLE FR W] JUC-557 R K&
[ bR AR AN — HFLIE 2544,

EAAEENAZ, JUC-557 HAEMRMAFEt. W
B dc AEZM R IE S HT(TGA) I ZE, AT DLW 22 7F
800 CHImIR T, JUC-557 1A 25.17% sk, it
— SR AR E M, A R BRI AE K
N,N-—F 3 it i (DMF). N,N-—H 3£ Z. Bt (DMAC)
12 mol/L HC1 A1 14 mol/L NaOH & 24 h J5 34T PXRD
FAE, HE 4d 7TLUE HAPRMK IH B8 O/ KR R I 145 i
B, BRI, ARG R R E 1, i H
A RUF PRI A NUE R A F A v, izt
RHE (A0 AT i R P B AL T fRBR A AT g
22 HiEMEE

KFE JUC-557 b Fa e AR BL ) N 45
FerEtE, BIRAHAR AL A F ORR (AL IE M. T
BRI ) = B AR AR RAE O AT 0.1 mol/L KOH HLf#JH
HPRL JUC-557 BIMEARIEYE. @il Sa, B TERCEN
1600 r/min NI RER VE(LSV) I 42 o i i
L3 (Eonse) RT3 L 34 (Enattwave) 775114 0.80 V vs. RHE
F10.68 V vs. RHE, FIH 45 1 s fbys v, & sb &
78 TAE 225, 400 625 900 A1 1600 r/min AS[FIE%# K
) LSV £k, #£ 1600 r/min ¥ T, PR RN
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Figure 4 (a) Nitrogen adsorption-desorption isotherm curves at 77 K; (b) the pore-size distribution of JUC-557; (c¢) TGA curve; (d) comparison of the

PXRD patterns after treatment in different solvents of JUC-557
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Figure 5 (a) LSV curve at 1600 r/min; (b) LSV curves at different speeds; (c) the H,O, yield and the electron transfer numbers; (d) Tafel plots of
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Figure 6 (a) CV curves at different scanning speeds; (b) Ca; (¢) TOF and mass acitivity; (d) long-term stability test; (e) current-time curve of JUC-557 at
0.7 V (vs. RHE); (f) a schematic diagram of the homemade ZAB; (g) the open circuit voltage and the photograph of a “COF” LED screen powered by

series JUC-557 ZAB
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I 7B 6f). &l 6g s, Bl JUC-557 () ZAB
REs RER 1.20 V AR ITEG IR (OCVY). BEAN, Bt
JUC-557 ¥] ZAB R EXEES AT sl sebrn 3 “ COF” A1)
LED &oRBE, ib—BuE i 7 HAE R IR RSk i B oK
#77.

ZE LTI, BATTHRIE T T IR R B T A T
sp?> COF (JUC-557)7E H ff Ak S0 J S o (1 . 2
KL 870.64 m2eg LLRTR, mfbfae AR
SETE, AT RS SR T EE 4] N B AR R E, 1%
MRE B ORR SR R I HE A0 53 R 12 BB (Bonser =
0.80 V vs. RHE, Enaifwave=0.68 V vs. RHE, Tafel slopes {X
A 6220 mVedec !, LLE Ca N 5.79 mFecm 2). b4k,
JUC-557 BA R IR AR s 1t A0 R R 52 P, 7E Rk
R RS 1B K. FRATTH JUC-557 1B s SR
AR A A TR 2 2 i - T B 1.29 V AR E R
JE, I HAeS IR S5 “COF” LED 4T, XIHT5T N
RRTIFRACEA . ARG =tk RE R AE 4 e Ab 7 S
AL T 2 (I ER SERE AR S B

4 SKIGERSY
41 RANS5E

1,4-7K - I (LEFE 98.0%) 04 F A A5 5% (i)t sl T
WK ER R A, S (AEE 95.0%)8 H BT Hz T i
FIARAR, ToK 1,4- 50N AR 99.7%), i ik
2 NER. PR, OB, &R DUERRIRI R
W RE AR A A BRARIE AT &R IR &
A R A ; BCTB-4CHO HH SCHR AT 32 At 16 75 v i &
&[43]'

Empypean DY01610 #7K X S Z&AT5 1 (PXRD, fif
=% PANalytical); Bruker AV-400 #% #f3tHk E %A ('H
NMR, #i: Bruker); Bruker AV 500 HYAZ i HL R i A%
(*C NMR, Z%i1: Bruker); IRtracer-100 JiE A7 £L 7RG HEAL
(IR, H A Shimadzu); DTG-60 %% # i H 43 #r R 4t
(DTA-TG, HA Shimadzu); JEOL JSM-6700F 4 H1¥
EABL(SEM, HAH TS 4); JEM-2100F %5 H
T RIE(TEM, HAHF#k24h); Autosorb-iQ3 H 3l
A AR B A (32 [ BEES); CHI 760E Hi AL 22 TA vk
(HigRE).

4.2 JUC-557 &mid7E
42.1 3,3,6,6-79:%-9,9-F " v (BC-4Br) & m&

FESCHRIRIE TR IME (). 7550 °C R4 KMnO4
(2.92 g, 90.0 mmol)ZsMF| 3,6- —IRFREME(2.00 g, 30.0
mmol) 1 A i (40.0 mL)¥&EM H. S8 J5 8 hn A 28 18K
(100.0 mL)Y¥iEBKAR. FH &P ERBURA I ER
WA, BRI PR, 193] BC4Br (77 71%). 'H
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NMR (400 MHz, CDCLy) 6: 8.27 (d, J=1.7 Hz, 4H), 7.47
(dd, J=1.8, 8.5 Hz, 4H), 6.75 (d, J=8.5 Hz, 4H); *C
NMR (125 MHz, CDCls) §: 139.31 (CN), 131.19 (CH),
124.81 (CH), 123.30 (CBr), 115.41 (C), 110.59 (CH).

422  44,44-(19,9- % »F £ 1-3,3,6,6- 79 & ) v9 X F &
(BCTB-4CHO) 4 5%,

F SCHRARAE T7 R INE 4], # BC-4Br (1.00 g,
1.54 mmol), 4- F [k 3 25 7 R (1.85 g, 12.3 mmol),
Pd(PPhs)s (90.0 mg, 0.0780 mmol)Fl K,CO; (2.13 g, 15.4
mmol) JIA B XS HF FF 252 H A 15 min. I 5
75H(50.0 mL)F1 H,O (8.0 mL), SR 5 ¥R A WI7E 100 C
TIm# 48 h. BB KA H,O 4R
o B HE S B AR, R BIRAM T, JE A B R
AEER; FERA IR, S5 K W S AL B 15
min. SIS HES B AR EAE, $% 2, R
D TP NI E RS, AR5 R S AL EE 15 min.
RS, BV BARTERAE % 24 h, 33K AR 4
(7%, 90%). '"H NMR (DMSO-ds, 400 MHz) d: 10.06 (d,
J=6 Hz, 4H), 9.06 (s, 4H), 8.015 (d, J=9 Hz, 16H), 7.761
(d, J=8.5 Hz, 4H), 6.92 (d, J=500 Hz, 4H); 3C NMR
(DMSO-ds, 25 °C, 125 MHz) J: 193.80, 146.86, 140.58,
135.5, 133.48, 130.85, 128.01, 127.24, 123.36, 121.3,
110.02.

423 JUC-557 & miit4g

FESCHER BT IE 1) 7754, % BCTB-4CHO (37.4 mg,
0.05 mmol)fl 1,4-7K — Z.i§(31.2 mg, 0.1 mmol)yE & B&
BISJE ARSI S, HmEF A 1.0 mL Z%N
FAF1 0.1 mL 4 mol/L KOH fiAb7ll, 158 AR/ F 15/ MR R
PERAR =R, @ KGR EEIAE 120 CTHR#H S
R, AHE=RRE, fTHE, EETTEY, HIYEMm
FIRIRIBE SR 24 h. PRl 5o /5 M EAALE 100 CFEZT
f o 7 W] 45 B 9 OB AR TUC-557 (48.7 mg, FEE
71%).

4.3 Materials Studio Z5#3#&#

JE 1T Materials Studio 8.0 A%t JUC-557 4443k
TR HAKG R SE 1R % “Build” MBRBEAT 345 1
i, AR AR C222, % JUC-557 HIE 2R Im 2] fil i
Ja, EFE “Modules” BRI “Forcite” , iEH5r 130171
2Re R /MU R B ATRAL, XAk 58 1 i B g F ik
“Reflex” HRAF RIS, BT Pawley K121
P RS 4L
4.4 BECSETESIIERE

BLE 0.1 mol/L KOH MMIE JUC-557 M HLfifL
ORR 7M. F 3 mg AT AR A 3 mg L BIRE I 7
IIWTEE, FERNE AR RN 375 uL HoO 125 ul ZEEAI
50 uL 5% (w) Nafion JEVRIR &, il &AL ink 5, I
TERB AR 1 h AR R B 5.
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TEERMAMT, EHASEENER. Ag/AgCl &
FLHLER AT RRDE T/ HRK T Al o i g = il A &
A 30 min ] O 144 R BIMALIRES, ¥ 10 pL R
T INE TAE sl I B S %257 RRDE %68 |, &
CHI 760 E H4b % TAEu: il {157 ORR PEgE.

7E O HIAIRY 0.1 mol/L KOH H i kAT 2k 4
AR ZHELSV)I, FREZE Y 10 mVes !, HIRFEHE
ANE G5 2250 400 625, 900, 1025 F1 1600 r/min).
FEARE AT, FEAERRE (A8 10, 204 40,
60, 80 A1 100 mVes ") FIATIEIRZIE(C V).

¥ 60 L ink VAR MBI Ak b, R
S AT TR, DL K 2. RN BT IS
A 30 min [ O i1k RiEBIMIFTIRES. A S50’
W Ag/AgCl Z:LL LA A1 RRDE A HEAR T H fif A v g
=R R, {E CHI 760 E HAL 2 TAESS kT4
R ZELS V).

MR DL R A - S 78 B 72 (n) (E

n=(4X1y)/(l4+1/N)

H,04(%) =200 X ((I/N/(Is+1/N)) X 100%

b IR B R, LR IR, N 2RI R%(38.6%).

7E CHI 760 E A2 TAESS B, 78 O, 1AIH 0.1
mol/L KOH HEMHRH, @i M EMAFIEEBL(0.7 V
vs RHE)AIEH# 1600 r/min T ) HLIRE AR SR HEAT K 3
Fae PR, FP i 52 P X6 3 aok v B R IRV AT A
0.7 V vs. RHE "R7E 1600 r/min [ Jie %33 FE T~ Il & (7E 150
s ¥ H RN AR ).

HRHE LA T 2 STt 5 % 44012 (TOF A :

TOF=(JX A)/(4X FXn)

Hodr g 248 2 (0.7 V vs. RHE) N HEIR R, 4 /&
WRTHF(0.0707 cm?), $F 4 /R 4 ASHF/mol O,, F
FETERL S H B(96485.3 Comol 1), n FnkE M A IE N
JEE TP R IR L

Bl & 0P ink VRIS SIIRTERRA b, SRR TE
100 'C T2 h, FiE M N 1.0 mgeem 2 ERAEN
FEAR, il 2% 4F I B AR RHE s S, 8-
P LK. PR FAR 2B R — > I LA S F I, FR
fiR N 6.0 mol/L KOH.
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