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Abstract : Electrochemical reduction of carbon dioxide driven by renewable energy is an effective way to achieve
carbon neutrality. However, the electrochemical reduction of carbon dioxide still faces problems such as low selectivity,
low yield , poor stability and overpotential. The performance of carbon dioxide electrochemical reduction is closely related
to the structure and composition of the catalyst, so the design of highly active catalysts is of great significance for the
commercial application of carbon dioxide electrochemistry.C;N, prepared through calcining melamine is used as a carrier
for silver nanoparticles to synthesize Ag/C;N, with uniform distribution to improve the catalytic activity in carbon
monoxide preparation via electrochemical reduction of carbon dioxide.C;N, contains electron-rich nitrogen atoms, which
can be used as a support to modify the electronic structure of Ag, thereby optimizing the electrocatalytic activity of the
composite catalyst.Secondly, the uniform dispersion of Ag nanoparticles on C;N, support can increase the active area and
avoid agglomeration , thereby improving the reaction stability. Study results show that compared with Ag/C catalyst and
pure Ag nano-catalyst, Ag/C;N, catalyst presents higher selectivity, reaction rate and stability of carbon monoxide
preparation by electrocatalytic carbon dioxide reduction. After the reaction has performed for 7 hours under a current
density of more than 100 mA -cm ™, the Faraday efficiency of carbon monoxide still maintains above 90%.

Key words: electrocatalytic reduction of carbon dioxide; metal-support interaction; silver-based catalyst; C;N,;

carbon monoxide selectivity

H Tk Ay Lok, N 28k A Rl T T FE 11 3
K, FEAEER AR U O & 19 it B
(RS B ACBRAR AL 082400 270 wWL/LL, T3 T 5
[EHLTEQRE R A g #IE , 2020 4353
413.2 pl/L, 3o A AR Y HETIOE B 4 3K A2
FNETE pH TR — R E AR S, s
NFEATHELL R R ARG Re IR 45+ , R T B T

RE RN SRR I PR T A 34 e b A 711
ik LA~ 3R TR A AT P A RE R A K 3l T R — %Ak
B Al 9 BAT i B IR A8 A T R0RE, 32557 M) e 45
—SUkR b HR P IREE B O Ol
FNNEERE SRR e A 77 3% 1 A L AR 5 300 I
HAT S 26 AR IR AN 3 # AS AR AF 0 34, H S
AR i I W e B LA KRR E M AT A

s B . 2023-12-13 ;&[5 H #7:2024-07-07
E£WA . [l ARFEE 4T EI0H (2272R1434200)

EF R B FHE(1999-) , Lo Az BFEE T 1) o — SRR L AL~ iR T, 813174545@ qq.com; FEJH (1991-) , 55 14 YRII, BF 53 07 1) Sy 2 400 ikt
RETR B2 T A A — AUk 3 I AL A 3B TR R A, yuan. xue@ sjtu.edu.cn,



2024 £ 9 B

7y IR

G0 S A B AL GOR A R AN 4 R B B AR B
B AR A2 N T R AR B AR 2R I SRS N
UEAR 3 4 i 8 4 Jm J At Ab R0 38 25 5 A A )
W 280 RAUOKE SR 455 I8 U B MR DL i — 20
e R NPERE , BREEMRLT 2 T 4 S AL )
SO A BRI (CN,) RES R &G T
RIR T, REMBAE AR et 4 O i F 4549, A
11 P A A A A A ) ) R AR T ) AR AR R
AR AL 22 AL R — A B P SR A
SRR (R SURAE LRI B R e
PR RO R BRI AR ], PR L R S 4 £ 7
5 B AR RS B8 R G AR RE AR 4R
YRR 27 TR AR R T 34 RE 4R ) — ST i L Ak
RBEE T, BRICZ AN, A S /b Z LR, A
FF AR S AR = 8

C,N, JiZ T r A A 4 40 sk >
5 H AT AR sl B i VR A RO A, FE R LR AT,
Ag/C N, FHFHE s A A i fh 27 SO 1 BE I B9
ARWHRE . I, 28 % LA = B GUH R wi ok 4 51 18
T B A CLN, | T e B A B R A S Y
Tl A& G KAORL RS /N S B 50 Ag/CoN, B A i
TR, T A A i L b 2 3 3 6 1 o £ — 4]
fbh% ., FIH TEM ,SEM , XPS fil XRD %5 % fif F Bt
AL 2E K, 207 C,N, 2R Ag 42 @ 40 K i
7 22 8] A4 AR ELAE FE R e — AR Al ri A R T i Y

i,
1 TRHBESFE

1.1 #E5iRHF

F7H5 R 9 ( C,H,Na, 0, - 2H,0, 99%) . fil§ iR 4R
(AgNO;,99.95%) , [ 24 48 A Ak 22 i A R\ A
77 A AL 1 (NaBH, ,99% ) , ACROS /A A A2 7= =
FEME(C,HN, , =99.9%) | L EE(C,H;0H,99.5%) .
SENEE(C,H,0,99. 5% ) FI A AL 4F (KOH,85%) ,
g R T A 4B B B AR 75 ik B (Ketjen black
EC-300J) ) MG HT e R A BRA w A ™ ik
4R (SGL29BC) , 7 M /R il B AT BR A Jl A2 775 —
FALER SR (CO,,99.99% ) FIE S (N,,99.99%) ,
A B bR AR AT R 2 B AR R BT T A e
(Nafion—N117) , 3& E A I A Al A 7= 80 F B AR fil =
FEHLI (Ag/AgCl) , LI IR R A ™ KB oKL
FHAA 18.2 MO/ em, A 4k~ 1050 B 4206 T, A
vt

SREFE RESSHEATIBT _SMRELSTER IR - 161 -

1.2 EEFINGE
1.2.1 C,N, #9%)%

¥ 10 ¢ —REWORAE S E T8 L 78
N, K40 LA 3°C/min B FHR S N4 E 550°C, Bl
JEAERF 550°C RS 2 h BfiY B SRR 2N 2 %R, 15 3
B AR R CN,,

1.2.2 Ag/C,N, #9414

¥ 18.5 mL 50 mmol/L #7 15 fR M 1% W 18] A
100 mL BRI, SR 5 A 18.5 mL 10 mmol/L
THPRAR VA , P FIRIR SV I 19. 98 mg 11
C,N, BERR, fl Ag 1 C,N, LR 1:1, 5%
SR 30 min, FLEIE R BB AR E O, H AR
oy 235 A AL I R WORL, SR 5 7 TR 20 4+ T R
25 mL 7.4 mmol/L M & AL &M A W, Bl % 1 & 1k 4h
VTR N, Eb v B TR A5 YR IR B €5 A B A
PSR, WIS 5] Ag/C,N, IR, e, 8
TR BE S B D e 3 A 3] Ag/CoN, {4k
M, BfJSTE 60°C T H45 T4 20 h, 753 Ag/C;N,
TG YA
1.2.3 Ag/C #= Ag #94&

Ag/C Tl 28 5 il £ Ag/CyN, B9 T7 AR, AL
B 19. 98 mg 1) C,N, #& (O A 19. 98 mg
(AR ARy T2l Ag Ak 570 R fin 2k 14,
HoA AL BRAH ]

1.3 SEy SBRaFHE

RPRETE L Ag B Tk A B 4 mg
Ag.8 mg Ag/C Fll 8 mg Ag/C, N, HEALFI 4> Bl T
2 mL SENEER B A E1 h TR AT, T
A(0.5%x2 mL)0. 05% % Nafion [, K 1R A
PR A 30 min, BEBRACE THEEMA S I, B
1 mL SR B TR 3 W v, SR S 7 AU 7
BRA% (2 emX2 em, SGL 29BC) Wi iA3F Wk . Wi I 5E
B A8 A R F AR R B TR 6 h L BT
esdiiR el
1.4 EEFIRE

FH A $ s 7 B 758 58 ( SEM, Zeiss Gemini
300) X ST 5L ( XRD, Bruker D8 Advance) X
SHEOEH T HEREIN (XPS, ESCALAB 250xi) | f# B
LTAMEREY (FT-1IR, IRTracer—100) 3% 5t Hi 7 . 1
Bi(TEM, Talos F200x G2 ) Fl 70 HEifs S v 1 B ids
(HRTEM, Talos F200x G2) %f P~ ¥ A 5 R AE 4347
1.5 Z—semBELTENR

SEES A AE b IR AR L Ak 2E TR ES 1 (CHI
760E CH Instruments Ins.) #F4T, 52 o it 2% A b g 2%



- 162 - A AL T

A Sl A BRI T =0 2 il L i,
IR h CO, AU IS 2 R B BH A PR P 1 25, A 1
N

_— BHRk

/ / / ’ / / ;" |
,/Iﬂ;mm/ / vatiolt ul

R i | X
et LT

B 1 sh A

DA TR AT AR BB AR AR A (B ) |, 46
J 2k ok AR, T R T A Y G TE TR 1 x
1 em®, AR SEPR S 5OV AR A 1X1 em®, 5
e LR O A B 4 B AN SR AT RO AR AN KCL I TR Y
B AL B ( Ag/AgCl, sat.) , 5 L B AR 3 A BH )
HAL VR 2, FFI R 55 BH A P i VR %5 38 & Nafion
117 BHES ¥ S #eBEbs g . A, L 1 mol/LL
KOH 5, B fff Y388 38 155 530 52 | A 99 I e, i 9 J
FARIN B AR P N 40 mL HLARIR . —
AR 3 i TR T R 10 mL/min £
LA CO, A, R A AR AL 5 76 26
R4 ( Cycle voltammetry, CV) | 28 1 49 4tk 2 3¢
(Linear sweep voltammetry, LSV ) A1 {8 i 7 I 3 1
(I-1) 5%, SA=Wrlst GC AT AES o

2 XBRHERSHMW

2.1 EUFIRIEER

Ag/C,N, Ag/C Fll C,N, ) XRD Fl FT-IR %
mE 2 pras, MWE 2(a) Rl LIE W, Eid 5 Ag B
[HC 5 454 (FCC) AR ifE R Xt LU AT, 78 26 4
38.1.44.3 .64.4.77.5 81. 5° kb A 437 5 0 43 531 XoF 17
Ag HY(111),(200),(220) . (311) F1(222) f I,
Ag/CN, F1 Ag/C R BN Ag it i 6 0 77 75
SRR R Ag B9 (111) 515 (200 ) W B FH X 3
XFHCTT DL R IR, A I 2 Rl Ag #BELA T 1
(111)/(200) 58 £ Ho, S 100740, B BE % Ag/C FlI
Ag/CN, PRI ELZH(111) fhii, 20=27. 6°4b
(AR AT B e 2 C,N, IR RRAE I, 7E 2R 4K C,N, AN
Ag/C,N, R mT LA 2% 31 32 A7 56 06 19 A7 7, T AE
Ag/C PINEAT L, & 5 2 W 3E 1 i S Ak AR TR
FHIR I 5 G T Ag/C3N, il Ag/C,

MIE 2 (b) Al %, Ag/C,N, Fl C,N, H &R il

F445F0H

3 000~3 600 cm™' FREHELFEIE , 7E 1 000~1 700 cm™
H1810 em™ AbAYRFIEIE I & T 5 B AR R A IR BT
(AT R IE D6 N = R 28 BT YRR AIE I

] 1 Ag PDF#040783
L 1 ]
20 40 60 80
20/(°)
(a)XRD K&

BEHEI%

2 ,
\’\/—’—/1"\\'\/\\/1,\
4000 3500 3000 2500 2000 1500 1000 500
BB /em™!

(b)FT-IR &l

1—C3N, ;2—Ag/C4N, ;3—Ag/C

K2 Ag/C;N,.Ag/C #1 C,N,
XRD #1 FT-IR % A

Ag/CyN, Tl Ag/C AT XPS 35 an &l 3 Jir
N HIE 3 A5, Ag/C N, &4 Ag.C N =FTZ,
Ag/C & Ag Ml C WIFPoTE, BB X = R &
e R AT B e T LIRS 21 5 R AB 24 1 2R 1 L
Ag3d
Nls

Cls

R /a.u.

1400 1200 1000 800 600 400 200 O
ZiaRE eV
(a)Ag/C3N,

Cls

R BE/a.u.

Ag3d
—_— ey
1400 1200 1000 800 600 400 200 O
4R leV
(b)Ag/C

K3 Ag/C,N, f1 Ag/C #1789 XPS #£ K
X Ag C HIN JTE 5 BT LA i b 3, 25




2024 £ 9 B

RnE 4 iR, MWE 4(a) PrILIEH, Ag/C H Ag
3d,, il Ag 3d,, 58 B T 374.6 eV 1 386.6 eV, i
Ag/C,N, A3 5IAE T 373. 6 eV M 367.6 eV, 5
Ag/C HIHLHE , Ag/CyN, H' Ag 3d,, Fll Ag 3d,,, I
) AR S 5 RE A 5 I R A%, 3% & T Ag/CsN,
) Ag 32 3| C,N, Mk 1E A1 S 3R & &
BT

Ll Ag3d,, !
]

'
512! !
1

Ag3d

TR /a.u.

380 376‘ ' 372 éGé 364 360
ZEbfE/eV
1—Ag/C5N, ;2—Ag/C

(a) Ag/C3N, Fl Ag/C 1) Ag 3d

N-C=N
3
3
= c-C
=
295 290 285 280
ZiafE eV
(b)Ag/C;N, HIC 1s
g
K
=
o
410 405 400 395

AR /eV
(¢)Ag/C3N, BN 1s

K4 Ag/C,N, By XPS i #l & 4 &

M 4(b) K 4(c)PRTLLEH, Ag/C,N, 1
C s 25/ HE M 288. 4 eV XTI T N—C=N, &%
GHE 284. 8 eV MYWEN X T C—C, Ag/C;N, 1Y
N Is JGitkH 398.6.399. 3 .400. 9 eV Fl 404. 5 eV 43
HIXF BT C=N—C N—(C), .C—N—H F# k&
m 4R RS T CON, WITEAE, N T i g
WAL AT S 2548 GO AIE | R 4514 7 i
B%5(SEM) X} Ag/C,N, Fl Ag/C HEATI, 25 A0 1A 5
fiiw, WS ol LIE H, CN, RS R B Rtk
MK, Ag/CN, I Ag ¥I21 4 87E C,N, b, i
Ag/C Y Ag BEALTERR A K ok o, REAS—

SREFE RESSHEATIBT _SMRELSTER IR - 163 -

(b)Ag/C

(a)Ag/C5N,

K5 Ag/C,N, f1 Ag/C Hy SEM A

Ag/C,N, #J SEM-EDS-mapping & 6 Fis,
t & 6 W51, Ag/C N, i Ag.C N =Fhotc E4n, C
HIN A3 AT LA — B0, BE T CN, ARHIE K,
M Ag 5 C F1 N FES A b RARE A [F] A 38 43 X s
ARERAFENINS , @t EDS B3 £ 2 Hr v]
H,Ag .C N =FPICETE Ag/C,N, FMH5A I FEE
IBUr R 31.9% 22. 5% F1 36. 3%,

(b)Ag ILE

(d)C T

(¢)NJTE
K6 Ag/C,N, #y SEM-EDS—-mapping

T 3 37 S L U (TEM) X BT il 45 19 Ag
Ag/C Fl Ag/CyN, A BURE 54T RST FIE 30 R AR
ZERANK 7 i, K 7(a) il AFE 1 i il
PR A S 25 1 Ag 40 K JBURL Ry BRI 25 44 | 90k
RS RATE 50~100 nm, H HHB ARG, N
B 7(b) FE 7 () AT LIE i, Ag/C il Ag/C,N,
IS A2 3 ok A R R T KA R AR B 1 5 ) T
R e 30 I8 AR A K R 7 B A I AR KB 4
R LER . HEET Ag/CLAg/CoN, TR Ag 40
KRR SF /N R 30 nm A2 A T HL A3 hn 4
A, AR T B A AR R L 2% T AR R e N AR E
M Ag/C H Ag A KR FE R AR o3 A A5 H R
AETHERS



. 164 - LA AL T FEMUEFEIH

CoN, MEEARA R 7 AR B9 LT AR, B 3
PERFEIEE S . BT 9(b) i AR Hh, Ag/C,N, fiEfL

0.00

%)

g -0.05

-0.10}

(a)Ag

-0.15F /N

FL L B/ (mA

—0.20}"

0257508 —06 -04 02 00
HL %/ (V vs. RHE)
1—Ag/C;2—Ag/C3N, ;3—Ag

(a)LSV &

(C)AyC3N4 E-O.SS' ‘f':

K7 Ag.Ag/C F1 Ag/C,N, B TEM [ e oask | L.zzitie

Ag/C Fl Ag/C,N, i) HRTEM FAF & 8 B & 035 2,
. MIE 8 AT LU Y, Ag/C T Ag/C,N, 1 Ag I b M
SRS IRy 2. 36 A, XERETI0 7 45K Ag OO iy
(111) fhTi, X4 5 XRD 1 (111) fhESR 5 5 1—Ag/C;N, ,2 900 mV/dec;2—Ag,366 mV/dec;
SREEARVIG 3—Ag/C,463 mV/dec
G (b) Tafel 4R [&
K9 Ag.Ag/C,N, #1 Ag/C Ak K 45 &

Ag Ag/CiN, Fl Ag/C AT A I 7™ Wy ) 1
SRR AR AR L & 10 Bios . A 10 Haf L
B2 AL S 1 FE SR o — AL

RAES, B H-0.8 V vs.RHE B}, — 4 fbi
100

§ 801 : /Ai
= 60 .
®] 1
& 40t
e
S 20
%00 1800 3600
(b)Ag/C5N, i) /s
(a)CO
K8 Ag/C 1 Ag/C;N, Hy HRTEM [ 100
2.2 BENER_SAmEENIR ® 80F
HmER Ag Ag/C,N, Fl Ag/C AL AR AT 53 % oof .
IR TAEM B AT Ag/AgCl LM N S T
bl P bl 7 = 1 5 9 0 P At 187 AR Pl AL e
PSR, 255N 0 Bk, IR 9 (a) il DU S —
BN 50 mV/s, ALK -0.976 V vs. TR/
RHE I, Ag Ag/CiN, Tl Ag/C 1 HL I % )8 43 %I (b)H,
194 222 mA/cm® Hl 185 mA/em?, 1, Ag/C,N, 1A/ €2 Ags3— A/ Gy Ny

F14 P L 48 B e A, R W HL S s R A R, B 5T H10 Ag Ag/CiN, A Ag/C 7= 4y ty i 41 5 %



2024 £ 9 B

fh2EM AR E 600 s J5 MK AE B Ag, Ag/C,N, Fl
Ag/ C AR S5 Py vh— S A Bk Y e B2 53 301
80. 4% 91. 0% Fl 66. 7% ,

SE R, Ag/CoN, B AL R IEAR
F Ag/C, XM TF Ag/C,N, M8 T Ag/C 42 fhff 5
K, B K PE R A ) T4 58 4 s g B BT S0 0 1
KA 11 R,

142.79° n 142.21°

(a)Ag/C (b)Ag/C5N,
B 11 Ag/C Fn Ag/C N, Y3 ik f 3R 45

P, L 5 2 A T 1) ) 72 A R A0 AR 0L 5 7 ) 2 v 1
R, 3 P Ak R AR M 25 SR an 1 12 o
r & 12 A1 AEHLA N —0. 8 V vs. RHE Y& & P
W, Ag/CoN, 76 7 h i ICad A v, I 2 AR

139.27°

r—

0.00 100
(rg-o.os- . '.r_'-90 8
-0.10} At b ¥
: LT W///ﬂ
3_0_15 ://,t«(,w//'//////flw’f*' 4180 §
& -020 o &
& _oost &
LS {60 S
£ -0.30F
1 2 3 4 5 6 7 0
B ) /h
( 3) Ag/C3 N4
0.00
i -0.02
© _0.04F
£ -0.06f
i —0.08
E -0.10
5 -0.12
-0.14 . . .
0 1000 2000 3000
i) /s
(b)Ag/C
0.00
& —0.02}
<
< _ L
: 0.04
# -0.06
&
3B _0.08
p=:d
-0.10 1 I L L L i 1
0 500 1000 1500 2000 2500 3000 3500
1) /s
(c)Ag

K12 3 FR LA e R4 R

SREFE RESSHEATIBT _SMRELSTER IR - 165 -

1E 100 mA/cem? DL b IR ROCRAE R AE 90% LA I,
TR RENE, T Ag/C ZER N 2 000 s )7,
FEL 978 2880 T 0, X A T Ag/C Ok A4 BB K
P2 AEE R b R AR — R KBS, H,0
o FRESEASARY B AR ALIE T, S E B CO,
SRR T AR AR AT SR N KR B R AR
R ST KR &, AR B S Co, ARl
BAE R RTINS

3 #ig

T A AR B A TR ) T iR R T A/
C;N, Ag/C Fll Ag =i fb %1, 9F H T A bt
273 il 2 — A ki

(1)t He A 3 P LR TEM & i RS
AN, Ag/CyN, HY Ag 5] 50 TE C,N, b, Bk )]
N R AR, M T Ag/C, Ag/C,N, BT KM
TR A TSI ZURO s — AR R

(2) &5 A RAE A AL 2E K AT 0, Ag/CN,
Ag Fl CyN, Z[B) O AH B AR A R = 1T AR5 g
TEPE 3RS

(3)Ag/C,N, R F e M, FEH 7l -
0.8 V vs.RHE T, L 7E 7 h NEZETE 100 mA/cm’
DAL — S AR S BORORRETE 90% LA L,

S 3k

[1] Cheng H,Wu X, Li X, et al.Construction of atomically dispersed
Cu-N, sites via engineered coordination environment for high-effi-
cient CO, electroreduction [ J ]. Chemical Engineering Journal,
2021, (407) :126842.

[2] Feng J,Zheng L, Jiang C et al.Constructing single Cu—Nj sites for
CO, electrochemical reduction over a wide potential range [ J].
Green Chemistry,2021,23(15) ;:5461-5466.

[3] Wang Y R,Liu M,Gao G K,et al.Implanting numerous hydrogen-
bonding networks in a Cu-porphyrin-based nanosheet to boost CH,
selectivity in neutral-media CO, electroreduction [ J ]. Angewandte
Chemie International Edition,2021,60(40) :21952-21958.

[4] Chen X,Chen J, Alghoraibi N M, et al.Electrochemical CO,-to-eth-
ylene conversion on polyamine-incorporated Cu electrodes [ J ].
Nature Catalysis,2020,4(1) :20-27.

[5] Ma W,Xie S,Liu T,et al.Electrocatalytic reduction of CO, to ethyl-
ene and ethanol through hydrogen-assisted C—C coupling over flu-
orine-modified copper[ J].Nature Catalysis,2020,3(6) :478-487.

[6] Zhang B, Zhang J, Hua M, et al. Highly electrocatalytic ethylene
production from CO, on nanodefective Cu nanosheets [ J].J Am
Chem Soc,2020,142(31) :13606-13613.

[7] Zhang X Y, Li W J, Wu X F, et al. Selective methane

electrosynthesis enabled by a hydrophobic carbon coated copper



- 166 -

(8]

(9]

[10]

(11]

[12]

[13]

[14]

[16]

[17]

[16]

[17]

[20]

core-shell architecture[ J].Energy & Environmental Science,2022,
15(1) :234-243.

Daiyan R, Chen R, Kumar P, et al. Tunable syngas production
through CO, electroreduction on cobalt-carbon composite electrocat-
alyst[ J].ACS Appl Mater Interfaces,2020,12(8) ;9307-9315.
Delafontaine L, Asset T, Atanassov P.Metal-nitrogen-carbon electro-
catalysts for CO, reduction towards syngas generation[ J ] .ChemSus-
Chem,2020,13(7) :1688-1698.

Guo Z,Zhang Q,Shen F et al.Boosting electron transport over con-
trollable N ligand doping for electrochemical conversion of CO, to
syngas| J | .Electrochimica Acta,2021,388:138647.

Zhang Z,Wen G,Luo D,et al.“ Two Ships in a Bottle” design for
Zn-Ag-O catalyst enabling selective and long-lasting CO, electrore-
duction[ J].J Am Chem Soc,2021,143(18) :6855-6864.

He Q,Liu D,Lee J H, et al.Electrochemical conversion of CO, to
syngas with controllable CO/H, ratios over Co and Ni single-atom
catalysts[ J].Angew Chem Int Ed Engl,2020,59(8) :3033-3037.
Liu Y,Tian D,Biswas A N, et al.Transition metal nitrides as prom-
ising catalyst supports for tuning CO/H, syngas production from
electrochemical CO, reduction [ J]. Angew Chem Int Ed Engl,
2020,59(28) :11345-11348.

Lv K, Teng C,Shi M, et al.Hydrophobic and electronic properties of
the E-MoS, induced by FAS for the CO,
electroreduction to syngas with a wide range of CO/H, ratios[ J].

Advanced Functional Materials,2018,28(49) :1802339.

nanosheets

Gao J, Wang H, Feng K, et al. Cu atomic clusters on N-doped
porous carbon with tunable oxidation state for the highly-selective
electroreduction of CO, [ J]. Materials Advances, 2020, 1 (7):
2286-2292.

Hong J,Park K T,Kim Y E, et al.Ag/C composite catalysts derived
from spray pyrolysis for efficient electrochemical CO, reduction[ J].
Chemical Engineering Journal ,2022,431;133384.

Lim C,Lee W H,Won ] H,et al. Enhancement of catalytic activity

and selectivity for the gaseous electroreduction of CO, to CO:

(L#% 159 )
Zhang C, Wang F. Catalytic lignin depolymerization to aromatic
chemicals[ J].Accounts of Chemical Research,2020,53(2) :470-
484.

Liu W,Chen W, Hou Q, et al.Effects of combined pretreatment of
dilute acid pre-extraction and chemical-assisted mechanical refining
on enzymatic hydrolysis of lignocellulosic biomass [ J ]. RSC Ad-
vances,2018,8(19) :10207-10214.

Deng W,Feng Y,Fu J,et al.Catalytic conversion of lignocellulosic
biomass into and fuels [ J ]. Green

Environment ,2023,8(1) :10-114.

chemicals Energy &
Zhou Z,Liu D, Zhao X.Conversion of lignocellulose to biofuels and
chemicals via sugar platform: An updated review on chemistry and
mechanisms of acid hydrolysis of lignocellulose[ J].Renewable and
Sustainable Energy Reviews,2021,146:111169.

Li M, Wilkins M.Lignin bioconversion into valuable products : Frac-

tionation , depolymerization , aromatic compound conversion, and bio-

FAX AL L

[18

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[21]

[22]

[23]

[25]

F445F0H

Guidelines for the selection of carbon supports[ J].Advanced Sus-
tainable Systems,2021,5(12) :2100216.

Marepally B C, Ampelli C,Genovese C,et al.Role of small Cu nan-
oparticles in the behaviour of nanocarbon-based electrodes for the
electrocatalytic reduction of CO, [ J].Journal of CO, Utilization,
2017,21:534-542.

Shi J,Zhang L,Sun N, et al.Facile and rapid preparation of Ag@
ZIF-8 for carboxylation of terminal alkynes with CO, in mild condi-
tions[ J ]. ACS Appl Mater Interfaces, 2019, 11 (32) ; 28858-
28867.

Sun J,Xu J, Jiang H, et al.Roles of oxygen functional groups in car-
bon nanotubes-supported Ag catalysts for electrochemical
conversion of CO, to CO [ J]. ChemElectroChem, 2020, 7 (8) :
1869-1876.

Wang X, Wang Z, Garcia de Arquer F P et al.Efficient electrically
powered CO,-to-ethanol via suppression of deoxygenation [ J].
Nature Energy,2020,5(6) :478-486.

Han J,Deng X, Chen K, et al.Electrochemical conversion of CO,
into tunable syngas on a B, P, N tri-doped carbon[ J].Renewable
Energy,2021,177:636-642.

Zhang L.,Mao F,Zheng L. R, et al.Tuning metal catalyst with metal-
C;N, interaction for efficient CO, electroreduction[ J].ACS Cataly-
sis,2018,8(12) : 11035-11041.

Zhang H,Ouyang T,Li J,et al.Dual 2D CuSe/g-C;N, heterostruc-
ture for boosting electrocatalytic reduction of CO, [ J ].
Electrochimica Acta,2021,390.138766.

Zhang S, Mo Z, Wang J, et al. Ultra-stable oxygen species in Ag
nanoparticles anchored on g-C;N, for enhanced electrochemical re-
duction of CO,[ J].Electrochimica Acta,2021,390.138831.

Wen J,Xie J,Chen X, et al.A review on g-C3N,-based photocata-
lysts[ J].Applied Surface Science,2017,391:72-123.

Liang Q,Li Z,Yu X, et al.Macroscopic 3D porous graphitic carbon

nitride monolith for enhanced photocatalytic hydrogen evolution

[J].Adv Mater,2015,27(31) :4634-4639.1

product formation[ J].Systems Microbiology and Biomanufacturing,
2021,1:166-185.

Alvarez C,Gonzdlez A,Negro M ], et al.Optimized use of hemicel-
lulose within a biorefinery for processing high value-added xylooli-
gosaccharides[ J ]. Industrial Crops and Products, 2017, 99 41 -
48.

FH R AT R AW KA L B K AR
RN HBERE] )] AL T3ER 2023 ,42(5) :2536-2545.

Beig B,Riaz M,Naqvi S R, et al.Current challenges and innovative
developments in pretreatment of lignocellulosic residues for biofuel
production; A review[ J].Fuel,2021,287:119670.

Reis C E R, Junior N L, Bento H B S, et al.Process strategies to re-
duce cellulase enzyme loading for renewable sugar production in
biorefineries[ J].Chemical Engineering Journal ,2023,451 :138690.
Zhu X R,Li H,Xu J L, et al.Prediction of cooling effect of constant
temperature community bin based on BP neural network [ J].Inter-

national Journal of Biometeorology,2023,67(4) :587-596.



