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Engineering, North China Electric Power University, Baoding 071003, China)
Abstract: In the context of global carbon emission reduction and sustainable development, CO,
resource utilization has emerged as a focal point of intensive research. Among various transformation
strategies, electrocatalytic CO, conversion into high-value products offers distinct advantages, including
mild reaction conditions, low energy consumption, and minimal secondary pollution, thereby alleviating
environmental pressures. In particular, for urea synthesis, electrocatalytic C—N coupling offers a
greener alternative to the traditional Haber-Bosch process, which requires high temperatures and
pressures, by enabling ambient-condition production using CO, and various nitrogen sources (e.g., N,
NO;/NO;, NO). This approach facilitates CO, resource utilization and effectively addresses the
challenge of high energy consumption in conventional urea synthesis. Since this process involves
multiple proton-electron transfer steps, the reaction mechanism varies significantly depending on the
nitrogen source. For N,-based systems, the fundamental challenge lies in the efficient activation and

cleavage of the N=N triple bond, where the generation of ¥*N=N intermediates critically determines
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the efficiency of subsequent C—N coupling. The coupling-hydrogenation pathway initiated by the
formation of the *NCON intermediate exhibits favorable thermodynamics and a relatively low energy
barrier for the initial C—N bond formation. Regarding NO,/NO,, combined experimental and
theoretical studies have identified multiple potential pathways. Among these, the coupling of *NH, with
*CO to form *CONH, has been demonstrated as the most effective route, successfully facilitating urea
formation while suppressing competing pathway leading to NH; or N,. Although current research on the
*NO-mediated reaction pathways remain limited, their application potential is promising. This pathway
is expected to achieve higher Faradaic efficiency due to its lower N—O bond dissociation energy and a
reduction potential compatible with the CO, reduction reaction. However, it faces a significant
limitation: NO exhibits oxidative instability in aqueous electrolytes and is consumed through
homogeneous oxidation reactions. Addressing this issue requires sophisticated reactor design and
operational strategies. Furthermore, all nitrogen source systems face a fundamental challenge regarding
the precise control of competitive reduction processes. The hydrogen evolution reaction limits practical
efficiency, while the over-reduction of nitrogen-containing intermediates to ammonia significantly
compromises urea selectivity. This review categorizes electrocatalytic C—N coupling methods for urea
synthesis into three types based on nitrogen sources (N,, NO;/NO;, and NO) and systematically
summarizes the corresponding reaction mechanisms and recent research progress, focusing on the
diversity of reaction pathways, the generation and transformation of key intermediates, and the
identification of optimal reaction pathways for different nitrogen sources. Finally, this review outlines
the key challenges currently facing electrocatalytic C—N coupling and provides perspectives on future
research directions, with the aim of providing theoretical guidance for advancing research in this field.

Keywords: Electrocatalysis; CO, valorization; Urea synthesis; C—N coupling; Mechanistic study
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Fig. 1 Reaction pathway for urea synthesis via the electrocoupling of CO, and N,
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Fig.2 Reaction pathway for urea synthesis via the electrocoupling of CO, and NO, /NO,

22.1 *NO, %4

*NO, [ 728 J2 5 [ N FF 1 *NO; £ i 1k 7] 3=
T B 38 Ji A *NO, H1 (A A, *CO, # ik J5t 24 *CO.
ZHAO %54 fdi 1 50037 437 8 56385 W I B 76 CuwO,
FM b A R R A 4 PR 2, -0 vV
vs. RHE HLJE FW0%2%] 1979 cm ' Ab iy (i nf LA
FHCO Hh Al A A B, I LB 25 057 38
*CO; Ml *HCO; 19 U6 5% JF 26 7 [ AL, 3X 2 B
*CO K H CO, T . FfiJE, *NO, 5 *CO i
35— C—N M EIE B *CONO,, *CONO, £ 12
— RGN F AL BB A S5 *CONH,, FFA758 —
WARB I S A R E . AR FE: *NO; +
*C0,—*NO,+*COOH—*NO,+*CO—*CONO,—
*CONOOH—*CONO—*CONHO—*CONHOH—
*CONH—*CONH,—*CONO,NH,—*CO(NH,),
TEHEAN N E FEH, CO,RR A 08 H AR 2718 9 HLAT
TEHT S (HER) Bl 2 W o 91t ZHANG %55 5
ARSI CeO, 5 FeNC il 45 T FeNC-Ce Hi, fi
. Ce W ay5| AsEsE T CORR Ffui 1l

FEY Hy 0 77 AR, DT R B B Y R K R R
(20 969.2 pg-h -mg:)) FIERLERHR (89.3%) .
SR, AT WFFE N R *CO, e S Ak s *COOH
AL *CO A B LA B KR RE &, JF Bk
*CO, HH#5*NO, HIIE 1 *CO,NO, Y1 T 75 #4
1% A, LYU %P @ i DFT 3800F 52
Tix—it 2, *NO, H#5*CO, BAH —IK C—N
1%, 2B B *CONO, A AR, LIu %65 3 1 Ji
7 A BL AR 21 Sp W 2] CoRuN fiE L7 1 AYIxX
it C—N {BIE, 78 2 300 cm ' 2 A9HRSHIH T CO,
(9 B S W B, 7E 1 425 em | B4R 35U 1T *0OCO,
X 2 W A7 7E¥CONO, R 1R 1 A4 il . % 3%
H, *CONO, & i1k — & 5| Jit F 1k 1o 2 9 ik Ji
*CONH,( *CO,NO,—*CO,NOOH—*CO,NO—
*CO,NHO—*CO,NHOH—*CO,NH—*CO,NH,—
*COOHNH,—*CONH,) ., LUO % "y ¢ 5| 7§
1699 cm ' 4921 5h itk BEUA T COOHNH, — %
TR C=0 i, 3B I i o #2 o A7 7€ *COOHNH,
A, LY U 2607 W2 5+ CO,NH, H{a] {4 i 4 1
5



12, Bfif5, *CONH, 5 7 —4~*NO, #1745 —
W C—N {H BE A= 1l *NO,CONH,, #% i &3 — & 51
J T4 S AR CFNH,CONH, . 1% 87 98 39F — 26 45
HEFERMEFBL, RGP T IRE A R 5EE IR
IO B AR B g (A, R IR DR G R A9 T
AR L AR 4 21 Z 33 (SR-FTIR ) W 381 fsz o7 1ok
i S P R AR IR S5 52 76 1419 cm b WL
FHY C—N 4R 3, A *CO,NO, H a1 i FE &
PR T P HEESE; T 1635 cm ' AT 1307 em ' AbRY
—NH, 25 i SHEAERE, LK 1394 em ' AbBYLT AR
W, IR B T *CONH, Hr AR AR, bk
LIANEE RS DFT iH i i A i se B W &,
ARALHHIN T *NO, 5*CO, fE R C—N K 5 1 [
AU ORAA, 3848 7R IZ BB A TR I RE 2200 R 0.35 eV,
MNER S b iR T SN e e R R R . 28
W, JERE AT . REIE R AF S PSR AN B EDE, 3k
[RIIESE T3k 45 A IR 8 A B A o

TERA R Z A R R, 45— C—N (I
FI*CO,NH, H1 8] 14 5 7 1k A *COOHNH,"™" 2 3t
RPuE A NI, CHEN 25 (] DFT 2.0
B REAS SCEL C—N B X FI*CO,NH, i 1L 5 I
BRI 4 I8 P LS AE Cu b, % T LR 2 7E
Cut MR &E. S59oR, H—1 C—N Ik
£ Pd,-Cu {7 &5 1 e A F, 1 *CO,NH, Y it 16 7E
Rh,-Cu 5 HA BRI EEL . UL & T —FhL
JE B 447 (CuPd,Rh,-DAA), TER 31 R 58
R B O S B IR R A WU RE, B AR ik
72.1%, JRE 7 ZikF) 53.2 mmol-h g7}, BEMLT
il 2 T8 A R AR A R R 7 IR 2 AR L R .
CHEN %™ S5 3 7 — Bl Al i A E AL S B 40 K
¥£—0.4 V vs. RHE LR, AL 2L T 8 R
PR G B h B A% TR 78.36%, Ak BEME R
90.41%, WRiEFEME N 95.39% ., %X —1 S 1ERERS %5
T AR B A4, il 1 *NO, R b I A T EL
& (HOMO) 5*CO, By A 5 7+ F i (LUMO)
Z A BT FRUCEL, {2 0F T C—N 4 A% s BB, %
AR LT *CO AR T B34
222 *NO %42

BRI — IR C—N B & 4= 75 *NO
*CO Z [a], H:H1*NO >k H *NO, 1Y it Ji ( *NO,—
*NO,H—*NO)"™. CHEN %" 38 3 {# F§ SR-FTIR
BRI T SO0 P A ARTE N #8290k f A AL R0 L A s g
PRI . 550, 75 1870, 2 157 #2032 cm !
AR LT HNE R B T N=0, C=0 F1*OCNO
6

PRI, IESE T *NO FI*CO 43 FA9 A4 i Al
55— C—N Bt FE 9 7776 . Bl JS *CONO
) {472 94 J5 A *CONH, (*CONO—*CONOH—
*CONHOH—*CONH—*CONH,) , # # *CONH,
5 5 —A*NO #4755 — Ik C—N{H 1B A=
*NOCONH,. 1% )&, *NOCONH, iffi if — % %1 &
1k & W #% 38 JF 8 NH,CONH,( *NOCONH,—
*NOHCONH,—*NHOHCONH,—*NHCONH,—*N
H,CONH,) . YIN %™ 3@ 3 # # Fe"-Fe"OOH@
BiVO, 5[l 45+ )46 T CO, FINO; Y L f#
Ak, 38 2o A e B I A o 2T A ST IE S R 3
Hr A ) T #CO FIFNO HTa &, 76 3 421~3 506 cm '
A WA T LA YA PR T *N—H, B i, 60 TR
EH NG R . SONG 5 it T — Ff 55 e 45
¥4 Cu-Bi W & J@ AL, b THRE C—N & B
K, ST T JEAL G H Al 2 B, 45 R SR
B, &N H A *CONO A= Y, JTE*NO,—CO. *NO—
COOH F1*NO,—COOH A= i, UESL T C—N fi B
JEl 21 *CO FI*NO #4171, #E-0.6 V vs. RHE H
JET, JRZE R mEi5 2 180.3 pg'h -mg!, EHi 4
KR 23.5%.

Ry — 5 UE S R 2o R ) S v TR
LB, WEIL 257 5% AR 21 6% (SFG-VS) 5
b2 A G e R AR UESE T & A %S Y Vo-
Ce0,-750 7E 44 1 888 cm ' Al 2 120 cm ' 4b 1 9 1]
SN, 43 51H &8 T*NO FI*CONO H a4 141K
B, Bt 5 it ) 47 HRL S R, *CONO (1) CRIA ™ A
%5 ) SFG 5 B MR, 7E-1.6 V IR B i KAH
J& N RE. *CONO 4 F iy v A% 3o R HIE 5 T 48055 of
AR E *NO HraMA, {2 T*CONO IEL. H
Tk R i S MU W] A7, 54T T DFT
THE, WEBA T 4 Bl & N AR C—N I
A PR T AR N A I s, I HAR IR R Y R
P2 A K, RIE A M) CeO, X C—N B EA
T2 BN )2 WA

DAI %" 1E Cu/Cu,0 fi WURL 5 5 51 | iff
1T CO, MINO; ik 57, 15 2] T —Ff *CO F1*NOH
H ] R (*NO—*NOH) & Bl /K 2 19 Ik B8 FE 3 i
o WFFEN ORI [) 25 4 S — ol L AR R 21 A1
AR AR 26, 8 T C—N fh 225 1P 1%
Fr e fa] 7= 9 19 B 25 A8 4k, DFT 3180 36 B o i) 4
*NOH Fl *CO 7& 5 Ji St 1 b i 17 1 Bk B W
*NOHCO, & b & M5 JE 1 *CONH,, 5 *NO #
158 BBk S LG e A A R % . 546 Cu o



4li Cu,O # H, Cu/Cu,0 57 5 A1 Ak 1 HE T35 B AN
A=A T 8 Z i oh e A AR (AG.) , T BB
BT AR C—N & PR £, #E-0.3 V vs. RHE
HUE R, TR 27300 632.1 pg-h -mg)l, 40
SRR 42.3%.
223 *NH, %4

2 B AR IN R RN 1 O i R Ch*NH,, 5
*CO, i J5 7= A *CO #4755 — IRk C—N I AR
J*CONH,, Fifi J5 FF#E4 T — K C—N MBI iR %
*CO(NH,),o MENG 25" {ifi Fj] 7648 25 73 HL AL 2
TSI 2 T FNH, PR AR AR, - HLE %
pR B8 3 5 48 8 T FNH, 198 i B (*NO; —
*HNO;—*NO,—*NO,H->*NO—-*NHO—*NHOH
—*NH—*NH,), & I 7E Cu@Zn 49K £ AF Jy 4
R IR 2 A it #E v, HA *NO; —*HNO; il
*CO,—*COOH NIk A &k 4 98, HA ¥ h i it
2, I H*NO; —*HNO, N # R R Hil 2L %K. GENG
20 (1 ] 22 R AE BRI FIAIESE T *NH, F1*CO
[ A B A7 AR A C—N B A Bl . 1 58, DR 1 L
AR Je 21 A1 ' i W I E) C=0 i 45 Pk 3 (1 665
em '), C—N 42 (1455 cm ' 5 1415¢em ")
DL B —NH, 125l 53 3R 3 (1 637 eom ' 5
1172 em ) S5 RRAE g, 1 8645 5 3L FRESE T & i
B 5 Z 3 b AR AR, DL C—N B3R 1Y
KA, RN AR T EEEYE . BLAb, SR
S OEEAE 1000 em BT WLI E] 9 C—N A 4
JRBhiE, 5 FTIR 255 A0 B EIE, #E— £k T X
—45i8, A, DFT R MEF 587208 L
WIS A5 e SR T RO AR BRI RE 2R A . TR
F W], Fe(a)@C o7 £ %5 *NO; W [iff 55 5, I 5 1]
A J A A O i v (] AR NH; 1T FeyO, o7 15 ) 7E
*CO, if JiL 2 *CO ) % 72 I fig 22 AKX, *NH, )
Fe(a)@C 11 51T & Fe,0, {7 &5 *CO 454 4= &
*CONH,, &FEAN W P TR (RB42 24 0.79 V),
HiZad BN, $/T72% H R o

L¥NO, HAE ML, A3 BF 58 & O RS Y
*CO, H M 0] T 15,42 5 *NH, B, 1M AN 2 7E 1L
F L9 A 5 H*CO, MAO %50 ZE w3 & S 25 i i
In"" #5241 TiO,(Vo-In-TiO,) AL | 3T T 35X
— ok B, il R A £0 AR R AE 1296, 1 375
1446 cm ' Ab 60 ) A 06 7] 9 R F—NH, FE 711
FEAEYR BN, *OCO A C—N £ 4 i 45 4k 51, W
*NH, H1*CO, fiffy 522 JR IV 1 10 6 e o i) 452,
BB A 2, *CO,+*NH,—*CO,NH, i 2 1Y 1

1k 8 224 0.31 eV, SR 1M K *CO, it it 2 *CO 1y
244 B (*CO,—*COOH—*CO) 4 fE 22 43 5l Hy
0.37 eV f10.44 eV, ¥ KF 0.31 eV, iX £ VO-In-
TiO, & [ 1Y *CO, B fiil[a] T 5 *NH, 1 E B i A
JERFEN*CO, 53R 45 R —2,

224 *NH %1%

Z M R TN R RN A O B v ] AR R NH, 5
*CO, 38 J5 7= HE Y *CO HEAT 5 — IR C—N [l Bk A
A *CONH, Bfi J5 *CONH i 5 *NO #k 17 45 — &k
C—N B A i *NHCONO, #3523 — R YA
A B A IR % . ZHANG 25 ¥t 7 —Fh
WU F- HL A4 7 (Fe-Ni) , il i SR-FTIR 7£ 1 978
em ' F 2 170 em™' &b WREL B LT AN, 43 B % g
N=0 il C=0 MM 45k 3h, 75 1 694 cm ' 3T H
I 2] B 21 A 3% 3 )3 K F+CONH ) F 19 4 1 o
CHEN 455 5 1 % 8 12 s BE 3 E B T 3% — 3
R P S, *NH+*CO E|*NHCO #Y ) 1 H H fE
21°-4.9 eV, H T *NH,+*CO #|*NHCO 1Y JZ v H
HfE(—4.5 eV), Bt i A fA*NH L *NH, T 5 5
*CO HHK . X A5 BEAR S8 B I B v i R AT %R
*NO; -»*NO;H—-*NO,—»*NO,H->*NO—*NOH—
*NHOH—*NH—*NH+*CO—*NHCO—*NHCO+
*NO—*NHCONO—*NHCONOH—*NHCO—
*NHCON*—->*NHCONH—*NHCONH,—
*NH,CONH,"™,

fEHLEAL CO, 5NO; & R R 1Y 4 Fh F 23k
Fer, H TS50 2% W A R S *NH; 36 AR
*NH, H A4 5 *CO, (38 JF Hr ] R *CO #1715k
AR . Z i B BB R e, sNH, 1E N
J2 N B 5 e v fE] AR 5 +CO 48 B (FNH,+*+CO—
*CONH,) &) 2= v 1T A AL 3R, H*NH, £ £
UL F R E RS RS . flin, CAO 255 B3t T
—Ff Cu B4 1Y & A a5 0 TiO, 14k 7, DFT i
FEW, *NH, 7500 TiC 57 15 1 W B RESE Hh, BE REIRE
o BE AL, AR PE T 5 *COo RfH B, FENG %07
BT T Te B 42114 Pd 402K i & ( Te-PANCs) 4 1
A, g KW Te W15 I BEAR 1 AL 5R R -
*CO MY 454 AE, I T NORR S ¥ 7 i) NRR 3%
G, BRI T *+CO 5 *NH, Bk ) BB i C—N i
KT fE, 7E—1.1 V vs. RHE H1JE T, Te-PdNCs AY JR
R AR IR E] 12.2%, AR T B vk ik 3
88.7%. LIU %09 B3t 7 — Fh G0 48 24 ok 9 K 45
(F-CNT) ik 7], F #8499 iy “ C-F,” i S St
SE*NH, VA, 6] T *NH, 1o B 38 50 *NH, (§)

7



77¥) FE<15%) , [R] B 42 #F*CO A il . 7E-0.65 V
vs. RHE HLJE F 523 T 6.36 mmol-h - g (1 JR 257
A 18.0% HREPAE R . ZHAO %5 ¥t T —
FIAELL W b BAA 2 /A 00 A5 T PR 7 st
A (RP-AuCu) , S 56 FTHLS P 45 S 3E 52, 21 %
W Au iR LR SE T CO, 5B R HL T
¥, DI TS CO, 1 A Hh 8] 44 7™ Az 0% L P
*COOH. ILAh, £L8% I Cu AYTE P Aoc ] L3 5
*COOH X *NH, 1) 55 B Bk, T4 o B 5t
e C—N . 458 %W, RP-AuCu 7E-0.6 V vs.
RHE H1JE FEIFR 2744 22.9 mmol-h g7, ik
SRR 88.5%. HIHLZ T, *NO, A2 Z R F
AE L2 MBI IR, *NO 42 5) 7= A AR Fa e i IaliA, i
*NH A2 62 00 S50 UE . PR, SE T3l
WFIE 500, *NH, B2 T 2= ik £tk
S e febEBe, B 2 Y iR IEIR R &
BLEEAE

VA S R T R R R P A LA R
307 1H O U R R, () Y R AR R
AT 2 o3 ) S B B RO Bk R . B AR R
BH, 38 3 A0 AR A AL ) i A AL, Andy R PR A 4
(4 RuBi,“™) | T Hi45 AL (40 Pd,-Cu/Cu,0™Y) |
HL PR AU A5, (B Cu@Fe-N-C) DL K A% 55 2544
(4 CuAu@Cu,0""), BLHEWI 4 52 100~200 h £y
LR IBAT . XA R RN 5 ) — R %
#E (41 AC-HAADF-STEM, XPS., XAS %5 )E5z, H
T AL R TE RIS T B PR R R o B S 45
P e P, NSEI b HERR T ™ 5 0935 PR S A R
A (AR 5 4 65 okt 1) 32 AR TS AL, Sk S B B FH Y
AT PSR AL TR 28 i S 00 S8 L SR, IR AU TR
FoE Y TR B R R Gtk A AE AR B B AN 2
T 58, KB o0 6 B 1 i 1 iR 457 B AE S 1 )2
T, Bk = Ge— s TG PR U LR, SR AL
PRAER SEAT I B AERE, B TAEZ b T “9EW

*CO0, —m8M8M8M888 > *COOH

*NO —> *NHO —> *NHOH —> *NH,0OH —>*NHZ/

LERIRGIE” , TR A SE B Sz N R P on] e AR
T ) 2R T B A, 0 S B v 1) % 4 5 A -
B P EE YRR AL R BURIR | BRERIR Y
SE A b A v L Y PR A S ) B SR
A, = RGEMER AL I 5 TR RIHT . BR i
ZHh, KT T A A e 2 G A A R
TR ST, AT SCRR I A R P-4 5 18 SRS
G VRO RS M B RS OR o 25 LTI, R
K T2 UK BT 50 LA 3 SR B A N ] )R]
B T S AR AR A BSE PEPPAS S, 1 S ik
4 A 5 R B A3 B K 1 e e, O FLHE AR T IR R
R 2L AL S T I

3 NO ARIE

3.1 NOEARBERNFR

PEPE NO 1 by H A Ak R I BUR Z A
W, AR AE T NO i N=0 % fig (631 kJ-mol ') i
KT N, B9 N=N #£(941 kI'mol "), T 5 if 1L H T
Fom e AR IR s A7 5 CO, iR JEILHL, w] PR
HIE A, AR B C—N B, 00 22 8 T T
5 [, NO 120 Tolk 2 S005 449, R HAE A
WAL STEL AR R NS, RIS ek,
UEAh, NO 7E4d 1 4 IR A AL 71 (40 Cu, Fe) b 5 W Fff
WAk, SOV AR S by Sl IR, #HEE N, NO; /NO;
SRR, HATHEARAERE . B S e AR Rk
P
3.2 NO+ CO, Wy #1138

CO, H & - M TR A0 ik i Ry G
[&] {4*COOH F1*CO, [a] i} NO 1 i N 22 % L i
(*NO—*NHO—*NHOH—*NH,0H—*NH,) ¥} i%
JF A *NH,o JR ZIE B S HEAE F*CO 5 *NH, £
PEAL TR I 32 AR (1] 3): 1245 A OGS [
*CONH,, B/ 555 —A~*NH, 255X A*NH,CONH,,
AR R RE .

*CO

\ C—N C—N
CONH - *CO(NH,)

B3 CO,# NO fBEX & RUR R HY R L B 12
Fig.3 Reaction pathway for urea synthesis via the electrocoupling of CO, and NO
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