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Abstract

Electrochemical methods have become one of the effective means of solving the energy and envi-
ronmental problems facing mankind due to their ability to be carried out under mild conditions,
low consumption and cleanliness. Nitric oxide (NO) causes serious environmental problems, and
carbon oxides (e.g., CO; and CO) are major air pollutants, and scientists have been working on ef-
fective methods to reduce or convert these toxic oxides. The synthesis of urea by electrochemical
co-reduction of nitric oxide and carbon oxides under ambient conditions can achieve Car-
bon/Nitrogen neutralisation and reduce environmental pollution, which is an environmentally
friendly strategy with broad application prospects. Recently, although more and more researches
have made some breakthroughs in electrochemical urea synthesis, there are problems such as low
Faraday efficiency, low urea yield, and unclear mechanism of C-N coupling reaction, which restrict
its large-scale application. In this paper, we review the recent progress of electrochemical urea
synthesis based on NO and carbon-oxygen compounds under ambient conditions from the fields of
experimental chemistry and theoretical computational chemistry, and reveal the mechanism of
the C-N coupling reaction from the level of theoretical chemistry, so as to provide experimental
and theoretical guidance and support for this reaction afterwards.

Keywords

Electrocatalysis, Urea Synthesis, C-N Coupling, Theoretical Chemistry

Copyright © 2024 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 518

SR (NH,CONH,) /2 H TGHLERHE 7= (138 — R G ML &4, H& R s s s EEZ M AL —, £
22 i — M ZE RS T A BRA PRI T . [1] [2] [3] [N E R AR s K DL K JR 278 R A AT i )i
A, b TR 2550, (F1RIRETFREM. B0, [5] [6] [7] [BIPABNEL, Tolk A7 R 2 /& 7E il
R B AR AR (COL) R (NH) OB A P21, JF H LIS . ARzt FEIReREE R, A& —FhIf
RIS [91534h, I PHUE = B REIRTE I fid F2 P e T RV i A7 FH i 3 R B BRI IR 9% o [10] A
b, PHAEAEFER M “GE7 MRIRE SR T EERITR. BT LK AT FA RRIR A 5k
AN BAMERE S, W T IREA B — P FraE 1 5 . [11]

AEFERERFERERZ —&, B3 2 s Tk f)is 7% (Haber-Bosch %) [12]4: 77, T E &K% &
4 300°C~500°C, H /77 200~300 atm, &/ LERMEMEF ], W&ZERSE, REFER. [13] [14]
4k, Haber-Bosch L Z 3 I 1 5 %8 SR HERK[15], FrLAiE ] &SI R BRI S BN TIRE
LB il o

[ 1995 4ELISK, FHRRERAIE SRR ER(NO, /NO; ViltlE A RIS CO, & H TIRE A K. [16] [17]
SR, AEERER AR RIS IR R . WANER Sh AR e v, PR T R 1) R J R0 B FH
Ji. [18]Bx{E ] NO; /NO; 1 AR RSN, AR IE % i e B =% No /0 &R, 3d N, fl =484k
WK SIR R AT A A [1] [19] N=N =4 A8 AE R 71 (940.95 kI mol ™), N, & —FiAE B E 2T,
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IR B R R AL E A BEIA N=N =45, [20]0bAh, Np 72 HUMR 0T VAR BE IR 38 4 HT EUSUBL(HER) S5 A F
DR 2R ARBR G T PR Z 77 5, BT LASCHRAROE 1) FRAG 22 3EIE SR CO, AT N £ BRUR 26 1A FEAE AT 1) PR 28 7 R I
fi&F 10 mmol h™* geat™. [6] [2118 7 FIRELF MG EEMRY), Zhang 55 A\ [22] 8 Sl T AERBIAME T,
i NO J5 4 i/E N IR, H0 YENEIR, 7E ZnO 4K Fr ki) L k224 CO, FI NO itk IR & . #
b2 N, —%HbE(NO) D T-HE Ny 70 T B 25 S s . At fEAk2% NO I8 JE (NORR) N 4- (0.4 Bt NO
Ay NHg #2487 — 560 tt. [23] [24]

AT, BREALYIIE R K 20 Filid C-C 8, FAA B T B iE R, W24 [25].
LTE[26]5 . KT, H5HUfE CO, 8L CO, AiTAEMT CO W) C JRTH5 N R R & r A= 3 {5 7= il 1) 53 — e 5
W, §R T BREMIE RN . [27] [28]4F LATIA, FIF NO Rk A W FLE 7 A R R 2 A AT DA o
EEAR IR T G ) i), T ELIE I C-N R D S A i R i R R T YR

ARILLFIR T HBE 5 AF T OLI04h2 LA R IR T S AL 22 R NO R AL &4 Fa AL 27 R 3R i) S idt
&, TR S BT, C-N ARIDE S S HLER AR DL R AN R 25 B I FE IR B A i 57 5507 T 2
BET Fa AL . A AR e 3k AL R 3B RO T R R

2. BUFESRRNFFER

ASCHRAE T RIS PR A U R R IR AN 1] 1 B « AL S8 SR B KR 70 0T LB 3] 1995 48, Furuya
FIAV R 1 Cu ISRY Bk, I L2358 R CO, AT NO; /NO, RA IR E. [16]T4E, EidsE
B AR I B A A0 [29] B R T AL [30] AR & R HEAL R[S AE MR 25 A Tl FL AL CO, A
NO; I ARG 55 FEyrea HISKIE 2 1T Z IR B 1 IR b 2 502 A R 988 S B S5 A A 7R 2 T AW
BESREEA, 75 IR ANKAE AR 2 1 55 2% A S [32] o S el 8 5 2 T P 1~ 2 R SRR S 7 o ) A B B 5
ARG . HAT, Cu FAEATFER R G IR HxT CO, 1l NO; AL Z L SRR & . HIk# Cu
A RS E[33], WU RO Cu SR IS A mALg, Mt m e ikge.

Single Atom; Metal-free; Alloys; Single Atom;
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Figure 1. Development of electrochemical urea synthesis
1. BUFREEGHNAZRARE

BR8] NO; /NO;, 1 NEIRAN, A BFFtE H 0 N EEIR . 2016 4F, Koleli fH: FISIAIE T dafh s
LILJF CO, 1 N, FH T IRER G RUMES . [14] Wu S8 N$8H, 5 5.4 )8 (Cu Al Bi) F1XU4 J& (Cu-Bi W& 1)1
SERE(Y) Cu-Bi)fEAL AR L, FAA RETHREA M) Cu-Bi & & ALFI[34] FAG 5 = (1 AL JR A RS 7 - Zhang
(T E— 500 T B CO, Fll N, FAK 3L J5 & BRI 7 R S5 A (AL R [35], S 45 44 LT b A7 AE =
V) B fuf DX AT DA BTG 207 IR PR RS Ak, (DBt 1T DAYk R ACNINHL R AR (2R A, #ER) CO s
iT, Zhao M ILFEIFIEN], 3% 4@ BEbY MoP [36]/1(101)F H T LAME A CO, Fl N, HA 22 3538 JE il R
I ARG
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2022 £, Zhang FIAM AR F 4R & [22], EIABERAET, M NO V5 R N &I, £ ZnO 9K
AL L Ak 224 CO, Fl NO B AL IR o KA R IR 5 CO, HAL 27 FRIE IR 5 BUR 31 7 FAE i 58
RORBAT TR EL, W 1 Fos. 2530, NO 1EAZIE Sk S 3k 5 5 Fofth & %040 i ROR AR
Y, MR A BRSNS . PR A W NO SRk A WAk 2 JLIE G AR 2R B BRI AT
BEE .

Table 1. Comparison of catalyst yield and Faraday efficiency for co-reduction of urea from different nitrogen sources and CO,

F# 1 FRIRIRS CO, #HiT R & AR FRBELH R R Eh BRI L

BRI 5 SR AL R JRE 73 FEurea (%)
ref [1] VO-InOOH CO,-saturated 0.1 M KNOj 592.5 pg h~*mgcat.™ 51
NO, ref[2] Cu-GS-800 CO,-saturated 0.1 M KHCO; + 0.1 M KNO; 1800 pg h™* mgcat.™ 28
ref [3] F-CNT CO,-saturated 0.1 M KNOj 6.36 mmol h™* gcat.? 18
_ref[4] Cu-TiO, CO,-saturated 0.2 M KHCO; + 0.02 M KNO, 20.8 umol ht 43.1
NO: ref [5] AuCu SANFs CO,-saturated 0.5 M KHCO3 + 0.01 M KNO,  3889.6 mg h -1 mgcat.’l 24.7
ref [6] BiFeO3/BiVO, CO, and N, cosaturated 0.1 M KHCO, 4.94 mmol h™ g’l 17.18
N> ref [7] Cu-Bi alloy CO, and N, cosaturated 0.1 M KHCO; 0.45+0.06 mg L™ 8717
ref [8] MoP CO, and N, cosaturated 0.1 M KHCO; 12.4 pg h ™t mgcat.™ 36.5
NO ref[9] ZnO nanosheets CO, and NO cosaturated 0.1 M KHCO, 15.13mmol g * h™? 11.26

3. B{LE NO MkF W PIHTFE SR ENARHR
3.1. &EEHLT

Zhang %5 N /e R NO 1E N AR, 5 CO, MMBIHT BAL S IR AL, R IR AL H b 5L S
B TG (Zn NBs). SEIGHEH] T R &R AE CO, ZE R CO A NO ZE Bl NH, it A rh i i o ] A Rk
FEARI o B ZE Sy A 2 T (DEMS) AR 3 R £ S5 7 HR F o (DA RO 207 =40 R AT 304 IR S ST
AR LT A RS (ATR-FTIR),  DARS I C e P AR R ThT WAL P m R, AT i B0 A6 360 A S YD o R Ak 5 45 5
iz B (DFT)THE S8 NO HiIE R S M B8 A% o

HIRTHER PIF AN Z, HEeHE T NO HIEJEM CO, it J508 CO MR M2 (1% 2a) [22],
LG NO Al CO, HAFIT CO, It 5N CO T, B FH ) NO Z3FHIAFLE i] LAigE— 42 e *COOH #i
*CO HrlafAg, FERPUEDIRIIAG (A *CO R LB A A, (2 H T /5821 C-N &I fE . BT C-N
AT AE, 2 E*COOH 5 N #HCHRAR 2 G, AL &I fuE: RETHE*CO 5AH
N AH G H (A4S A T A C-N B2 1) B - 38T *CO-NH, HIAE BB FI*CONH, JE B F2IfTRE 22 (1] 2b 1] 2¢) [22],
RPTED )15 EAFIT C-N BATERL. 28 A C-N S8 1A B T2 BH PR 2% i ] 385 *CONH, FI1*NH, #
AR, W 2d Bros[22] - 5o, B EAE S H B NO Al CO, FLE Ji7 1 PR 21 H A B g AR 40 4] 2e BT 7[22]
XTUT AT FH % Bz s B A T C-N A& AR R AR BRI TE SR, (R RSB T
RSy, TR TR SR TR M AN S AT, AL A SE a0 45 TR & L2 .

Cu FAkbE —FhE 2L f AL 2 COL I JRMEALFR, ] LA CO AL Rt & &4, i v] DL T Hfb
H R R API(NO VLR LT 55 %R A2 il NHs. 7E Bagger 25 NI TAE R, 25 p& i i 25 72 ok FLAS A 40U
JTAE— 24 8 IR]fF) NO Al CO L MM Lk g F2 i C-N ARIBNT FR 3T BRI S o

7E NO Al CO HyHiAL A3 g iy, AIARAEZMSE g N, BT E L. A5 CHy AT NHgo A

DOI: 10.12677/aac.2024.141004 32 it it e


https://doi.org/10.12677/aac.2024.141004

KT, BaR
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Figure 2. (a) Diagram of free energy changes for CO, reduction on Zn(101) surface with and without the assistance of *NO.

(b) Diagram offree energy changes to form the first C-N bond on the Zn(101) surface. (c) Activation barriers of *CONH,
formation on Zn(101) surface.IS, TS, and FS indicate initial state, transition state, and final state, respectively. (d) Diagrams
of free energy changes to form the second C-N bond on the Zn(101) surface. (e) Schematic illustration of urea formation
mechanism on the surface of Zn using NO and CO, as feed gas [22]

[E 2. (a) B*NO FIRE*NO 1EMFT Zn(101)RE CO, ERHIBHEETLE. (b) Zn(101)FTEFMAE— C-N #HAH

FREEZE LB . () Zn(101)FRE*CONH, & AR AYBER 22.1S TS\ FS S B R RMNIERES G BARAS R LIRES - (d) Zn(101)
FEFREZN C-N BB HREETLE. ()L NO F1 CO, ERSTE Zn REEKREZHIBREE[22]

H*+e-

FEREAL ) L HEAT rE AL NO A1 CO B GRS, 752 NO A1 CO 1 A 1y o K W B A2 (R AL 77 e 1T SC
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BB, KIL Cu ZME—RELEA*NO FI*CO 4y THI4 &, H Cu 7RIk R 441 T B A BALK*H
B i, M CO Fl NO i JRAHX A &k Az o 32 R RAF AN T NO Al CO R AL 22 3LIA i, C-N 44
AALUERE CO Ml NO R A AR A . BT NO BF &5k, U 7iEd*Co 54 N Hafk
Z IS TS —A C-N 8. 1HH T C-N SN EIE #2 (E,), *CO + *N FELI A8 22 AR
N2 i1l (¥ (AE), 45 31| C-N BT B S W e A I A5 e 2 18] ¥ Brensted-Evans-Polanyi (BEP)45 % K % .
FH*CON + *N JE R EE A C-N 82— pe & LA, X R MAFI AT DB HERR . 5*CO + *N #& 4
b, *CONH +*N #& B A RUF 1) BEP #xfE, RUIHZ %R, X7 Cu ki, Hid*CONH +*N i [d]
i C-N A ETEREE LR TREM, X T Au S5 AL & @R 3L, WIAF TR C-N 8, FULiiEH T Cu
AR FZ AT RERS AR . ZEREY, NO LJE. CO EJEA NO Fl CO JLiAJE BT 75 GE & 437 0.23. 0.52
F10.23 eV, XiEHIAE NO fil CO LB HLfErF, NO B L CO B R E A F]. *NO FIINE & NH;
FNPR 2R AR = (1 3L [R5, R B PR o = i 2 (R E S 4 o BRIUE, 3B UAE T C-N R N-H BT i #7052
*CO 5*N & 171 R B BE(—2.23 eV) K T*N 5*H #4110 U= N [E(-1.53 eV), A C-N FE e fit 1
Ca=NE e AR

R TR IR A SR B RS, 5 NHy TR, BrCAZE & 7 NO i CO JLid ik & b firfy
PV RN R R IR, W T IR EA RN —4E2D) BTG FE A . RILEXNO FI1*CO #hW P {H AR
ZEA*H MAETEHEE L, C-N MR TREN . EHTAEFAMBTa RS, Cu BTyl & R 2= 1
IR AL

P TAER R 25 ot —25 T i NO Al CO TE4 )& L MILIE R B B9 S, JF HONERTHE
Fi C-N FEE [ R BRI T B 2777, X T IREM A BSRE T — M R R,

3.2. HBLEREELF

To 4 I F AR AN AR A Bl X IRBE AT AT 73 am . [37] [38] [391id % iz i B iR 115 Wang
S NP AT DUSE ] — A T PR S A7 BT BT < s F A 77 B2 BIAK i #1RL(B12-BM) . Ehite 2
RUARIE R TC G SR AR, IX AT 200 B I HEL AL ) P12 BN K 1y S ik 7 ASBEA RS # A ) CO, A NO
TG E[40], NEBRRIRAE T AT FAF. WHFTiLsE 14> CO 0 TR NRIE, 2 4> NO 73 FAE A EIE
WP 7E p12-BM b, A AL PR R 26— 20 . 15 %648 5T 7 NORR H1 CO,RR 7E p12-BM L[\ fEALERE,
M5 E IR E NO Al CO, AN, I H.Ae s I s rh B R e AR Bl $2tH— A~ C-N #E &4
IR B HLE, ZAVEREREIUA DR, BPEY NO fil CO,, *NO i 5 A*NH,, *CO, ik 5 N*CO, *NH,
HI*CO FRELABUR K -

I EH AT A B RETH AR B AR R 2R AR R B (K 3) [41], HF 5 HTe 4 AR R CL = 4)(CH,, CO,
CH3OH)F1 NH; R FR A AE LL e, (ABLH B12-BM X R E & i ik . 45K, £ p12-BM 1L
A A R R IR IR AR A, 9—-0.09 V, KT CAHGE AT, FHosd “1BIgK” J7iEx%t C-N #&

WA AE R EAT TR, B R P R R I A . AR TR T
C-N RBIXIHE22(E, =0.62eV A E, =0.60 eV )HSELEAR. AHXT TR A A, C-N FBIRS N A0 1 584
FER AR o G T AR 2 T2 B2 R B LA A T HO I 7T 1 TE & @ A AL 77 ) C-N A& A2 BUR R IR AL 14 e
HHLEAL NO H1 CO, PR JRZ I C-N R G HLERER AL 7o g, o SEIR AT SN Bt i It Re o4
BRI T4 5.

L LFTIR, o NO A E ) I BT A B I8 AR S AR R FEAL UL AT C-N RREXIIRE 22 B, EAT T L 43
M, SR 2 fion. =FEATIRRIR EAER LMK, HA L& B mik, Hegdd, KR
AR R AT, M2 1% BB F.
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Figure 3. (a) Free energy profiles of urea synthesis via C-N coupling on B12-BM at U = 0.0 V vs. SHE and (b)
corresponding configurations of allpossible intermediates [41]
3.(a7E U=0.0VEf, B12-BM £ C-N #BEX& AR R AU B HREEIF(b) B A RI RE R B A RO X R AG B [41]

Table 2. Comparison of catalyst yield and Faraday efficiency for co-reduction of urea from different nitrogen sources and CO,
2. FEIRIRS CO, #HiLJR & UK R TI = R ER B EITEE

1AL 7 5| F STk AR VA C-N #hHtAE 2 E,
Zn0 9K A ref [9] -0.238 V 0.85 eV
Cu SRR} ref [10] —0.23V E; 2 82(2) EX
\ E, =0.62¢eV
B12 Bk A ref [11] -0.09 vV Ea; 060 6V
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4. BEFRE

ASCLRIR T ARSI NO A S AL REIR &5 UK R IR RE, 2565 % B2 B BB T30

B, 0T SOSIALER K FLae S (0 SR R BEAT IR AR o VRN T MR SSEHLER L TS S LT B 4 AR 0
B A R . AR, AL R B G AR 1 S SLER T A7 AR, VR AT E A5 ARG . i
ASCHNEE T T NO AR A & R R IMEALT, R ELmt FEHUEEAUB B 7 i ATH SR 1 £y 1
P AL 5 S R AR R AR AR B P R S I A RE R, S AATTSE IS it IR AL TR R S5 4 S5 1 e 22 Th)
MR ZR, WRBEATETERAR . ARS8 NO VRN RUIE S i AR & R 3 S RS (it 1 e (1w et
J&, X Rz R AR S PR 4R 5 5 S

BEE
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