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7B, AR MEIME N 39 kWh/kg (RFVE N 33 kWh/
kg), WElBfEGAREL . SR, HAER B Tk
FURERZEC N3 kWh/m?®, RN ZE 700 bar (1 bar=
10°Pa) AR TF & 1600 kWh/m®, AL 5 14 2700
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I, FRESEIEMRRERES L, Rt “at—%
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(electrochemical nitrogen reduction, ENR) Fi AR I
H 2832 226, AR P A% kiRl >3,

(D BHATFREERE: N=N 8 G8
946 kJ/mol(O=0 144 kJ/mol, H—H 436.4 kJ/mol) ,
SEE S T, RV CAEEAT o

(2) ®M W b #Hr & & B (hydrogen evolution
reaction, HER) [J5e4r: fEHMEAKERIAEH, Ny
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Figure 1  Pourbaix diagram of nitrogen, with dashed lines
indicating the hydrogen and oxygen evolution potentials in aqueous
solution'!
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Figure 2  Structure of the ENR electrolyzer: Aqueous-phase ENR
(a); Organic-phase ENR(b)
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Figure 3 ENR reaction mechanisms. distal mechanism(a); alternating mechanism(b); side-on adsorption mechanism(c)
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Table 1 Typical single metal catalysts in ENR

5H %2 HL A (vs. NH, =%/ i
() FEpe R
RHE)/V (h*mg cat))
Feg,-N-C 0 56.55 7.48 [21]
Fe-N/CNT -0.2 9.28 34.83 [39]
F-Fe@F-G -0.28 41.6 53.3 [40]
Feg,-NSC -0.4 21.9 30.4 [41]
Fe/Fe,0, -0.3 8.29 0.07 [42]
Feg,-NO-C -0.4 11.8 31.9 [57]
8.08x107!!
MoS,/CC -0.5 1.17 [44]
mol/(s*cm)
MoS,/BCCF -0.2 9.81 43.4 [45]
MV-MoN@NC -0.2 6.9 76.9 [46]
SA-Mo/NPC -0.3 14.6 34 [47]
Mog,-Mo,C -0.25 7.1 16.1 [48]
Ru@ZrO,/NC 0.17 21 3.6 [51]
Rug,/N-C -0.2 29.6 120.9 [58]
11.33 pg/
Ti,N -0.25 19.85 5 He [53]
(cm-*h)
W,N, -0.2 11.67 11.66 [54]
Co,N@GDY -0.2 58.6 219.72 [55]
3.3x107" mol/
VN, 70045 -0.1 R 6]
R (secm?)

e A SA IR R LT

22 ZeRMEMER

FE ENR AR, AL TR 6 B BEAT 55 42 v Rl 3R
HE RS T, Hrh, WESERE T dPED EE
TE R C A7 B8 (1) S B A €00 3 3ok VR B VO R B el DA
M@ e, BUEBEAT S MRS, AT DU Ao E
FTH T2 R, T R 5 6 2 1R R B e B0
Y& B ICRIRA I, ASIE 4 A A B A AT
S AT RS S E A, AT BT 03 1
s T 465 8 235 ) A 4 D A0S T 462 8 5 Ak - T ) 7
T AH BAE R, DA 046 Ja8 3 1 v o H 1 45 ) 1) 3
A S0, AT E— B TR T R 5 AL
VAR

PRl B e R IR A &, (R A T B ] 5
PRSI . IR L4 8 Ju R AT LA R E IR 3T,



g

R, AT SRR R AL A ROE IR BRI BT S S B TR E R 657

A DUAR HOHG 5% . ), 24 Ru APt 3L R I,
Manjunatha 2O 1 7 — P TR A 0 04 SR 4L
A, Hor Ru 57 2R 5940, PCH T AR T
FRIIE S . Xue 220 Ni Al Au 40K 1 2H i fit A - 32 44
R SHEALTIE S5@)], AuMIN 48 B A R FE R Ih S
B, BRGNOKIURL ] 4 G K RURE A% 366 -, AT A8 40 0
KL 7% R B E 5, XA i 8 I AuidE PEAL
FURE W B AT AR B AR B N, o AZ ST R Iy — Fl
YPKRL BT, RPN R
T & 1 1) B SR A 4% FL L T 45 4, AT B T LA AT
P . Wang S5NE Cu gk b 7R HEHE T Au, TERL
TR M[EISDb)]. XFg-T, AulfTRe SR
1 Cu J& FHET BT 58, SUBRMETHIET 451,
ST T A BRI A B H HER. Gao 40211
KA F N ZS 1) Mn b & P04 35 B 2 450, A RS
W (B9 Fe SRt 7 R A 58, INIfT B3
BEAE TN, IR B A Ak RE

&8 5 4 A AR 2 1] R i S A LA A
A R A A M 7 A5 0 R T S R R PR, A
AR RS 7R, 6 W i 5% 4+ M HER.
X ] R 1 4 R - 4 B A A M RO AE
IR R N SEHLENR BT AT S AREA B . Hao
SOV I 7E & B | R WO, BRI N PR T,
TSR T Ptg,/ WO, FLMEAL T o 7 IE HL IR 43 B8 PUA S AT
BT AL 220 B FTBOE Ny AR, 7 WO, 181 i1 40K
B E, HER 8 WS AMH], A ERIE T %048 BR S B )
R ROHAT o Xie @ TE & R Ak ik vo, k3l
A% )& Mo, #1457 Mo/VO, AL . iZ AL 7 4

iz 75
5 s
o =
S 150 2
= 3
£ £
< 2
= 4 125 =8
o g
Em &

\é\ ?\"\
N >

ST P

7

,‘éx e\ S . .é_\
ae? of e
Bz 13 4

(a)

5 AFEINi/Au EL BRI BE(2)PY; CuAu@Cu t% 584514 & (b))

one-pot synthesis

&SR MM EAEH, 7EFHE FIERR T ST
R, IR BT SN B A R 32 F A2 08 N, 9100 HL
T, AREEN=NRTER SR, @ aeH H7EZ AT
W B, AT 982> HER B 364, 2 1 208 5 IR 1Y) i
PR . R2 P RGE T H IR R RN E &
Ja& W [0 4 FH 9 ENR {4 77 R I 70 33k 2001841 3 4
J& i R PR P T ENR G, HFE & alis
75.05%, (HEE =R 0MET Dtk ¥, Hitk, &
YR 1= FE I [ B 52 i 2207 2470 2 A ok ENR 16 77 18
T EZTT .

23 FERBREN

231 AL EHEAF  BRIEMRMERE AR R
PURIAE 2R 1, O o i 2t i M E ENR AL T 6 11
HAREAR . A TP E A RE, @ T
XA REEEAT S5 A AR LA 2 R T A S 1 B
PR JRJE P ARG TR . R TS5 aE
SIANFFIGE (B N. SE5) SRk B R &
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Figure 5 Catalytic performance of catalysts with different Ni/Au ratios(a)?”); Structural diagram of the CuAu@Cu core-shell structure(b)!®!!
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2 H4SCHR T ENR X4 8 (e Ak 7P AR T A
Table 2 Summary of the performance of ENR bimetallic catalysts
in some literature

w0 e D g, MR X
AV (ng/(h*mg cat)) ik
FeNi@CNS -02 983 1652 pg/h  [65]
Fezﬁ;—gN“@ -0.8  34.00 9.86 [66]
FeCuS, 0.1  75.05 27.4 [67]
CuAu@Cu -02 2410 339ugh  [61]
PdCu/C -0.1  11.50 357 [68]
PdZn — 1690 5.28 [69]
o PAPD 0.05  5.79 25.68 [70]
Rh,Sb RNRs/C -045 — 228.85 [71]
PY/Au@ZIF -29 >4 >161 [72]
Au/Ni -0.14  67.80 7.4 [20]
Mn,O,-MnO/
. -03 238 224 [62]
Li/Bi £ Ihfgfk ol 05 ol 73]
PTA (B4
Fe-MoS,/CC -0.1  10.80 123 s [74]
pg/(hecm™)
Fe-SnO, -03 2040 82.7 [75]
Fe-W,0, -0.15  20.00 24.7 [76]
Fe-Ni,P 03 792 88.51 [77]
osoFe-BiL,WO Y -0.75 9 289 [78]
Mo-SnS$,/CC -0.5  20.80 413 [79]
& J&- Mo/VO, -0.5  32.40 190.1 [64]
Kb geTO, 0 -0.5  17.90 13.6 [80]
Cu 4K i1
Au25-Cys-Mo — 2650 345 [81]
Au/Fe,(MoO,), -0.4 1879 7.61 [82]
Pt SAS/WO, -02  31.10 342.4 [63]
Li#i/2 TiO, -0.4 1820 8.7 [83]
5 2N -0.70  14.54 23.06 [84]
EAPN =

(DFe JE- 7452 L 0.5

B N, R4 7 9B EE A 07 AL, AT 225 3G 9 T N, 1Y
WL RETT . Xia ZEENE T T — B 4 0 B I% (S-G/
CP), AT HBAGIE T B SRR, TRk
V2RI AL, X LR A A RSO AT R ENR G
Pty e AT DR EEMTA, Liu SR E M T
—MAEBRZ LM E (NPC), BRI Z L

SER A AT B N, WM S &, AR E OB a] Ak
(UnTNH, FINH,D, R 5 22 S8 #E4T

BbAh, XU JE 745 2% SRt I SE Re gtk — 20
PETH B HE A AL 77 B0 ENR 1 RE . Zhao 2588 4 (1) P/N
HB R FE-03 (vs. RHE) VTR, T
NH, /= %3k #] 28.67 pg/(h*mg cat), FE }N22.1%. 4
REY, NEMRBILEE D TR MRFIEN, Hi
S SRSLHAMA s P52k U RE A R BEK R 70l AR
TR PRI . P B RIVE B T ENR TS
232 HAELAEAH]  BRTERIEMEL JE& B
T tH I BA 2 5 200 ENR 1057 . 5 4 4k 77 Al
o, A& @A A R B, 7R A4 R NI
B RO R N 7. Zhang S5V & 7 —Fh
YK T (BNS) AL, TFRRE, TEdEE %K
R, BNS EAREAE FRER B (104) & T4
REf %25 ENRIEAG B, FFRE[AIES $01 % HER, {4
LT X RBLEPEE RIS ). Qiu S POE LA F
FINTERICE, SIS MARITERR M5 b it f A o
BIE IR H R H ENR &G T S5 88

Zhang 5K FHVURE 3 25 72: 1 46 T 2R BB gk
v (FL-BP NSs) . iZf# L HI#£-0.7 (vs. RHE) V %%
R, SF¥INH, 7% 0 31.37 pg/(hemg cat), 7£-0.6
(vs. RHE) V i FE 1] /514 5.07%. #f7if6H, FL-BP
NSs 1% J5 7 2 5 55 1 2 R AR ) e, 1K
T A ELAE HAA B T B O B E b B, K
B2 b 8 B JL N FETE MR . SRR, 2R L
Erm et CGEA G %EA) M H T ENR
Ho Liu S0 T — R g KA AL, 7E-0.5
(vs. RHE) V54T, Z MK FE 4 9.4%, NH,
PN 15.4 png/(hemg cat), FH AL 51 ENR & P15 2
T LD KA SRR (1) % (F) S PR A5 o XA S5 AR E AT
iR N CR i A A S A S AT LR UL A
MRS T R B S s A R

3 FFKRENRAERZR—BERNTSHELE

KA A ENR HOAR R T 1 A AL 773 1 B AR 1Y



g

R, 45 A SR A B AL S RUR R B A T 5 RN TR 659

WAL, AN R b 52 1) 55 - PE HER FI5E I, iX
FEE IS T RERFIIBR . —ADE IR R
¥ ENR AR R B G H, 1XFE 0] DL 208 4 7K
T HARR TH IR S SN o Ak, A LA &SI
FE it TKAE, X FEEE T S — MR A . DAY AR IR
(THF) Mfil, TE% R % S7E THF SR 20
0.86 mol/L, AHLLZ &, 7E7K o 1% fif B2 A 4 0.02
mol/L. A HIAH ENR [ K ARF s 7E T 91 N 7 B4 Js 1
. —SeyER G R IR TR T SR AR AR
S, FFEAE N AR R 8 525 52 SR SR AL
#, 19304, Fichter MR R TH A S AL F A
I JE (LI-ENR) ik ABATTE N E S 8 e
HURE LBV, LS 3 T NH A k. BEJS
Andersen 2517 2019 448 B = &R L (LiCl0) 1E
YR CRE (EtOH) RN ¥4k, LA THF
), BOUET Li-ENR I RIATHE. 4Rk, & @A
T ENR 4 R IZ 81 A IS, FRTE IR ML S
RE R TH AN 453 21 28t

7E Li-ENR I FE T, 3578 4@ AR TV TSt il 4%
HegEd itk R A A . — ok, &8 Sh1ENIE
WA, HEHA B a @, Har,
) Li-ENR SN ALEN U0 R . (1D LitE B bk _EHr H o8
B () RS R AE A (LiND,
FEX— R R A T Sa 4 RN, BN BT AR g
H', AMH, ALY (3) Li,N5H RMNAERNH,, I
BT P 6 7R 1A % B R 1) e B 2R 0%

Hz :
+H"

. +e ;
Lit  o—) le

+N
NH, .\+H / |
L

iN
B 6 Li-ENR JJsitll i3

3
Figure 6 Li-ENR reaction mechanisms®!

JRE Li-ENR CLAFIE By — Fha] S 1R s AL 57 15 ik
RS, (HHAERE 5 5% [ REVR TR th A R kAL S bR
HEARLL, AEEROR ZZBEDS). N T 4 /NI — 20,
WEFEN SRR T 2 Mg 4% LLER T Li-ENR 4 2 1) S ¥

MEHREN. XKk EAFHRA AR
SRR, DA BN 22 5 N 1 425 SRS 45 o

3.1 BF

Li-ENR ¥ 775 (i 0 7K e e 8 24 53 1 [R] B,k 22
AP ER 1) BT A, R, BEAR TR Li-ENR R R
Vi 7[R B 3 R LR JUAN SR AR SR (1) W4 ER A
A RGBS ) R&EBNETFHEFERL
YRAERRRER; 3 BARGMEMLYRE
PE,  RENS N 52 42 8 BLE BT AR A0 PR 58 JiR 1 DA K BH AR
M AL AL (4D REE 1R 5 T8 AT BT Li-ENR
MfesE . B0% HIhee e SELE . H MV 7 e s
2- H L PU SRR (2-MeTHF) . DU &ML IR (THP)
T HEI 2 (DME). —HEF (DG) FIYZ —EE
. H g (TEGDME) %5 . M THF {f &) iz -
Cai PR G0 70 T 2 P 5 % Li-ENR 14 2 1) 5%
M, SEAGEE R, TERTA MRIE R THEF R I H
e FE RV =2 . 12 [F D LitE THF 6 B
S5, H AT 4R R PR R S
S FE. 77T, THF H % i SELE B A%
5y 5% B CREW i, AT AT DATE SRR ) 3R TR 2
M.

LA K SO, AR BN S R IR TR o
IO, LTI ) AR ST . (H A HRIE R T
T KRR IIAEAE XS SN ) FE BL R R PR IE T R
Li 250475 JRRL S R 380 T 0.6%~0.8% (mol) [ %4,
S EH M (LiICIO,+THF+EtOH) ', FE [
1L F 78.0%+1.3%. s #rR I, A REW L LitiEid
[E] (A FL AR T ST (SED E M1, [RIB 4R 1 HT
N, Z 18] (et Spry ZECTIAE ) B i T
K, MiMi$em 7 FE. fi1iNh, fEREH,0 7
FE R, SEIZH BN Li,0 BEAE T SEI A Lit 14 #
R, B A A T 3 R R DL R At
o AR P .

3.2 ELfEE

Li-ENR #2947, Li 551 75 245 Al o 72 A IR A
AER, TS 4 S AR NS AT B S . 55
TKAEAL FER AN R, 12 FE AR AN 3708 1 A R I e



660  LHREHFSL——E5 A RHLET ) AL, 18(5): 652-667(2026)

BARMIA G, HESROF RIFMIETRRE N B
SR AR UL AN s SR B R . B R A 32
TR AE I PSS Y 1) L R b — b D TR R A
(B 7(a)], HAhitl i, ay LLJ7 (bR i 3 56 ik 23 ) i
HRE 7T, R I R it v R DA S v b RO
FE: S—Fovinsh N AR, Lazouski %8R FHAES
WATAE A A, PRSI, wIfEH T RF2E
HLAERE[ ] 7(b)]. U RAY HiOy U dpl e, 3%
PETE T R T B . RN, FHARE N H, 7E H
fifk J B % 4b 78 NH, JE O B iH B H . AN 2 K
LRI ]

AT S, Fre Ul i 451 5 SR H AR AR
L, Z LA AR T B AR AR 5 Al . Li
FOVRH U E N EER, B AR CBM
LiClO, i) THF MM b & B, a4 o %208 2
(46.0+6.8) nmol/(secm), J&7~ H iy A 1 45 1) 45 44 -
PERER R

33 SEIERE

5 Lidih 24l Li-ENR 5 1) SELZE X | B 1) 5%
M SCE E . SELZEZWE L' H . N, AN HUE
Gy rys ) MEERER, X2 HRE LI-ENR &
SR B E 1) SRR B . VAP Li R A0 TR ) B
Wethy 4 SHSELE R AEEL
33.1 Li# LiZ'RGH5 7 A RS E (LiBF,.
LiPF¢. LiClO,) I Li-ENR VEREIR20 . 7EAH [F) SE 5
SR, LiBF, 7 i U EE L T 2 I L A A0 1 S5 o 4
e, M2 R, LiPF AILICIO, HLMR IR E i I R 4

(a)

BE7 (RS (a); RREEZ RS (b))

RAEE R, FEORMAERA R R DR
WHEHAER, SRR IE AR T B s
FLIFMSEIZ. X — SEIJZ A H & i # e 5E A
s, ARt BE X ST TTRY, A Rk
LR T I AR 20 0 i, AN B2 T Li-ENR ) s R A2 e
PR

BhAh, DuZEPIRH LINTE, G C= %0 F i EED
WHEHD) VERHMER, WER T ENRHERE. 1Ei%
& &, FE &k 65%+8%, NH:/” ik # (230+
200 nmol/(secm?). FFFLFRH, LiNTL, HAR T AEAS1E
FL K - FEL SRR O T W RS P S T R AR AR A5 K, RIS
A R LisE B . I L4 o T A5 R i) A 57 A0
HUMR I R S A, BB T/ R FIE L ik
JEAE R, TSI T R A
332 J&F® HHEI, Li-ENR IR T £ LL AR
NIF PR, Lazouski Z P WR AR T R T8RN X —
SOREFFEA o AATTRRIE SR B, ARG Z LRER G L
T, FARKRESHRA-ZEENE., XEWE, £&
A CEAE BB T, HHASE RN,

JBR T DR AE Y 2 S 0 Ik R 4 T A DG E B
o, ERTIRAE T, JEX SELZEMIE A £ B E
Wi o —ANERAR 0T U5 8 B At g m] T USe e, R AR
PE S R FE AN #E, AT 4EHF Li-ENR S5 1 &
WG FFEE . Suryanto HUH B R T = A3 CHI kR
Be= (I H =HBEREE ([Pgeq 4 [eFAPD fE
NIRRT AT I o E B LiBF, 1 DY &0 W IR i T
H, FEIXE] T 69%+1%, NH,/“Z N (53£1) nmol/
(seem?). BACEL S BERHES T RNV JE, 24 R —

=
Li_1rg
Q
- EialS
EtO- EtOH LiNH, 2 ==
ol
P o P 20! 2
VH* H}_/' :;‘4 [ >
O N1
| - »
GDE PtAu electrolyte SEI GDE

(b)

Figure 7 Intermittent electrolyzer structure(a); Flow electrolyzer structure(b)!*®!



g

R, 45 A SR G I AL A ROR R BRI i 5 RN TREERE 661

NEEACY) . G RIS, B SR
AR S ST o A ) H T AR R, T A TR
FHES 719 A4,

3.4 HhiEinsReg

Li-ENR & — M R ZAP RIS E, R4 53)
BN AIAE T HLE . Andersen S5 OUHREH T —Fif
HLAL G S (B 8): 7E-2 mA/em? ) 25 AF Tt 1
min [ EUIRRKE, FFEEMTTRL REE L
Greh, ERXANE DN, RN RS AR
XA SRA BT . SLIRUEH, RS TERGE X
JS7 A% 58 PR OB T TR B, AT
33.1%+1.0% [FI FEF15.3%+0.2% HIBEERCR.

N, EtOH

® o

Li* NH,

)

oy Ll
Y | | ‘
(5 —j resting Li deposition

B8 AR s R oy
Figure 8 Schematic diagram of potential cycling!®!!

4 FRERE

£ % Haber-Bosch & B2 T. Z e #E i « ik HF T
R, M DI E 4 BR B R RS T SRk . AL R R R
B (ENR) ARFERT AR H ) SRBL s IR  TR i, 2
W B 1 SR & BOR, BT I e 1 22 m AR i o
MRS TR, BT, A RSGHME 7 ENR
SURHIEFERE IR, 73 WSO HLEE . K ARAR R AL
Al AEKAHER A 3 ENRAE R ZANERE TR 2RI .

LR IUA SCERAIE U4 ] LU B, ENRAEANE
A% %4 Haber-Bosch T Z K AEFERR A2, iR A S% AT
NS A RO T OIS S R . AE KA A R
t, EHIESRESR. RE TR A SR RS R
W&, SIESJE (Few Mo) Kiré& )& (Ru) AL
() HL 7 S AL 4 DUORS HE TR %, A 8 1 b SR R

(HER) M5 4, 45 2% (FE) WEH ik
75.05%; TAEAEKAHEEN FE R (LI-ENR) H1, fK
FEA LI 700 1 e S0 A8 T a4 e 1 Ao 3% AL AL
i, Al DA R ZE 23 A A 4 T A AR SR T (SED
T2, ST mIA 78% HIEH SRR, AL T
IR E 1T AT . EaR BEESL R 255 T ENR
FARTE “LR-2R207 AR IR A% OB HLAT

SR, B AL AT L IR R B, ENR AR M S
56 5 B0 AIE A 1) Tl AR P AT THT I P20 Bk e, 2 A4
NEZRMI: H—, KHEERZHT “Est-rex”
MRS, R AT B B AR S i B
B2 BR %05 1 1 i i 4k RE 22 S B8 (¥ HER 3% 4+,
WRE RN R R A TR, ML R E
S A e R, HARE R MRS = P iR e
PR BES, H T, Li-ENRAR B 7 K554,
E I A o A P BUR AR R AR (EE) 1KF,
X TCIK TG IR B (0 PR A ALV R 4 R 1 e
HERATREN, REWINT REEIRESIETHK
Ay K=, HORHEA R EELZ, TR
BHASTEAR . AR A2 (4 Mars-van Krevelen Hl
R ) B T F A A R T R IR FE LA oK 58
R, BUERATIRE 2 E T 28R R K]
X, BRZIHMELE T

STk, ARSR ENR U 0 78 i 400K 4 T 2 4
FERIRB SR B, MIRIGEREMEI T,
R AR A, SO TR R RREE. &
RS KR R B R, B RIR AN Z &8
W0 I 57 25 % Bl B TR 6T N=N BT AL g 22 16 1 22 4L
. Hk, ZUsit iR RE A R B KA
R, TERBBVSAAY SN (GDE) DLk < - -[i]
S M T AR TR, FERR IR AN R BLA B LA
DUES =5 E R AR, PR ERRE . (RE
JEE (R0 20 R0 IO 9 59 S T B AR I 7, A e {11
SELJZ P Lits H 5 NofItESzh 112, HIR R
BEUR AR R DRI B . eah, 2aZiig
ST RS ) F) A R B (NG RS AT v DA 44 115 FH
P, FIAHEADERERA (R4, 2. XAS)
SERF AT RN R A, s OR[N, TR
MR B -F 2 R G0 R 7T, 4564



662

LR Fe—— B R 1 TFE, 18(5): 652-667(2026)

WPHY (LCA) 5HARZU /0 #T (TEA), BALENR  SHUEAIRFFEERN, S0 EIEs) 18, i

BRI FSRRERE S A RS, LR AL

i F o HEI R BSEF L OHMER, ENR A 7 BN 0]
SARTE, BRI RER G IRAEIA R ARSI, AR, AT FrE e

fImARTER, AR S A T e A seloRshm T JRIARIRGUE J150%.
FAREVRANAI R . B MEAAPRIEHr . S TREIAL

S 3CH

(1]

(2]

[3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

International Energy Agency. CO- Emissions in 2023: A new record high, but is there light at the end of the tunnel[EB/OL]. Paris: IEA,
2024. [2025-10-28]. https://www.iea.org/reports/co2-emissions-in-2023/executive-summary.

World Meteorological Organization. WMO confirms 2024 as warmest year on record at about 1.55°C above pre-industrial level[EB/OL].
Geneva: WMO. (2025-01-10) [2025-10-28]. https://public. wmo. int/en/media/news/wmo-contirms-2024-warmest-year-record-about-155°C
-above-pre-industrial-level.

International Energy Agency. Global Hydrogen Review 2024[EB/OL]. Paris: IEA. (2024-10-02) [2025-10-28]. https://www.iea.org/reports/
global-hydrogen-review-2024.

Tashie-Lewis B C, Nnabuife S G. Hydrogen production, distribution, storage and power conversion in a hydrogen economy: A technology
review[J]. Chemical Engineering Journal Advances, 2021, 8: 100172.

Preuster P, Papp C, Wasserscheid P. Liquid organic hydrogen carriers (LOHCs): Toward a hydrogen-free hydrogen economy[J]. Accounts of
Chemical Research, 2017, 50(1): 74-85.

Smid K. Carbon dioxide capture and storage-eine Fata Morgana (Carbon dioxide capture and storage—a mirage)[J]. GAIA - Ecological
Perspectives for Science and Society, 2009, 18(3): 205-207.

Wilhelmsen @, Berstad D, Aasen A, et al. Reducing the exergy destruction in the cryogenic heat exchangers of hydrogen liquefaction
processes[J]. International Journal of Hydrogen Energy, 2018, 43(10): 5033-5047.

Akhtar M S, Dickson R, Liu J J. Life cycle assessment of inland green hydrogen supply chain networks with current challenges and future
prospects[J]. ACS Sustainable Chemistry & Engineering, 2021, 9(50): 17152-17163.

Narayanan T M, He G N, Genger E, et al. Role of liquid hydrogen carriers in deeply decarbonized energy systems[J]. ACS Sustainable
Chemistry & Engineering, 2022, 10(33): 10768-10780.

International Energy Agency. Ammonia technology roadmap: Towards more sustainable nitrogen fertiliser production[EB/OL]. OECD,
2021. [2025-09-27]. https://www.oecd.org/en/publications/ammonia-technology-roadmap _f6daa4a0-en.html. DOI: 10.1787/f6daa4a0-en.

Meca V L, d'Amore-Domenech R, Crucelacgui A, et al. Large-scale maritime transport of hydrogen: Economic comparison of liquid
hydrogen and methanol[J]. ACS Sustainable Chemistry & Engineering, 2022, 10(13): 4300-4311.

Ren Y W, Li S F, Yu C, et al. NH; electrosynthesis from N, molecules: Progresses, challenges, and future perspectives[J]. Journal of the
American Chemical Society, 2024, 146(10): 6409-6421.

MMEYR, T, R . AR R A R R R G SR R ()], AL 24, 2022, 73(1): 32-45

Liu H'Y, Wang H H, Xu J H. Advances in electrochemical systems for ammonia synthesis by electrocatalytic reduction of nitrogen[J].
CIESC Journal, 2022, 73(1): 32-45.

Bratsch S G. Standard electrode potentials and temperature coefficients in water at 298.15 K[J]. Journal of Physical and Chemical
Reference Data, 1989, 18(1): 1-21.

Hao Y C, Guo Y, Chen L W, et al. Promoting nitrogen electroreduction to ammonia with bismuth nanocrystals and potassium cations in
water[J]. Nature Catalysis, 2019, 2(5): 448-456.

Jiang B, Xue H R, Wang P, et al. Noble-metal-metalloid alloy architectures: Mesoporous amorphous iridium-tellurium alloy for
electrochemical N, reduction[J]. Journal of the American Chemical Society, 2023, 145(11): 6079-6086.

Liu CW, LiQY, Wu C Z, et al. Single-boron catalysts for nitrogen reduction reaction[J]. Journal of the American Chemical Society, 2019,
141(7): 2884-2888.

Liu X, Jiao Y, Zheng Y, et al. Building up a picture of the electrocatalytic nitrogen reduction activity of transition metal single-atom
catalysts[J]. Journal of the American Chemical Society, 2019, 141(24): 9664-9672.

Sun Y T, Li X H, Wang Z Q, et al. Biomimetic design of a dynamic M-O-V pyramid electron bridge for enhanced nitrogen electroreduction



e R, S5 T [ 2R S R AL SR RO SR BOR AT i 5 O AR RE R 663

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

B1

[32]

[33]

[34]

[33]

[36]

[37]

[38]
[39]

[40]

[41]

[42]

[43]

[J]. Journal of the American Chemical Society, 2024, 146(11): 7752-7762.

Xue Z H, Zhang S N, Lin Y X, et al. Electrochemical reduction of N, into NHs by donor-acceptor couples of Ni and Au nanoparticles with
a 67.8% faradaic efficiency[J]. Journal of the American Chemical Society, 2019, 141(38): 14976-14980.

Wang M F, Liu S S, Qian T, et al. Over 56.55% Faradaic efficiency of ambient ammonia synthesis enabled by positively shifting the
reaction potential[J]. Nature Communications, 2019, 10: 341.

Zhang S, Wu J H, Zheng M T, et al. Fe/Cu diatomic catalysts for electrochemical nitrate reduction to ammonia[J]. Nature Communications,
2023, 14: 3634.

Song Y, Johnson D, Peng R, et al. A physical catalyst for the electrolysis of nitrogen to ammonia[J]. Science Advances, 2018, 4(4):
€1700336.

Fu X B, Pedersen J B, Zhou Y Y, et al. Continuous-flow electrosynthesis of ammonia by nitrogen reduction and hydrogen oxidation[J].
Science, 2023, 379(6633): 707-712.

Du H L, Chatti M, Hodgetts R Y, et al. Electroreduction of nitrogen with almost 100% current-to-ammonia efficiency[J]. Nature, 2022, 609
(7928): 722-727.

Suryanto B H R, Matuszek K, Choi J, et al. Nitrogen reduction to ammonia at high efficiency and rates based on a phosphonium proton
shuttle[J]. Science, 2021, 372(6547): 1187-1191.

Li K, Andersen S Z, Statt M J, et al. Enhancement of lithium-mediated ammonia synthesis by addition of oxygen[J]. Science, 2021, 374
(6575): 1593-1597.

Cai X Y, Li X D, You J B, et al. Lithium-mediated ammonia electrosynthesis with ether-based electrolytes[J]. Journal of the American
Chemical Society, 2023, 145(47): 25716-25725.

Garrido-Barros P, Derosa J, Chalkley M J, et al. Tandem electrocatalytic N, fixation via proton-coupled electron transfer[J]. Nature, 2022,
609(7925): 71-76.

Shen H D, Choi C, Masa J, et al. Electrochemical ammonia synthesis: Mechanistic understanding and catalyst design[J]. Chem, 2021, 7(7):
1708-1754.

van der Ham C J M, Koper M T M, Hetterscheid D G H. Challenges in reduction of dinitrogen by proton and electron transfer[J].
Chemical Society Reviews, 2014, 43(15): 5183-5191.

SRS, TN, AR . AL PG SR SR 1 MOF JE{te (LIt et e 1], A TRt R, 2023, 42(4): 1797-1810.

Guo P J, He X B, Yin F X. Research progress in MOF-based catalysts for electrocatalytic nitrogen reduction to ammonia[J]. Chemical
Industry and Engineering Progress, 2023, 42(4): 1797-1810.

Cao N, Zheng G F. Aqueous electrocatalytic N, reduction under ambient conditions[J]. Nano Research, 2018, 11(6): 2992-3008.

Cui B C, Zhang J H, Liu S Z, et al. Electrochemical synthesis of ammonia directly from N, and water over iron-based catalysts supported
on activated carbon[J]. Green Chemistry, 2017, 19(1): 298-304.

Wang F Y, Lv X, Zhu X J, et al. Bi nanodendrites for efficient electrocatalytic N, fixation to NHs under ambient conditions[J]. Chemical
Communications, 2020, 56(14): 2107-2110.

Yang X, Kattel S, Nash J, et al. Quantification of active sites and elucidation of the reaction mechanism of the electrochemical nitrogen
reduction reaction on vanadium nitride[J]. Angewandte Chemie International Edition, 2019, 58(39): 13768-13772.

Abghoui Y, Skulason E. Electrochemical synthesis of ammonia via Mars-van Krevelen mechanism on the (111) facets of group Il - VI
transition metal mononitrides[J]. Catalysis Today, 2017, 286: 78-84.

Mars P, van Krevelen D W. Oxidations carried out by means of vanadium oxide catalysts[J]. Chemical Engineering Science, 1954, 3: 41-59.
Wang Y, Cui X Q, Zhao J X, et al. Rational design of Fe-N/C hybrid for enhanced nitrogen reduction electrocatalysis under ambient
conditions in aqueous solution[J]. ACS Catalysis, 2019, 9(1): 336-344.

Wang X W, Zhao Y Y, Wang L Q, et al. Regulating the electronic configuration of supported iron nanoparticles for electrochemical
catalytic nitrogen fixation[J]. Advanced Functional Materials, 2022, 32(21): 2111733.

LiY, Ji Y X, Zhao Y J, et al. Local spin-state tuning of iron single-atom electrocatalyst by S-coordinated doping for kinetics-boosted
ammonia synthesis[J]. Advanced Materials, 2022, 34(28): 2202240.

Hu L, Khaniya A, Wang J, et al. Ambient electrochemical ammonia synthesis with high selectivity on Fe/Fe oxide catalyst[J]. ACS
Catalysis, 2018, 8(10): 9312-9319.

Weare W W, Dai X L, Byrnes M J, et al. Catalytic reduction of dinitrogen to ammonia at a single molybdenum center[J]. Proceedings of
the National Academy of Sciences of the United States of America, 2006, 103(46): 17099-17106.



664  LREHFSL——E5 A RHLET ) AL, 18(5): 652-667(2026)

[44] Zhang L, Ji X Q, Ren X, et al. Electrochemical ammonia synthesis via nitrogen reduction reaction on a MoS, catalyst: theoretical and
experimental studies[J]. Advanced Materials, 2018, 30(28): e1800191.

[45] Liu Y'Y, Han M M, Xiong Q Z, et al. Dramatically enhanced ambient ammonia electrosynthesis performance by In-operando created Li-S
interactions on MoS, electrocatalyst[J]. Advanced Energy Materials, 2019, 9(14): 1803935.

[46] Yang X H, Ling F L, Su J F, et al. Insights into the role of cation vacancy for significantly enhanced electrochemical nitrogen reduction[J].
Applied Catalysis B: Environmental, 2020, 264: 118477.

[47] Han L L, Liu X J, Chen J P, et al. Atomically dispersed molybdenum catalysts for efficient ambient nitrogen fixation[J]. Angewandte
Chemie International Edition, 2019, 58(8): 2321-2325.

[48] Ma Y Y, Yang T, Zou H Y, et al. Synergizing Mo single atoms and Mo-C nanoparticles on CNTs synchronizes selectivity and activity of
electrocatalytic N, reduction to ammonia[J]. Advanced Materials, 2020, 32(33): ¢2002177.

[49] Shi M M, Bao D, Wulan B R, et al. Au sub-nanoclusters on TiO, toward highly efficient and selective electrocatalyst for N, conversion to
NHs at ambient conditions[J]. Advanced Materials, 2017, 29(17): 1606550.

[50] Yang L J, Cheng C Q, Zhang X, et al. Dual-site collaboration boosts electrochemical nitrogen reduction on Ru-S-C single-atom catalyst[J].
Chinese Journal of Catalysis, 2022, 43(12): 3177-3186.

[51] Tao H C, Choi C, Ding L X, et al. Nitrogen fixation by Ru single-atom electrocatalytic reduction[J]. Chem, 2019, 5(1): 204-214.

[52] Zhang R, Zhang Y, Ren X, et al. High-efficiency electrosynthesis of ammonia with high selectivity under ambient conditions enabled by
VN nanosheet array[J]. ACS Sustainable Chemistry & Engineering, 2018, 6(8): 9545-9549.

[53] Johnson D, Hunter B, Christie J, et al. Ti>N nitride MXene evokes the Mars-van Krevelen mechanism to achieve high selectivity for
nitrogen reduction reaction[J]. Scientific Reports, 2022, 12: 657.

[54] Jin HY, Li L Q, Liu X, et al. Nitrogen vacancies on 2D layered W>Ns: A stable and efficient active site for nitrogen reduction reaction[J].
Advanced Materials, 2019, 31(32): €1902709.

[55] Fang Y, Xue Y R, Li Y J, et al. Graphdiyne interface engineering: Highly active and selective ammonia synthesis[J]. Angewandte Chemie
International Edition, 2020, 59(31): 13021-13027.

[56] Yang X, Nash J, Anibal J, et al. Mechanistic insights into electrochemical nitrogen reduction reaction on vanadium nitride nanoparticles[J].
Journal of the American Chemical Society, 2018, 140(41): 13387-13391.

[57] LiY, Li J W, Huang J H, et al. Boosting electroreduction kinetics of nitrogen to ammonia via tuning electron distribution of single-atomic
iron sites[J]. Angewandte Chemie International Edition, 2021, 60(16): 9078-9085.

[58] Geng Z G, Liu Y, Kong X D, et al. Achieving a record-high yield rate of 120.9 ng NH; mg cat.”"h! for N, electrochemical reduction over
Ru single-atom catalysts[J]. Advanced Materials, 2018: ¢1803498.

[59] Hong Y, Wang Q, Kan Z W, et al. Recent progress in advanced catalysts for electrochemical nitrogen reduction reaction to ammonia[J].
Chinese Journal of Catalysis, 2023, 52: 50-78.

[60] Manjunatha R, Schechter A. Electrochemical synthesis of ammonia using ruthenium-platinum alloy at ambient pressure and low temperature
[J]. Electrochemistry Communications, 2018, 90: 96-100.

[61] Wang P, Nong W, Li Y, et al. Strengthening nitrogen affinity on CuAu@Cu core-shell nanoparticles with ultrathin Cu skin via strain
engineering and ligand effect for boosting nitrogen reduction reaction[J]. Applied Catalysis B: Environmental, 2021, 288: 119999.

[62] Gao Y N, Xia Q N, Hao L D, et al. Design of porous core-shell manganese oxides to boost electrocatalytic dinitrogen reduction[J]. ACS
Sustainable Chemistry & Engineering, 2022, 10(3): 1316-1322.

[63] Hao R, Sun W M, Liu Q, et al. Efficient electrochemical nitrogen fixation over isolated Pt sites[J]. Small, 2020, 16(22): 2000015.

[64] Xie M S, Dai F F, Guo H X, et al. Improving electrocatalytic nitrogen reduction selectivity and yield by suppressing hydrogen evolution
reaction via electronic metal-support interaction[J]. Advanced Energy Materials, 2023, 13(21): 2203032.

[65] Ilyas T, Raziq F, Ilyas N, et al. FeNi@CNS nanocomposite as an efficient electrochemical catalyst for N2-to-NH, conversion under ambient
conditions[J]. Journal of Materials Science & Technology, 2022, 103: 59-66.

[66] Wang X W, Qiu S Y, Feng J M, et al. Confined Fe-Cu clusters as sub-nanometer reactors for efficiently regulating the electrochemical
nitrogen reduction reaction[J]. Advanced Materials, 2020, 32(40): 2004382.

[67] Liu'Y, Wang L L, Chen L, et al. Unveiling the protonation kinetics-dependent selectivity in nitrogen electroreduction: Achieving 75.05%
selectivity[J]. Angewandte Chemie International Edition, 2022, 61(50): €202209555.

[68] Tong W, Huang B L, Wang P T, et al. Crystal-phase-engineered PdCu electrocatalyst for enhanced ammonia synthesis[J]. Angewandte

Chemie International Edition, 2020, 59(7): 2649-2653.



e R, S5 T [ 2R S R B SR RO SR BOR AL i 5 N AR RERE 665

[69]

[70]

[71]

(721

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]
[86]

[87]

[88]

[89]

[90]

[o1]

[92]

[93]

Ma M, Han X, Li H Q, et al. Tuning electronic structure of PdZn nanocatalyst via acid-etching strategy for highly selective and stable
electrolytic nitrogen fixation under ambient conditions[J]. Applied Catalysis B: Environmental, 2020, 265: 118568.

Zhao H, Zhang D, Wang Z C, et al. High-performance nitrogen electroreduction at low overpotential by introducing Pb to Pd nanosponges
[J]. Applied Catalysis B: Environmental, 2020, 265: 118481.

Zhang N, Li L G, Wang J, et al. Surface-regulated rhodium-antimony nanorods for nitrogen fixation[J]. Angewandte Chemie International
Edition, 2020, 59(21): 8066-8071.

Sim HY F, Chen J R T, Koh C S L, et al. ZIF-induced d-band modification in a bimetallic nanocatalyst: Achieving over 44 % efficiency
in the ambient nitrogen reduction reaction[J]. Angewandte Chemie International Edition, 2020, 59(39): 16997-17003.

Liao W R, Liu H X, Qi L, et al. Lithium/bismuth co-functionalized phosphotungstic acid catalyst for promoting dinitrogen electroreduction
with high Faradaic efficiency[J]. Cell Reports Physical Science, 2021, 2(9): 100557.

Zhao X H, Zhang X, Xue Z M, et al. Fe nanodot-decorated MoS, nanosheets on carbon cloth: An efficient and flexible electrode for
ambient ammonia synthesis[J]. Journal of Materials Chemistry A, 2019, 7(48): 27417-27422.

Zhang L L, Cong M Y, Ding X, et al. A Janus Fe-SnO- catalyst that enables bifunctional electrochemical nitrogen fixation[J]. Angewandte
Chemie (International Ed in English), 2020, 59(27): 10888-10893.

Tong Y Y, Guo H P, Liu D L, et al. Vacancy engineering of iron-doped W 15049 nanoreactors for low-barrier electrochemical nitrogen
reduction[J]. Angewandte Chemie (International Ed in English), 2020, 59(19): 7356-7361.

Guo C Y, Liu X J, Gao L F, et al. Fe-doped Ni:P nanosheets with porous structure for electroreduction of nitrogen to ammonia under
ambient conditions[J]. Applied Catalysis B: Environmental, 2020, 263: 118296.

Liu Y Q, Huang L, Fang Y X, et al. Achieving ultrahigh electrocatalytic NH; yield rate on Fe-doped Bi,WOq electrocatalyst[J]. Nano
Research, 2021, 14(8): 2711-2716.

Chu K, Wang J, Liu Y P, et al. Mo-doped SnS, with enriched S-vacancies for highly efficient electrocatalytic N, reduction: The critical role
of the Mo-Sn-Sn trimer[J]. Journal of Materials Chemistry A, 2020, 8(15): 7117-7124.

Utomo W P, Wu H, Ng Y H. Modulating the active sites of oxygen-deficient TiO, by copper loading for enhanced electrocatalytic nitrogen
reduction to ammonia[J]. Small, 2022, 18(25): €2200996.

Tan Y, Yan L, Huang C Q, et al. Fabrication of an Au,,-Cys-Mo electrocatalyst for efficient nitrogen reduction to ammonia under ambient
conditions[J]. Small, 2021, 17(21): €2100372.

Yao J X, Zhou Y T, Yan J M, et al. Regulating Fe,(M0O,); by Au nanoparticles for efficient N, electroreduction under ambient conditions
[J]. Advanced Energy Materials, 2021, 11(14): 2003701.

Zhao R N, Wang G B, Mao Y Y, et al. Li-intercalation boosted oxygen vacancies enable efficient electrochemical nitrogen reduction on
ultrathin TiO, nanosheets[J]. Chemical Engineering Journal, 2022, 430: 133085.

Li L, Chen H J, Li L, et al. La-doped TiO, nanorods toward boosted electrocatalytic N,-to-NH, conversion at ambient conditions[J].
Chinese Journal of Catalysis, 2021, 42(10): 1755-1762.

Yu X M, Han P, Wei Z X, et al. Boron-doped graphene for electrocatalytic N, reduction[J]. Joule, 2018, 2(8): 1610-1622.

Xia L, Yang J J, Wang H B, et al. Sulfur-doped graphene for efficient electrocatalytic N2-to-NH, fixation[J]. Chemical Communications,
2019, 55(23): 3371-3374.

Liu Y M, Su Y, Quan X, et al. Facile ammonia synthesis from electrocatalytic N, reduction under ambient conditions on N-doped porous
carbon[J]. ACS Catalysis, 2018, 8(2): 1186-1191.

Zhao Z M, Long Y, Chen Y, et al. Phosphorus doped carbon nitride with rich nitrogen vacancy to enhance the electrocatalytic activity for
nitrogen reduction reaction[J]. Chemical Engineering Journal, 2022, 430: 132682.

Zhang X X, Wu T W, Wang H B, et al. Boron nanosheet: An elemental two-dimensional (2D) material for ambient electrocatalytic N -to-
NH, fixation in neutral media[J]. ACS Catalysis, 2019, 9(5): 4609-4615.

Qiu W B, Xie X Y, Qiu J D, et al. High-performance artificial nitrogen fixation at ambient conditions using a metal-free electrocatalyst[J].
Nature Communications, 2018, 9: 3485.

Zhang L L, Ding L X, Chen G F, et al. Ammonia synthesis under ambient conditions: Selective electroreduction of dinitrogen to ammonia
on black phosphorus nanosheets[J]. Angewandte Chemie International Edition, 2019, 58(9): 2612-2616.

Liu Q, Zhang X, Wang J H, et al. Crystalline red phosphorus nanoribbons: Large-scale synthesis and electrochemical nitrogen fixation[J].
Angewandte Chemie International Edition, 2020, 59(34): 14383-14387.

Fichter F, Girard P, Erlenmeyer H. Elektrolytische bindung von komprimiertem stickstoff bei gewohnlicher temperatur[J]. Helvetica



666  LREHFFL——E5 A RHLET ) THE, 18(5): 652-667(2026)

Chimica Acta, 1930, 13(6): 1228-1236.

[94] Andersen S Z, Coli¢ V, Yang S, et al. A rigorous electrochemical ammonia synthesis protocol with quantitative isotope measurements[J].
Nature, 2019, 570(7762): 504-508.

[95] Lazouski N, Schiffer Z J, Williams K, et al. Understanding continuous lithium-mediated electrochemical nitrogen reduction[J]. Joule, 2019,
3(4): 1127-1139.

[96] Tang C, Qiao S Z. How to explore ambient electrocatalytic nitrogen reduction reliably and insightfully[J]. Chemical Society Reviews,
2019, 48(12): 3166-3180.

[97] Spry M, Westhead O, Tort R, et al. Water increases the faradaic selectivity of Li-mediated nitrogen reduction[J]. ACS Energy Letters, 2023,
8(2): 1230-1235.

[98] Lazouski N, Chung M, Williams K, et al. Non-aqueous gas diffusion electrodes for rapid ammonia synthesis from nitrogen and water-
splitting-derived hydrogen[J]. Nature Catalysis, 2020, 3(5): 463-469.

[99] Li K, Shapel S G, Hochfilzer D, et al. Increasing current density of Li-mediated ammonia synthesis with high surface area copper
electrodes[J]. ACS Energy Letters, 2022, 7(1): 36-41.

[L00]Li S F, Zhou Y Y, Li K, et al. Electrosynthesis of ammonia with high selectivity and high rates via engineering of the solid-electrolyte
interphase[J]. Joule, 2022, 6(9): 2083-2101.

[I01]Andersen S Z, Statt M J, Bukas V J, et al. Increasing stability, efficiency, and fundamental understanding of lithium-mediated
electrochemical nitrogen reduction[J]. Energy & Environmental Science, 2020, 13(11): 4291-4300.

Catalyst Design and Reaction Engineering Advances in
Electrochemical Nitrogen Reduction towards Green Ammonia Synthesis

GAO Kangqi, GAO Zihan, WANG Xuefei"

University of Chinese Academy of Sciences, School of Chemical Sciences, Beijing 100049, China

Highlights Graphical Abstract

Elucidated electrochemical Catalyst Design and Reaction Engineering Advances in Electrochemical Nitrogen
Reduction towards Green Ammonia Synthesis

ammonia synthesis mechanisms . igh-performanc
mwmsgm%h P € Cataly
in

and key pathways.
It

Reviewed catalysts and / 0.‘ N ® »

enhancement  strategies  for : i N \ﬁ-jj NH;

' i H.0 € PPV vvevey
aqueous ammonia synthesis. P i
q M s ) N,+ 6H + 6 »2NH, ~ 2mmonia (NH;)

Analyzed Li-mediated ammonia ' ‘ aqueous ENR cell *

reduction optimization to ?l = haber-bosch process(conventional) y

improve Faradaic yield. g ‘= ‘ High e Fei i ghm’ +

nitrogen (N,) ammonia

non-aqueous

. non-aqueous ENR:
Li-mediated ammonia synthes'®
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production relying on ammonia-derived products. The traditional Haber-Bosch process remains the dominant industrial route for
ammonia synthesis; however, its high energy consumption and carbon emissions are increasingly incompatible with carbon
neutrality goals. In contrast, electrochemical ammonia synthesis offers lower energy consumption, more mild reaction conditions,
and more strong compatibility with renewable electricity, enabling further reductions in energy demand. Therefore, exploring
electrochemical pathways for ammonia synthesis is of great significance for achieving sustainable and low-carbon energy
conversion. This paper systematically reviewed the research progress over the past decade in the field of electrocatalysts for
aqueous-phase electrochemical ammonia synthesis, with emphasis on reaction mechanisms, catalyst classification, and strategies
for improving catalytic performance. In addition, the recent advances in lithium-mediated (Li-mediated) electrochemical
ammonia synthesis are summarized, focusing on the key regulation methods developed to improve Faradaic efficiency and
ammonia yield.

In aqueous systems, transition-metal and noble-metal catalysts have been extensively investigated. Therein, iron-based
compounds have received particular attention due to their high activity and tunable structures. Catalyst performance has been
improved through a range of approaches, including non-metal doping, single-atom catalyst design, and multi-metal synergistic
effects. The highest reported faradaic efficiency in such systems has reached 75.05%.In non-aqueous systems, Li-mediated
electrochemical ammonia synthesis has emerged as a research hotspot. Efforts to enhance efficiency primarily focus on
optimizing solvent environments and passivation layer structures, with the highest reported faradaic efficiency reaching 78%.

Electrochemical ammonia synthesis has the potential to significantly reduce energy consumption and carbon emissions,
offering a viable alternative to the conventional Haber-Bosch process. Nonetheless, challenges remain—such as low ammonia
yield, insufficient reaction selectivity, and limited catalyst stability—which constantly hinder industrial-scale implementation.
Future research should focus on elucidating reaction mechanisms, developing high-performance catalysts through precise
structural design, and optimizing electrolytic systems holistically to accelerate the practical application of electrochemical
ammonia synthesis technologies.

Keywords: renewable power-to-ammonia; electrochemical nitrogen reduction; aqueous electrolytes; non-aqueous systems;
faradaic efficiency; reaction kinetics
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