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Sy AT AR JE R 2 e Ah, NOIE 5 NH; bR 7
HAIER SR F480.71V, XEFTIHRIGER
NH, = S AR s 2Rk B Mpskis, fbNo
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N-end pathway to NH, =
O-end pathway to NH, ==
\ side-on pathway to NH, =
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1

NO-dimer pathway1 to N,O =
NO-dimer pathway? to N,0 ==
NO-dimer pathway to N, ==

Bl 1 H#IENORRA EINH;(a)FIN,O/N,(b) ik 727w 2 F . Reproduced from Ref. [25] with permission from the American Chemical Society
Figure 1 Schematic illustration of the pathways for NORR toward (a) NH; and (b) N,O/N, synthesis'®”. Reproduced from Ref. [25] with permission

from the American Chemical Society
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AR SR A AR T R B SRR
TEALARNIT S, G R JEAH DGR . A o iy ik
TR A E ). filt, 2 0 THAMLIRRES
BT RIS PR T A B 58 ORI, )2 PR
TFHOAIIREE, 2. Bt TRE, DAAAB 24 MG 8 TR
PN, R TRBPE AR EA R
NORRMERERIMEALABHA R R ARG didls. Bl E=
2 BT TR g A A 1 AL A AU NORRE RE T THI & 4
HERMER. AT A4, IR e
NORRE JMNHAH OGS . B AT .

2.0 AP TRCALEABE

(EE IS NI g S e e v DR RS AN N
e S PR, BELAS 1 M AR . JTAER, B AYSACS
e IR R EERAL TSGR, TERE AR LB
PRS0 < J ST T USRS Ja S A AT R, 4
GBI TEH, IMRFHIL A AL, SACsHY
PEFAR L L AT o 135 1 v Jol FRT A TIC (2 PR 45,
PR 1k B S A7 9 ) Xk T 34K R ALY SACs R BT oy
HEL AR AT G ) — AT G, SACSHYHLAE
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Table 1 Summary of NORR performance of different electrocatalysts

FENORR A BINH, P B3 T 12 55041,
NiuZs AP0 3 265 — v R 5 R ST T — &
1) 3k 4 T PR B i Y g - CoN Y FRL A AN OR R Y 7%
PEREREME. IF AT AP 1 T —FINORR 1 i i
PR, W5E TRSEEg-CoONIUTI . VRIZr B A B i
NORR{FPE, FRHEIFEAI 7358 —0.35. —0.29F1-0.33 V
CCR T ARAEARE R A PR S AR TS, T
[A]), GdehriE AT AL RE 2R, R, % IERE
BAVHIE = HI(NLO . Ny FIH,)AE B TSR, 657 Zr/g-
CNHJVE A HL AL NORR A BN H; (1) ¥ 7 4 AL A4 A
Z, HEPEnT 5 5 4 8 POEL AL (0.25 V)Y, BR ik
1g-CNAb, A LRt 2 E 4 Rk 2L S kg
VERE € 4 i PR FBIRT IS, Wng-CNU® goCoNTL o
CaN L R BF 5T 5 M T2 N 1B 2% 1 £1 S 0 4
JEE TR POSE AMBALRE T B L A4, X s
WAL R i I 4 SR ST i [ e RS TR A A A,
A Rk 4 B R TR . 48 ALY A Ak 1
AL B 4 TR B ARt gl i o204,
fin, Chen®E NPHBEH I 64 T & A W,-05 35 1)
MoO;_ AEfZAK i (Wi/MoOs_,), H B W iff i
SIAEAETE PR . TS5 R IAW -0 587 HAT W 1)
fie, — MR fEHENOST TS AL M T4k I Nt H, O

AR R FHL AR NH; =% FE(%) 1R (V vs. RHE) SCHR
0.05 mol L™" HCI + o

Ce/NHCS 0.5 mmol L' Fe (INSB 1023 pgh™' ' mg™! 91 —-0.7 [30]

Cu/MoS, 0.5 mol L™! Na,SO, 337.5 umol h™' em™ 90.6 —0.6 [31]

Fe/MoS,. 0.5 mol L™' Na,SO, 288.2 pmol h™! em™ 82.5 —-0.6 [32]
. 0.1 mol L™' Na,SO, + o -

Bi@C 0.5 mmol L-! FC(ZH)E‘;)T A 11648 pgh "mg™! 93 —-0.5 [33]
W/MoOs._, 0.5 mol L™! Na,SO, ~250 umol h™" cm™ 91.2 —04 [34]
Sb/a-MoO; 0.5 mol L™! Na,SO, 273.5 pmol h™' em™ 91.7 —0.6 [35]
Cu/P-TiO, 0.1 mol L™" K,SO, 3520.80 ugh™' mg™' 86.49 -0.3 [36]
In/a-MoO; 0.5 mol L™! Na,SO, 242.6 pmol h™' em™ 92.8 —0.6 [37]

Fe@P nanorod 0.2 mol L™' PBS 85.62 pmol h™' cm™ 88.49 —0.014 [38]

MnO,._, 0.2 mol L™! Na,S0, 99.04 pmol h™! em™ 82.8 —0.7 [39]

SnS, . 0.5 mol L™! Na,SO, 78.6 pmol h™! cm™ 90.3 -0.7 [40]
FeOCl-V¢ 0.1 mol L™ HCI 4554 pgh™' em™ 91.1 —-0.5 [23]

Bi NDs 0.1 mol L™ Na,SO, 7797.4 pmol s~ cm™> 89.2 -0.5 [41]
-1

MoS,/GF 0_2‘; ::(‘)’11 i,l i%II;“SB 99.6 umol h™" cm™ 76.6 —0.7 [42]

Cu foam 0.25 mol L™ Li,SO4 517.1 pmol h™' ecm™ 93.5 —-0.9 [43]

Ag EFeMC(PBS) 0.28 mol h™' m™> ~100 —0.165 [44]
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H,NOH
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g -3 £ NO-adsorption ability
(b) ¢ wL 029 -4.17 g
2, . 3-4—VCN =442 g
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N H.L« V_;,“. wtu ; - 2 . | | NH, *NH, % NORR activity
o~ N-end NO-side| 771 O-end -2 t
T i *-2'68 -3.05 S| jNHyselectivity
621 N ‘0 3 [SNo |"NOH e 0.33 z U
< ; -4 \ EQ
2L L 483 N 471 U (NH,)
5 : e *NH i Zr- \/
3+ L Zr-C,N NH iNH 2 N (e)
1 1 1 1 1 1 1 1 L 1 1 1 1
Ti V Cr Mn Zr Ag Hf Au 8 ¢ 1 2 3 4 5
Supported TM Reaction pathway

B 2 TM-CNIAR T HHEIENORR A BINH, 7 260, (a) 1398 42 )& (transition metal, TM)JF 11281 g-CoN(TM-C,N)Z5 4 FI 2% FE U TMUR -
(b) NOZFTTETM-CoN_E 7l AN . O FINOZ B B B 1 T BE(AGno0); (¢) Ti-CoN. V-CoNFNZr-CoN_E AT FINORRIEARH [ HiBEIA,
AN N (d) NHy . NoO\ NoFTHLfETI-CoN | V-CoNHIZr-CoN_E BRI (e) A 5 J7 (9 TM-CoNA 28 IDHENO HL (L8 SN H 19 L
F2/&. Reproduced from Ref. [26] with permission from the John Wiley and Sons

Figure 2 Screening of TM-C,N systems for electrocatalytic NORR towards the formation of NH;?°!. (a) Structure of TM-C,N and the considered
transition metal (TM) atoms; (b) the adsorption energy of NO (AGxno) on TM-C,N via N-end, O-end and NO-side adsorption patterns; (c) NORR free
energy diagrams via the most favorable pathway for Ti-C,N, V-C,N and Zr-C,N, the applied potential is zero; (d) comparison of the limiting potentials
of NH3, N,O, N, and H, formation on Ti-C,N, V-C,N and Zr-C;,N; (e) flow chart of the screening of promising TM-C,N systems for efficient NO-to-
NHj; conversion. Reproduced from Ref. [26] with permission from the John Wiley and Sons
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Bl 3 Cu,SitAZ R T4 HLHEENORRA INH;HIIE MR, (a) Cu,SiBEJERY A etk L e S5 M R R A% ¥ (projected density of states,
PDOS), #KBEYL R I (b) TESI i L IENORRA BINH; 1) B H BEEI A [alA; (c) NOZF 5 SR FAH AR /R, (d) Cu,SiHtZE ENORR
A NG AY E R DL RN B EIA; (e) CupSitf)Z aT BEMR M 25 L FWHER H 1 AE4Efk. Reproduced from Ref. [27] with permission from the

Royal Society of Chemistry

Figure 3 Electronic structure and electrocatalytic activity of Cu,Si monolayer for NORR toward NH;*"\. (a) Spin-polarized band structure and
projected density of states (PDOS) of Cu,Si monolayer, the Fermi level is set to zero; (b) free energy diagram and optimized intermediates for NORR
toward NHj on the Si site; (c¢) schematic of the interaction between NO molecule and Si atom; (d) free energy diagram for N, formation on Cu,Si
monolayer and the corresponding optimized intermediates; (e) free energy change for HER on possible adsorption sites on Cu,Si monolayer.
Reproduced from Ref. [27] with permission from the Royal Society of Chemistry
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Figure 4 Electrocatalytic NORR process for NH; on Cu(111) and electronic properties'*’). (a) Comparison of the AG-determining steps between
NORR, NRR and HER; (b) a two-dimensional activity map for ammonia production. All the reaction free energies are shown at 0 V vs. reversible
hydrogen electrode (RHE); (c) free energy diagrams for HER and NORR to NH;, N,O and N, on Cu(111), and corresponding geometries of the IS, TS
and FS for *NOH — *N and *N — *NH reactions; (d) projected density of states (PDOS) and electron localization function (ELF) for the transition
states in reactions of NO—-*NOH, *NH—*NH,, ¥*NH,—NHj and proton adsorption. Reproduced from Ref. [43] with permission from the John Wiley
and Sons

JEREZMMER], AEIEA R APER AT ZMRSEEARLIN, A R T Z £ LA SO 25
KT E AP BOR T TR ERE AT RS SRR, B RS AR D 12

5833



MG h I 2025545128 H70% £34MH

(a)
(b) 0.5 , 0.5 - . -
0.01—2 Cu(111) O-distal 0.0 " ~Si(111): O-enzymatic
05 ] % o ——Cu,SifCu(111) N-distal| 054 SN0 | — OusiBiiLL) N".d'f“"l
-0.5 2 INO 4 s*NOH i . . Ve — Cu,Si/Si(111) Mixed 1L
S A‘TYG 45 INOH:, — Cu,Si/Cu(111) O-distal -1.0 } ._U.N_Q _____ *H,NO ‘
S . : *HNO "-.‘:1':.'”21\'0_.}:&74—0” -1.5 . | FTINO GO FILNO Y2 NOH
3 -1.54 1 AT‘-.Q"Z <201 NO i ¢ * L
Q -2.01 i 2 551 ‘]I:.\IOIT'r...;
254 b Y 3 -3.0
2.5 N i NH % *OH pp—
Rt o -3.54 *NH | t=——.; *OH
3.0 \ 4 *NH, | sny - NI, %
3.5 i *NH v—2 407 LANOH 1.56 L .. A *NH,
Cu(l11): 0.15V — 459 Si(111): -1.56'V | VN L
; i NH v
4.0 - -5.0 S HNOH/ 3 o
45 55 —

Reaction coordinates

R RPN
AR

Reaction coordinates
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Figure 5 Electrocatalytic NORR forming NH; on superstructures of Cu,Si/Cu(111) and Cu,Si/Si(111)2. (a) Top and side views of Cu(111), Cu,Si/

Cu(111), Si(111) and Cu,Si/Si(111). Orange and blue balls represent Cu and Si atoms, respectively. (b) NORR free energy diagrams and (c) stable
adsorption configurations of the key intermediates for Cu(111), Cu,Si/Cu(111), Si(111) and Cu,Si/Si(111). Reproduced from Ref. [22] with permission

from Elsevier
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Figure 6 Electrocatalytic NORR toward NH; on FeOCI(010) and FeOCI-V(010)™. (a) Atomic configurations of pristine FeOCl and FeOCI-V . (b)
Differential charge density between *NO and FeOCl/FeOCl-V,. Blue and yellow topologies denote electron depletion and accumulation, respectively,
with an isosurface value of 0.01 e/A°. (c) Schematic diagram for the orbital interaction between Fe and NO. (d) NORR reaction process on FeOCI-V,
with the reaction free energy and the optimized structures of all reactions illustrated. Reproduced from Ref. [23] with permission from the John Wiley

and Sons
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Mechanism of electrocatalytic nitric oxide reduction reaction
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Ammonia (NH3) serves as a crucial industrial feedstock, playing an indispensable role in human societal advancement and
economic development. However, its synthesis and utilization pose significant environmental challenges. Currently,
industrial-scale NH; production primarily relies on the Haber—Bosch process, which consumes substantial fossil fuels and
releases large quantities of greenhouse gases. Therefore, it is essential to develop more efficient and sustainable techniques
for synthesizing NHj3. In recent years, the electrochemical synthesis of NH; has garnered significant attention due to its
potential to reduce energy consumption, cut down the carbon footprint, streamline the reactor design, and offer a more eco-
friendly and cost-effective approach to ammonia generation. Among them, electrocatalytic N, reduction reaction (NRR)
yields NHj; in ambient conditions and thus is beneficial for environmental sustainability, which has been attracting a great
deal of attention. Nevertheless, the inert N=N (cleavage energy 941 kJ mol™") places serious restrictions on the NRR
activity and NHj selectivity. Therefore, NH; production is urgently needed to explore more green and economizing
alternative technologies for the NH; demand. By contrast, electrocatalytic NO reduction reaction (NORR) represents a
promising strategy for mitigating air pollution and reducing energy consumption in ammonia synthesis, with significant
potential to supplant the resource- and energy-intensive selective catalytic reduction (SCR) and Haber—Bosch processes.
The practical implementation of this technology largely hinges on the development of efficient electrocatalysts, which can
catalyze NORR for NHj; synthesis at low overpotentials, exhibiting high reaction rates and selectivity. Consequently, the
design strategies for catalysts with outstanding synthesis performance have garnered significant attention from researchers.

This paper reviews the mechanism of electrocatalytic NORR to NHj, focusing on the key aspects of electrocatalysis such
as single-atom coordination, crystal plane orientation and defect engineering. We aim to summarize recent advancements in
catalytic NORR systems while also exploring future directions and potential breakthroughs that may significantly advance
the conversion of nitrogen oxides to ammonia. Over the past few years, there has been a notable increase in research and
reports focused on NORR, yet despite these efforts, the materials and catalysts developed to date still fall short of achieving
the energy efficiency and ammonia yield that is comparable to the traditional Haber—Bosch process, which remains the
industry standard for ammonia synthesis. The electrochemical catalysis process still faces several bottlenecks including
high costs, complex preparation methods, low Faradaic efficiency (FE), elevated overpotential, intense competition from
hydrogen evolution reactions (HER), and poor catalytic stability. Although numerous obstacles remain to be addressed,
advancements in theoretical calculations, experimental optimizations and novel characterization techniques have
contributed significantly to enhancing the synthesis of NORR catalysts. Addressing the challenges surrounding
electrocatalytic NORR is essential for realizing a cleaner and more sustainable future. A breakthrough in the development
of highly efficient and stable NORR electrocatalysts could not only contribute to environmental protection by reducing
harmful NO emissions but also open the door to new, cleaner energy carriers. Furthermore, it could help establish a
sustainable green ammonia synthesis industry that could revolutionize the way ammonia is produced, moving away from
the energy-intensive Haber—Bosch process and toward a more environmentally friendly alternative. With continued
innovation and research in this area, electrocatalytic NORR holds the potential to play a crucial role in advancing both
environmental sustainability and clean energy technologies.

nitric oxide reduction reaction (NORR), electrocatalytic NH; synthesis, reaction mechanism, regulation
engineering
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