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Figure 1 Schematic diagram of metal clusters involved in molybdenum nitrogenase and N, fixation (a) and single electron-proton transfer model for

nitrogenase (b)
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Figure 2 Typical metal-N, complexes coordination modes and their molecular orbital diagrams. (a) Molecular orbital diagram of free N, (b)
typical coordination modes of metal-N, complexes®; (c) molecular orbital diagram illustrating key m-orbital interactions in terminal and bridging

metal-N, bonds"*?!
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Figure 3 Schematic diagram of activation hydrogenation of terminal N, complex

PEIVE A ML G5 8 - A SN C A ) (8 5 I B st
PRI, X4 J 2 i R SN, BINH, i {1k

b U 4 TR TC A A S ) R T SR NG IR D A Ak 71 1Y)
FERFEAE T 2 nl RebE. i s 48 MECIRS5 1,
AL AR SN AE EAE A, SEEN, 2INH; 1
AL (1E14). TESAFAN IR IR AR R A i, 3R
FHBER AP 30 55700 o~ V58 P ik 1 7 SR T HER 1Y) 5
4. Schrock i Yandulov® i 1 & AN, A 5 AL
FIMO[(HIPTN);N](N,)(HIPTN: /S 57 14 5k = R KL B AY
=SS, 7E(2,6-lutidinium)(BArs)(lutidinium: — FF it

R, M R N
e N g HPT N HIPT
e HIPTR Ny

E /MIO\ 4 ?}[}LMO’N
Rz ”| Rz Q/’N
N

Chatt Schrock
N N
Il Bup 1l
N Sue T %

/

Nishibayashi Peters

Bl 4 QA NI 5oL

Figure 4 Typical N, reduction molecular catalyst

MHEIE ) AT CrCp* o (. (. H JE 34 136 ) 8% ) 43 Sl AV Sk Jo 7
PRFAR R AT, H R TR TP N e
NH;. 7ESchrockf#EAEAEIR T, Mo-N=NZJJj it imNAY 2
H A R —NNHs, BEJSImNAE S T a
N 5E N, BINH; 95 4L, 7EChatt B & I Mo(N,),-
(PPhyMe), [ Iz i A 22 Hi A SmI, FTH,O A fifi 41~ Mo
JE A A 25 2 R N H, 6768,

by — T H (1 & & Nishibayashiife i 20 V3 54 (1
T PNPRELAR I BUZE Mo A 7 [Mo(N2)2(PNP) [, (1-N5)
(PNP:2,6-BU((ZAUT HEBE I H L) MEIE). #ECoCp,Fil
[LutH]OTHE AR A A FIR A S50 T, e ge
TEH IR T P AN L NH;. it X PNPECACE fiE
TR ST A B0, B 3 14 i ~F 1 B X A R R e 8
PEA BT S X UL R 3,5- X (=
S )RR, AL MEREA B R AET Y, NH, 0 A Al
SR(TOF)}40.6 min~". YulbmEfy i B B4k R =
] 2 SR LA TR R N 4 i A7 i R U,
M MoZEPCPL & ) FINH s A= il ik 2 48 7+, TON
A LLR 30230, X EERFST R R Fe B 2R A5 A T A Rk
N T R AR TR 15 18 %

A TF ik — RSN FETFMond ik I 4 JE AL 7, Pe-
tersZ N HIGE T8 5 = -0 be Bk BC A9, 52> T1#
FARZ I ER T Fe. ZMALFIE-T8C. 1 atm N,
T, AKCe BRI, e sINH; AU TON 7. Jig 5

839



M4 F b & 20255538 £70% FTH

RETG AR, H RN T e e v L. 3 T — B ie
TR WAL A PP, "' Fe(H)12(n-N2) 7E[H(OEL,), -
[BAr, | FIKCsHIAFAE T, AT LASCBIN, BINH, 1k, 7
RIT RN, NHaA9= 45 17 180%, TONH] LIk %]
6674, LIFe .04 JEPNP . PCPHC S [RIRE B IE I
HA RUFNIRJEVERE. SRR AL M bR R E
WIEETI. V. Cr. OsfIReZ4)E, BidiEESED
O FREET 8 g 2 R [ AR 4 SR RCR
FEEEE.

N T FE AR R TE A INH 2 A, 1 AT 523 20 s f
IME & B AP RS T FEPRIG IR B R 45
PEWFIE T Cr-NoIR R, N, RIS AL T RE AL St T d 2t
L. 20234F, MfTOPHRGE T— &5 LLICp* A 24L&
FEONBAR I Cr(D)FCH(0)-NL AL &4, S5tk i by v fig
A B 4 I A — U SR A W A S A i BC 5
([7*-Me;SiNNSiMe;*). TEISHR, X EEN, I HEIL )
(1) g [AA IR BERE 5 COLEU BUNCO v, #E—20 44
HEN-CH. DUFEECA 0 JUFBC & P RENS b 1A i
NoHy. XBSEi gl I & T ZFIRECAL . IR 2 A2
FHBCA W T HE /N IR AL R 34 M]3 TR
C IR ARSI T Co(0)-NLBLS Y, 1EEJFFIKCy
Me;SiICIFERI Z&E T, Rkt L AN(SiMe;);,
TONFEMEIAFN 12017, (2 RANP AR APIFIH =4
ALY, BTN, S AR TR IR BRI & e
ARE IR, FE i RN BS TR T N=NEE 1L
Ko v Bk A B C-NEE G SC R BIL R . 5 i 0 710 R M 2
APTIIN, . A SBALIH R JER, Rkl & i i A
PIFPLi,CNy, I B SNE B IB S 0L AV ER S 1,
SCELT R . Bk O . N-DF LB 1,2,4-—
WA AR M R 4. XA R T T E A
I T 1]

[Cr]—N=N—[Cr] (si)
N, [Cr]:N:N/ [Crl= A\N\’/Cr
C]
(e N,

N S ol
[Cr]\’L & (N)
\\S’I’,‘\‘ e

B 5 Crlit Sk shBIN, B etk P2

Figure 5 N, functionalization driven by Cr complex®

840

BN, I S A AR A5 R A NG I S 255 T
FEhl. 20224F, FTMoRLATERL A Y HIIHIEHEIEN,
WFEIR R EPIRIE. Peters®™ A\ P*a i i 25 B h fig
(BDFE) Al TOGMEAIR R T F# A T R 72
(PCET)FIN-H A st i A #0250 150, iRaE T 3%
T 37 [ MoBrs PNPAE AL FI A4 5 A Bl 1 U v 2491, 1%
R FZH, BUR (HEH )VE A Gis JF5R AT 12544, ARk
TZHF 2T, SRR B 22wk R
HRE B T ARG P rT BE AR R SR AL R
El6(a)T7~, TEGSHITHEH,, = HJEnpne . — HFILntne
SHELATEE RS S, MoBrsPNPALF )G
NH;TONT] LA EI20LA L. fd AL I BAr, S
PEAEN I S R AT LA — D4 5. NishibayashiUi
YOS B Y IS ST AR R, LA E
ZHT . ZHTFER. FIH9,10- &N B (acrH)fE
FEFUE, [Ir]ONTYE R GEG, MoPCPR &Y
(MoX)VERAEALT, 76 IR FFREAS SCBIN, R fL
WJE, TONIL#N40MM, fnEl6(b) /R, ARG A
B IE H R4 T B AERT9,97,10,107-PU 5(-9,9"- XU T
((acrH)y), #E—HE 5 T NI JFRCE.

NTA B AR R TR ZERDERGN . AR5
FURZ RIS 2R . YA T AR R e i
& JE ARG F S TN AL e Ak, (HH R N 0%
FIEREMEAA TR T, JEA BRI R 5T R 7
A GRS A TR 22 (R A P R R R RS
AT ROV MERE. RIS, T TR 2R AL
[ LA, RN, ] e B ™= M i A 48

4 ZAREALH

22 A AR 1 SO 5 I 55 34 AR o3 i A A AE
FHES, (H BB A —B0: o Z A e
RIEAC R AL T B SO S v A
T PEA R RGBT AL
SUNTNG I W B 5 s AR g, R T ARk
FELO1OTL i, ST R B RS AR SN S BRI B |
TEARALAS, SR AT ERRCE. ETHTR, SEFARMRE
éﬂ[log]ﬁwl8049E%QV‘]*2£J::}§%3M0, T 2 v e o7
A AITEPENL S, AR TEN IR B A G 22 22 i1t
2. 1 mol%MotB 24 W 504K ZENH A= il 2 A 5|
195.5 yumol g ™' h™!, JEIFIAM RN 74T, K BHAE-NH, 5
R 40.028%.  TESIMO, 1844 Fen] i 2 i i iR
S50, IO ARG AE B E A, $E TR



ISk

(a) MoBr; [IfIBArF,
Col/[ColH]OTf
+
N, HEH, Sis LED 2 NH,4
THF 12h
N BArf,
| 8ul
Br, N ,\J \
— l;P o ot H H \|Il/ 7
{ N—Mo—sr B X EtO,C CO,Et |\N/
/l lN/ Iltl/ || N\\I‘Bu
'Bu, F H H l 7
MoBr; Col/[ColH]OTf HEH, [Ir]BArF,
(b) MoX, [IFJONf
N, + arcH, > 2NH; + (arcH),

Visible light (> 400 nm)
THF rt

N/—X—P'Bu2

FiC ‘/_X g

MoX;

Bl 6 HRTAT I AR R 0

Figure 6 Homogeneous visible light catalytic N, fixation system*®!*!]

LT RS ROR, TR IR U L N S B = AN, I
BRI EIE F AR NS ). TRALANAE L FEMoO;_ 8
ZLalil 1, TEHEALRIR MR T Og-La-0p BLAi45 1.
Lalii 7 FIMoOs_ 1A= M I AE AR, i ife 1ot
ALY 2540, HE5R T N, TE fLRE (RS D!
OS5 SR TR, LaftySdBIE L 1 17N 427+ 5 i
PUES R R HAR RO ERERY B EE N R, RERBLR

Mo-doped W,30,4
Ultrathin nanowires

Photocatalytic N, fixation

B 7 Mo*ﬁ%&‘wlg&;g?ﬁ]ﬂﬁ?ﬁ%@{t[ﬁ]ﬁﬁi%ﬁ@ms]
Figure 7 Schematic diagram of Mo doped W;3049 nanowire
photocatalytic N, fixation!'*!

acrH,

ONf
@,(j ]
A
\ =
1

Ny 'S

I/

[IrJONf

'Bu

MBI, FEAHD 2 RS A AL (ZnAl-LDH) 4
KA T AR BT Cufi, RESIRTH LN, IR R
PEREM. 0.5 mol%CuiB 24 Zn Al-LDHAE T 7 55
BMEIERI B 2R, NHyE A R iK 110 pmol g~ ™",
FAEgliK b A RAFIRRE T (RS 1). A FICufi 24
AIFEEAR IR T A P 528 740, Al TN,
W BRI AIN SRR, FEWO,/STWO G HL I M5 | ATi
Bk, 0l EHEGEN, T B S TS EREN Y fEER &
T, SCAERTFRETITHIIRE N T, 58 &G
. 7E—0.5 V(vs. RHE)AMF T, 12 R FINH A i %
KEN1.17 pg h™" em ™, NI BAIMECRNARE LA L, H
A B LG A TR e .

T BG O S BB A R AE AN, AR T
NI LT 5 R . WIS (b) s,  HA R 4R 25 A0 1)
BisO,Brai K45 ELAT BT HYNL WL I ATE AL PEREN 3. ok
PEBisO/Br K B LM HFE B A A A8 . BRI
T FRALRIRENF 454, WIAELlZK S5 SE 3R i 4L
FEAEAENHAE (110 pmol g~ h™")(F2S1). BRI HHE
BRI EI I B 2 R a5 A T LA SO L T R
FIW AN, 72420 nmIEHRZAF T, IR FRORA
2.3%, BRI RGAOLELE RS, JEe i

841



M4 F b & 20255538 £70% FTH

J . J . .
(AN X1 Coprecipitation
o0
Yoo
® 2 O A*
(b)
W+

H,0  Activated N, 72,
%,

Cu-doped ZnAI-LDH

J Cu»* @ OH

Jahn-Teller distortion

ne

Vo with Electron-rich Cu®

o COZ

® ¢ ¢ ¢
@

Bl 8 FAE L TCu” (s AR ZE (L Zo AL-LDHADK A 45 RS (), DLRAT 23 (Y BisO,Bra K B A A 28 B (b))

Figure 8 Synthesis strategies of ZnAl-LDH nanosheets with electron-rich Cu®" sites and oxygen vacancies (a)!

nanotube photocatalytic N, fixation with oxygen vacancy (b)!'"*!
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" and schematic diagram of BisO,Br
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Artificial photosynthetic nitrogen fixation
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With the continuous growth of global energy demand and the increasingly severe environmental challenges, the
development of clean and sustainable alternative energy sources has become a key priority for countries worldwide.
Ammonia (NH3;), as one of the most important basic chemical raw materials and a potential clean energy carrier, plays a
crucial role in supporting agricultural production and industrial development. Nitrogen (N;), one of the most abundant inert
molecules in the atmosphere, requires a substantial amount of energy and efficient catalysts to be reduced to NH3. Since the
early 20th century, the Haber-Bosch process has dominated industrial NH3 production, where iron-based catalysts
synthesize NH; from N, and H, under high temperature (350—450°C) and high pressure (150-200 atm).

However, this process is highly energy-intensive, consuming about 2% of the world’s total energy supply and
contributing to over 1% of global carbon emissions. These significant energy and environmental costs raise concerns about
the sustainability of the Haber-Bosch process. Despite efforts to develop new coal chemical and H, production
technologies to improve energy efficiency and reduce carbon emissions, the issues of high energy consumption and
pollution remain largely unresolved. As a result, there has been increasing interest in exploring alternative methods for N,
reduction that are mild, efficient, and sustainable. This has greatly stimulated research focused on achieving efficient N,
reduction to synthesize NH;3 under mild conditions.

The high-efficiency N, fixation achieved by nitrogenases under ambient conditions has inspired researchers to study the
structure and electronic properties of these enzymes to design efficient and stable artificial N, fixation catalysts. Natural
nitrogenases are capable of reducing N, to NH; under mild conditions with high efficiency and selectivity, offering
valuable insights for the development of artificial systems. In recent years, significant progress has been made in the field
of artificial photosynthetic N, fixation, driven by the deep study of the structural and functional features of nitrogenase
active sites. The weak adsorption and interaction between N, and catalyst surfaces require innovative catalyst design.
Researchers have conducted in-depth analyses of the thermodynamic and kinetic challenges associated with N, reduction,
focusing on understanding the mechanisms and principles behind N, activation. Based on these insights, they have
designed various homogeneous molecular and heterogencous N, reduction catalysts. With gradually understanding the
active sites and electron transfer pathways of nitrogenase enzymes, these catalysts aim to effectively utilize renewable
energy sources, such as solar energy, to enhance both the efficiency and selectivity of the N, fixation process.

This review summarizes the recent advancements in artificial photosynthetic N, fixation, focusing on the thermodynamic
and kinetic challenges as well as the catalytic mechanisms involved. It highlights the design principles and associated
challenges of both homogeneous and heterogeneous N, fixation catalysts, providing a comprehensive overview of the field.
Furthermore, the work identifies the key obstacles facing current developments and proposes potential solutions. With the
continuous progress of artificial photosynthetic N, fixation technologies, it is anticipated that these systems will offer
sustainable nitrogen-containing industrial products synthesis solutions such as NH;, urea, and amines. The rational design
of efficient homogeneous and heterogeneous catalysts holds great promise for achieving artificial nitrogen cycling and may
lead to transformative changes in the energy and agricultural industries. By using more efficient energy and reducing
environmental impact, artificial N, fixation will play a pivotal role in addressing global food security and energy
sustainability challenges.

nitrogen fixation, ammonia synthesis, green chemistry, artificial photosynthesis, nitrogen reduction
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