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Photocatalytic nitrogen fixation under 
an ambient atmosphere using a porous 
coordination polymer with bridging 
dinitrogen anions

Yan Xiong1,3, Bang Li1,3, Yuming Gu1,3, Tong Yan1, Zhigang Ni    2, Shuhua Li    1, 
Jing-Lin Zuo    1 , Jing Ma    1  & Zhong Jin    1 

The design of highly electron-active and stable heterogeneous catalysts 
for the ambient nitrogen reduction reaction is challenging due to the 
inertness of the N2 molecule. Here, we report the synthesis of a zinc-based 
coordination polymer that features bridging dinitrogen anionic ligands, 
{[Zn(L)(N2)0.5(TCNQ–TCNQ)0.5]·(TCNQ)0.5}n (L is tetra(isoquinolin-6-yl)
tetrathiafulvalene and TCNQ is tetracyanoquinodimethane), and show 
that it is an efficient photocatalyst for nitrogen fixation under an ambient 
atmosphere. It exhibits an ammonia conversion rate of 140 μmol g−1 h−1 and 
functions well also with unpurified air as the feeding gas. Experimental 
and theoretical studies show that the active [Zn2+–(N≡N)−–Zn2+] sites can 
promote the formation of NH3 and the detachment of the NH3 formed 
creates unsaturated [Zn2+···Zn+] intermediates, which in turn can be refilled 
by external N2 sequestration and fast intermolecular electron migration. 
The [Zn2+···Zn+] intermediates stabilized by the sandwiched cage-like donor–
acceptor–donor framework can sustain continuous catalytic cycles. This 
work presents an example of a molecular active site embedded within a 
coordination polymer for nitrogen fixation under mild conditions.

The nitrogen reduction reaction (NRR) is an extremely valuable  
but energy-intensive chemical transformation process in which  
agricultural ammonia fertilizers and industrial organic nitrogen prod-
ucts are purposefully obtained1,2. The triple bond in the N2 molecule 
is highly stable with a dissociation enthalpy of 941 kJ mol−1 (ref. 3) and  
the lowest unoccupied molecular orbital (LUMO) (1πg) energy of 
−7.91 eV is too negative to accept external electrons4. A classic nitro-
gen reduction technology in industry is the Haber–Bosch process, 
where high temperatures (400–500 °C) and pressures (200–300 atm) 
are required to activate nitrogen by using iron-based heterogeneous 

catalysts5. Therefore, the development of more economical and  
environmentally friendly nitrogen reduction methodologies has  
always been a grand challenge for chemists6,7. Motivated by the 
coordination of protonated intermediates with transition metals  
in biological nitrogenase8–10, several representative systems have  
been developed11–15. Nevertheless, for metal–dinitrogen complex  
systems, strong reductants must be present in excess for a conti  nuous 
supply of sacrificial electrons and this leads to poor cycling capabil-
ity. It is critical to synthesize new catalysts that meet the following  
criteria: (1) possessing highly active catalytic sites for activated  
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at a lower wavenumber of ~2,005 cm−1 should be attributed to the 
instantaneous dipole moment of the symmetric dinitrogen anion. 
DFT calculations (level1: B3LYP-D3) show that the N≡N stretching 
vibration of the dinitrogen complexes in the Zn–N2–Zn structure is 
around 1,937 cm−1, while the C≡N stretching vibration in the Zn–CN–Zn 
model is ruled out due to the absence of peaks at around 1,900–2,100 
cm−1 (Fig. 2a and Extended Data Fig. 3d). The Zn–N2–Zn model is also 
identified by the following isotope NRR experiments. The presence of 
this Raman peak is similar to in other previously reported dinitrogen 
complexes22,23. Meanwhile, the Raman spectrum of 15N isotope-labelled 
NJUZ-1 (15N-NJUZ-1) shows that the 15N≡15N stretching vibration is at 
around 1,920 cm−1 with a small red shift (~80 cm−1) compared to that of 
14N-NJUZ-1. This is due to the isotope shift effect (Fig. 2b and Extended 
Data Fig. 3c). The Raman position of the 15N≡15N stretching vibration is 
also verified by Hooke’s law (reduced mass model)

ν = 1
2𝜋𝜋c√

K
μ (1)

and

μ = MAMB
MA +MB

, (2)

where c is the velocity of light, K is the force constant of the bond 
between A and B and μ is the reduced mass of atoms A and B (with 
masses MA and MB) based on the 14N≡14N stretching vibration with a 
calculated position at around 1,930 cm−1 (Fig. 2b). The experimental 
and calculated vibrational positions are consistent with each other. 
Notably, the bridge-coordinated dinitrogen anion is active in the Raman 
analysis but inactive in the IR measurement.

Solid-state electron paramagnetic resonance (EPR) data show 
double-splitting differential signals in the X-band frequency at room 
temperature (Fig. 2c) and the calculated g factor is 2.003 with typical 
organic unpaired radical electrons. A relatively weak peak was detected 
at approximately half field owing to the tight coupling between the 
two separate single electrons24. Except for the guest radical, only the 
dinitrogen anion, rather than the cyano groups, can offer the other 
vital electron. This is in good agreement with the above analysis and 
confirms the existence of the dinitrogen anion. The low temperature 
(93 K) and simulated EPR spectra of NJUZ-1 were also investigated, as 
shown in Extended Data Fig. 3e, which shows similar peak locations to 
those measured at room temperature. Moreover, based on the same 
coupling effect, a much broader and weaker split peak of EPR signals 
could be obtained from the 15N specimens that possess the nuclear 
spin quantum number I = 1/2. This is confirmed by the EPR spectrum 
of the 15N-NJUZ-1 material measured at room temperature (Extended 
Data Fig. 3f). The dinitrogen as a radical anion was also studied using 
DFT in both cluster and periodic boundary conditions (PBC) models, as 
shown in Fig. 2d and Extended Data Fig. 4. In the initial reaction centre 
(Cluster A), the unpaired spin is mainly localized at the N2 ligand with a 
spin density of approximately 0.38–0.40, indicating radical character 
of the N2 ligand to some extent. In the second hydrogenation process, 
the spin density distributions are localized at the *NNH2 and *NHNH 
intermediates along the distal and alternating pathways in Extended 
Data Fig. 5, respectively. The unpaired spin is mainly localized at the 
TCNQ molecule in Cluster B according to the spin-density distribution, 
indicating that the molecule could also be a radical. The crystalline 
structure in the PBC model, consisting of both Cluster A and Cluster B, 
also shows that the unpaired spins are populated at the N2 ligand and 
TCNQ molecule, respectively (Extended Data Fig. 4b).

Notably, the well-defined bridging dinitrogen anion is a unique 
structural element of NJUZ-1, and the distance between nitrogen atoms 
is 1.121 Å (Fig. 1b and Supplementary Table 1). This is slightly longer than 
the length of a free N≡N triple bond25, indicating that the dinitrogen 

N2 molecules and (2) exhibiting good chemical and thermal stability 
for recyclability.

Coordination polymers (CPs) and/or metal–organic frameworks 
(MOFs) have emerged as a class of molecular catalytic materials owing 
to their high modifiability, regular porosity and well-defined active 
sites16,17. When coordination polymers act as catalysts, the uniform 
metal–organic scaffolds with open channels greatly facilitate the trans-
port and diffusion of reagents and products18. Moreover, abundant 
catalytic sites are derived from the inherent structure of coordination 
polymers, which include unsaturated metals or clusters and functional 
groups in the organic linkers. However, under mild conditions, metal 
nodes would rather be in an unsaturated state than activate inert N2 
molecules. Therefore, coordination polymers with dinitrogen mol-
ecules as bridging ligands have not been reported as catalysts for 
nitrogen fixation and direct conversion to ammonia until now.

In this Article, a heterogeneous catalyst based on a coordina-
tion polymer with the bridging dinitrogen anion ligand {[Zn(L)
(N2)0.5(TCNQ–TCNQ)0.5]·(TCNQ)0.5}n (referred to as NJUZ-1, where L 
is tetra(isoquinolin-6-yl)tetrathiafulvalene and TCNQ is tetracyano-
quinodimethane) has been synthesized. The dinitrogen anions in the 
[Zn2+–(N≡N)−–Zn2+] sites of NJUZ-1 can be directly converted into NH3. 
The detachment of the yielded NH3 creates an unsaturated coordinated 
zinc environment, that is, highly reactive [Zn2+···Zn+] intermediates, 
which are cycled back to [Zn2+–(N≡N)−–Zn2+] through external nitro-
gen sequestration and fast intermolecular electronic migration for 
the ensuing following catalytic cycles. This transformation sustains 
continuous photocatalytic cycles and the [Zn2+···Zn+] intermediates 
are stabilized in the air because of the strong donor–acceptor–donor 
(D–A–D) cage-like sandwich structure. The observed nitrogen fixa-
tion and ammonia synthesis processes in NJUZ-1 have an analogous 
reaction mechanism to that of the Mars–van Krevelen process (the 
catalyst lattice O is consumed during the reduction step accompanied 
by the oxidation of the reactant and this is followed by the catalyst 
re-oxidation step by its reaction with molecular O2) for heterogene-
ous catalysis19. Density functional theory (DFT) calculations indicate 
that the [Zn2+–(N≡N)−–Zn2+] position is attacked and converted into 
ammonia in a stepwise manner.

Results and discussion
Characterizations of NJUZ-1
The ligand L was synthesized through the coupling reaction of tetrathi-
afulvalene (TTF) and 6-bromoisoquinoline (Extended Data Fig. 1). The 
coordination polymer NJUZ-1, based on zinc held together in particular 
with bridging dinitrogen anionic ligands, was synthesized through 
the reaction of L and lithium tetracyanoquinodimethane [Li(TCNQ)] 
ligands with zinc nitrate at room temperature under an air atmosphere. 
A single crystal X-ray diffraction (XRD) study shows that NJUZ-1 con-
tains a (2,4,6) 3-connected three-dimensional (3D) network structure 
(Extended Data Fig. 2a)20. Each asymmetric unit is composed of one 
independent Zn centre, half of N2, one L ligand, half of the TCNQ–TCNQ 
dimer and half of the TCNQ moiety (Fig. 1a). Its secondary building units 
(SBUs) are pillars of [Zn2N2] through two bilateral zinc centres and an 
end-on dinitrogen block (Fig. 1b). Four SBUs bind with two L ligands 
to generate a cavity [(L)2(Zn2N2)4], which encapsulates a TCNQ guest 
molecule. The vertical size of the TCNQ is at an optimal value (Fig. 1c). 
The cavities of {(L)2[Zn2(N2)]4} are expanded into a 2D layered structure 
through SBUs in the ac plane (Extended Data Fig. 2b). Then the adjacent 
2D layers, through the bridging of TCNQ–TCNQ dimer ligands, form a 
3D framework (Fig. 1d).

To better demonstrate that NJUZ-1 features N2 ligands, infrared 
(IR) and Raman spectroscopy analyses were performed (Extended Data 
Fig. 3a–d). In the IR spectrum (Extended Data Fig. 3a,b), there are two 
split peaks at 2,100 cm−1. These can be assigned to the C≡N stretching 
vibrations in the dimer and in the guest molecule, as supported by DFT 
calculations21. In the Raman spectrum, the vibration peak observed 

http://www.nature.com/naturechemistry


Nature Chemistry

Article https://doi.org/10.1038/s41557-022-01088-8

anion is slightly activated. It can be observed that the as-prepared 
NJUZ-1 has a lamellar nanosheet-like morphology with a diameter 
of approximately 100 nm, which was determined by transmission 
electron microscopy (TEM). The thickness quantitatively measured 
by atomic force microscopy (AFM) (Extended Data Fig. 6a,b) is approxi-
mately 11 nm. The high porosity and ultrathin configuration of these 
nanosheets leads to good nitrogen adsorption capability at room 
temperature (Extended Data Fig. 6c), bringing a large number of open 
channels and reactive sites. Meanwhile, the diffuse reflectance spec-
troscopy shows that the NJUZ-1 has strong light absorption capability 
in the ultraviolet and visible regions (Fig. 3a,b). This is attributed to the 
metal-to-ligand charge transfer (MLCT) or intramolecular charge trans-
fer between TTF and TCNQ molecules as verified by time-dependent 
density functional theory (TDDFT) calculations (Extended Data Fig. 7) 
and indicates its good photo-response properties. All these advanta-
geous structural features and physiochemical properties of NJUZ-1 
hold tremendous possibilities for photocatalytic nitrogen fixation.

Photocatalytic performances of NJUZ-1
The photo-reduction performances of NJUZ-1 for the NRR were inves-
tigated in deionized water with a typical cylindrical quartz reactor 
under light irradiation of a 300 W Xe lamp without a cut-off filter. The 
yield of ammonia was detected using ion chromatography. Figure 3c 
shows that the ammonia produced by the NJUZ-1 photocatalyst with 
purified N2 flow as the feeding gas is measured to be 140 μmol g−1 h−1, 
which is competitive among state-of-the-art photocatalysts26. Notably, 
no hydrazine by-product was detected after the photocatalytic NRR 
process. Also, no product was generated in the dark. To broaden the 
practical application range in the photocatalytic NRR, unpurified air 
flow was also tested as an alternative feeding gas. As shown in Fig. 3c, 
we note that the photocatalytic activity of NJUZ-1 with air flow remains 
high, showing an average ammonia yield rate of 102.40 μmol g−1 h−1 in air, 
which is approximately 73% of the activity in pure N2 (Extended Data Fig. 
8a). This percentage value is slightly lower than the mole percentage 
of N2 in an ambient atmosphere, which could be ascribed to the lower 

solubility of N2 in water. This result indicates that the NJUZ-1 photo-
catalyst has a high tolerance towards an ambient atmosphere, sug-
gesting its potential for large-scale and economical nitrogen fixation 
applications. The long-term catalytic stability of NJUZ-1 has also been 
examined, as shown in Fig. 3d and Extended Data Fig. 8b. During the 
long-term photocatalytic test for 10 or 25 h, the NRR performance was 
well-maintained and the concentration of yielded ammonia increased 
almost linearly along with the reaction time. This result indicates the 
high stability of NJUZ-1 during the long-term photocatalytic process. 
The gas by-products yielded during the NRR were investigated by gas 
chromatography equipped with thermal conductivity detector (GC–
TCD) (Extended Data Fig. 8c), showing the generation of O2 (ref. 27). How-
ever, an H2 signal was not detected by GC, indicating that the amount 
of H2 produced was below the detector limit (40 ppm) or that H2 was 
not produced. In addition, XRD and TEM characterizations (Extended 
Data Fig. 8d–f) show that the crystalline structure and morphology 
of NJUZ-1 remain almost unchanged without structural degradation 
after long-term photocatalytic testing. The specific surface areas of 
the NJUZ-1 before and after the NRR test for 25 h are measured to be 30 
and 28 m2 g−1 (Extended Data Fig. 8g), respectively, further confirming 
the well-preserved structural integrity and high stability of NJUZ-1. To 
investigate the possible N sources of the produced ammonia, Ar or O2 
flow was also employed as the feeding gas in the control experiments. 
As shown in Fig. 3c, when Ar or O2 was used as the feeding gas, only a 
trace amount of ammonia was generated as the time of light irradiation 
increased. This ammonia originates from the dinitrogen anions already 
bonded in the [Zn2+–(N≡N)−–Zn2+] sites or from the trace amounts of 
14N2 impurity dissolved in water. These results preliminarily verify that 
the NJUZ-1 photocatalyst can not only convert the dinitrogen species 
contained in its own lattice into ammonia, but also can rapidly convert 
the external N2 source into ammonia.

To gain further insight into the involvement of the [Zn2+–(N≡N)−–
Zn2+] sites in NJUZ-1 for the photocatalytic NRR, isotope-labelled 
15N-NJUZ-1 was used as the photocatalyst for NRR to confirm the pres-
ence of the dinitrogen unit in the coordination polymer and 15N2 was 
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Fig. 1 | Single crystal structure of NJUZ-1. a, The asymmetric unit of NJUZ-1. b, 
The SBU of the [Zn2N2]-based NJUZ-1 coordination polymer, {[Zn(L)(N2)0.5(TCNQ–
TCNQ)0.5]·(TCNQ)0.5}n. Selected bond lengths and angles: Zn–N 2.274(8) Å, N–N 
1.121(15) Å, N–Zn 2.274(8) Å, Zn–N–N 175.5(13)°, N–N–Zn 175.5(13)°. c, A TCNQ 

molecule hosted in the cavity of the [(L)2(Zn2N2)4] structure. TCNQ is shown as a 
ball-and-stick model and NJUZ-1 is represented as a stick model with a space-
filling model shown in faded colours. d, Ball-and-stick view of the 3D framework 
of NJUZ-1 with TCNQ guest molecules, viewed along the a axis.
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employed as the feeding gas to identify the occurrence of dinitrogen 
replacement with the aid of 1H nuclear magnetic resonance (1H NMR) 
measurements. As shown in Extended Data Fig. 9a, the majority of the 
15NH4

+ signals were obtained after the NRR test of 15N-NJUZ-1 for 20 h. 
This can further confirm the presence of a Zn–N2–Zn unit in the coordi-
nation polymer. Figure 4a shows the 1H NMR spectra of standard 14NH4Cl 
and 15NH4Cl samples and the photocatalytic product obtained with the 
15N2 feeding gas after 4 and 20 h of reaction time. As expected, the pres-
ence of both 14NH4

+ and 15NH4
+ was detected in the 1H NMR spectra after 

the photocatalytic reaction process of 4 and 20 h. The 15NH4
+ peaks are 

located at the chemical shifts around 6.94 and 7.06, respectively. The 
ratio of the collective integral area of the 15NH4

+ peaks after 4 and 20 h 
of reaction time is 9.81, indicating continuous 15NH4

+ production. By 
contrast, the 14NH4

+ peaks are centred around the chemical shifts of 6.91, 
7.00 and 7.09. The ratio of the collective integral area of the 14NH4

+ peaks 
after 4 and 20 h of reaction time is 1.08, indicating that the production 
of 14NH4

+ was terminated owing to the complete depletion of the initial 
14N source in the reaction system (such as the dissolved 14N2 in water and 
the dinitrogen species in the lattice of NJUZ-1). The isotopic-labelling 
experiment shows that the significantly increased content of 15NH4

+ 
product is derived from the photocatalytic NRR process with the exter-
nal 15N2 feeding gas as raw material. Meanwhile, the possible H source 

for the NRR catalysed by NJUZ-1 is worth investigating28. Using D2O 
instead of H2O in the NRR, ND3 product was detected as monitored by 
2H NMR spectroscopy. In the 2H NMR spectrum, a ND4

+ triplet pattern 
emerged in the range 6.7–7.2 ppm, while no NH4

+ signal was detected 
by 1H NMR (Extended Data Fig. 9b). The D2O substitution experiment 
confirmed that the H source for the NRR was H2O. In addition, the DFT 
computations show that the H2O molecule could coordinate with the 
Zn atom through the active N2 ligand in both low and high spin states 
(Extended Data Fig. 9c). The hydrogen-bonding interaction could occur 
between the N2 ligand and H2O (dN–H = ~1.7 Å) to facilitate the formation 
of a *N2H intermediate. A possible pathway could be proposed, that the 
binding with the N2 ligand in NJUZ-1 could facilitate the activation of 
the H2O molecule and thus favour the hydrogenation of N2.

Possible reaction pathways and intermediates
To investigate the possible reaction intermediates during the photocat-
alytic process, Raman spectroscopy and X-ray photoelectron spectros-
copy (XPS) were performed on NJUZ-1 at the pristine state and during 
the NRR using the quasi-in-situ Raman reactor. The Raman spectrum 
of pristine NJUZ-1 shows a broad peak between 1,980 and 2,050 cm−1 
(Fig. 4b), which originates from the saturated [Zn2+–(N≡N)−–Zn2+] sites. 
However, when the reaction was suspended, this peak became weaker 
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and finally disappeared, which indicates the disappearance of the dini-
trogen anions. The Zn 2P3/2 XPS spectrum of pristine NJUZ-1 (Fig. 4c) 
only shows a peak located around 1,021.6 eV, confirming the presence 
of Zn2+ species29. However, after the NRR process, this peak became 
weaker and another peak located at 1,020.7 eV with comparable inten-
sity appeared, indicating that half of the Zn2+ species were converted 
into Zn+ species. Meanwhile, in the 15N2 isotope-labelling experiment, 
the solid-state NMR spectrum of NJUZ-1 after the reaction of 15N2 and 
water showed no characteristic peak of 15N (Extended Data Fig. 9d), 
indicating the absence of (15N≡15N)− anions and the unsaturated state 
of NJUZ-1 with the form of [Zn2+···Zn+] intermediates. All these results 
indicate that the saturated [Zn2+–(N≡N)−–Zn2+] sites are transformed 
into unsaturated [Zn2+···Zn+] intermediates during the NRR process.

Consequently, we propose the hypothesis that the unsaturated 
[Zn2+···Zn+] intermediates were formed during the photocatalytic 
NRR process, and the photocatalyst can be regenerated repeatedly 
by external dinitrogen exchange cycles. This is analogous to the Mars–
van Krevelen process19, as illustrated in Fig. 5a. The unsaturated zinc 
nodes without dinitrogen anions are situated in the cavity through 
π···π interactions and hydrogen bonds, where the TCNQ guest located 
at the centre of the cavity plays a vital role serving as a counterion and 
also stabilizes the crystal structure. The crystal structure of NJUZ-1 
undergoes an almost non-destructive dinitrogen intercalation and 
deintercalation process and the powder XRD (PXRD) patterns and 
UV–vis spectra remain nearly unchanged. Notably, TTF–TCNQ is a 

well-known organic D–A-type conductor, while the shorter intermo-
lecular distance between TTF and TCNQ is approximately 3.473 and 
3.168 Å, respectively30–32. A spatially consecutive D–A–D cavity provides 
a platform to sustain the catalytic cycles, while the lower valence and 
unsaturated metal (Zn+ species) offer the necessary electrons to acti-
vate nitrogen. These are two important features of the photocatalytic 
nitrogen fixation and conversion system of NJUZ-1 (Fig. 5a). The linear 
and zig-zag [Zn2+–(N≡N)−–Zn2+] configurations are energetically close 
to each other based on DFT calculations of the crystal structure with 
PBC at three different theoretical levels (Fig. 5b and Supplementary 
Table 2). In solution, the zig-zag structure may be slightly more favour-
able without the confinement effect from the long-range crystal pack-
ing (Supplementary Table 3).

The TTF–TCNQ (D–A-type) species, as the charge-transfer light 
absorbers, significantly contribute to the functions of absorbing light 
energy and facilitating the separation of electrons and holes. The 
absorption peak of NJUZ-1 calculated using the TDDFT method is 
located at 716 nm in the visible-light region (Extended Data Fig. 7) and 
is assigned as the intramolecular photo-generated charge transfer 
between TTF and TCNQ. As shown in Extended Data Fig. 7d, the related 
singly occupied orbitals are mainly localized on TTF and TCNQ. The 
photo-excited electrons are then transmitted to the [Zn2+–(N≡N)−–
Zn2+] sites to activate the dinitrogen anions, corresponding to the 
S1 state (Extended Data Fig. 10a,b). The first hydrogenation step is 
triggered by a proton and coupled with an electron attacking to form 
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times with similar results for the same sample and the representative data are 
shown. a.u. refers to arbitrary unit.
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the *N2H intermediates (Fig. 5c and Extended Data Fig. 10b,c). In this 
step, the free energy uphill change at the S0 state is predicted to be 
0.51–1.00 eV, depending on the choice of DFT functional. The result-
ant *N2H intermediate takes a zig-zag configuration whether the initial 
[Zn2+–(N≡N)−–Zn2+] structure is linear or not. Compared with the S0 
state, the exothermic hydrogenation step in the S1 excited state is 
thermodynamically more favourable. Three possible reaction path-
ways, including the alternating (blue), distal (grey) and mixed (green) 
pathways2,33, are shown in Fig. 5d and Extended Data Fig. 10b,c. Among 
them, the alternating pathway is more favourable for the NRR via NJUZ-
1. Subsequently, another proton attacks the other N atom to form the 
*NHNH species, with an increase of around 0.16 eV in free energy. Dur-
ing the following possible hydrogenation steps, including the reduction 
of *NHNH to *NHNH2, *NHNH2 to *NH2NH2, and *NH2NH2 to the release 
of the first NH3, the free energy decreases by −0.12, −0.49 and −1.79 eV, 
respectively, in the PBC model at the PBE-D3 level. Meanwhile, the Na–Nb 
bond length is gradually increased during these dinitrogen activation 
steps, as shown in Fig. 5d. Finally, the formation of the second NH3 has 
a decrease in free energy of −0.43 eV. The catalytic cycle is completed 
after the release of the second NH3, where the change of free energy is 
calculated to be −0.34 eV. We also investigated Mulliken charge vari-
ations in each elementary step (Extended Data Fig. 10d). Inspection 
of the Mulliken charge shows that the charge value on the Zn atoms 
(1.68 e) in saturated [Zn2+–(N2)−-Zn2+] moieties is smaller than that in 
unsaturated [Zn2+–(N2)−–Zn2+] moieties (1.70 e) in the PBC model. This 
demonstrates that the N2 molecule gains 0.20 e from NJUZ-1, which 
increases the length of the N≡N bond. The electron transfer mainly 

occurs between N2−mHn species and the framework, where NJUZ-1 can 
serve as an electron reservoir during the NRR process.

In addition, the other six different theoretical levels, includ-
ing the choice of different basis sets and DFT functionals (Sup-
plementary Tables 4–7 and Supplementary Fig. 1) as well as the 
DLPNO-CCSD(T)-based wave function methods (Supplementary Table 
8), were applied to the cluster model containing the Zn2+–(N≡N)−–Zn2+ 
catalytic site. The relative energies for the lowest energy species are 
close to each other using different theoretical levels with deviations of 
less than 0.2 eV. The different level computations also showed similar 
trends in the spin preference and free energy changes, ΔG, of endo-
thermic processes in the NNR.

Conclusion
In summary, we have demonstrated that a zinc-based coordination 
polymer with a bridging dinitrogen anion ligand can efficiently realize 
photocatalytic nitrogen fixation and conversion in an ambient environ-
ment without the need for an external electron-sacrificial reagent. 
The highly reactive bridge-coordinated [Zn2+–(N≡N)−–Zn2+] sites in 
the well-defined NJUZ-1 framework were repeatedly and reversibly 
converted into [Zn2+···Zn+] intermediates during the NRR process. The 
crucial features presented in the inherent molecular structure of NJUZ-1 
for photocatalytic NRR are: (1) the unsaturated and variable-valence 
metal cores offer the necessary vacant sites and transmit the excited 
electrons to activate dinitrogen species and (2) the D–A–D cavity pro-
vides a stable platform for light harvesting and sustaining the catalytic 
cycles. We believe that this work provides evidence for understanding 
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the mechanism of nitrogen fixation and conversion at the molecular 
level and may help broaden the choice of model catalyst based on metal 
complexes for efficient and stable artificial nitrogen activation and 
application.
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maries, source data, extended data, supplementary information, 
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Methods
Chemicals
The starting materials were of analytical grade and were used as com-
mercially obtained without further purification.

Synthesis of the L ligand
Tetra(isoquinolin-6-yl)tetrathiafulvalene (L) was prepared by a reflux 
reaction process, as illustrated in Extended Data Fig. 1. Briefly, Pd(OAc)2 
(84 mg), P(t-Bu3)·HBF4 (320 mg) and Cs2CO3 (240 mg) were placed in a 
reaction flask containing 1,4-dioxane (50 ml) under a N2 atmosphere. A 
mixture of TTF (300 mg) and 6-bromoisoquinoline (1.8 g) was added31. 
The reaction mixture was refluxed for 48 h at 115 °C. The organic com-
pounds were extracted three times with chloroform. The organic com-
pounds were purified by column chromatography with silica gel using 
petroleum ether–dichloromethane as the fluid phase to afford target 
product L as a dark green solid powder (yield: 73%). 1H NMR (CDCl3): 
δ = 9.21 (4H), 8.54 (4H), 7.86 (4H), 7.81 (4H), 7.58 (4H), 7.35 (4H) ppm.

Synthesis of Li(TCNQ)
Briefly, tetracyanoquinodimethane (TCNQ, 6.7 g) and LiI (13.4 g) 
were placed in dry boiling acetonitrile under a N2 atmosphere. The 
mixture was stirred for 1 h and cooled to room temperature. The 
light-precipitated purple solid (5.9 g) was washed and filtered several 
times with acetonitrile and diethyl ether. Then, the product was dried 
under reduced pressure overnight (yield: 65 % based on TCNQ).

Synthesis of NJUZ-1
NJUZ-1 was prepared based on L and Li(TCNQ). A solution of Zn(NO3)2 
(0.04 mmol) in CH3OH was allowed to diffuse into the solution of L 
(0.01 mmol) and freshly prepared Li(TCNQ) (0.02 mmol) in CHCl3 and 
dimethylformamide at atmospheric pressure and room temperature. 
This produced several shining dark crystals suitable for XRD analysis 
after they were kept for approximately one week on the wall of a test 
tube. Yield: 57% based on L. Elemental analysis of NJUZ-1; calculated: C 
60.10, N 12.64, H 2.55%; found: C 58.43, N 11.42, H 3.04%. Unless specified 
otherwise, this synthesis method was also used to prepare bulk samples 
for the following characterizations and photocatalysis experiments. 
Isotope-labelled 15N-NJUZ-1 was synthesized similarly to NJUZ-1, except 
that all steps used Schlenk technology under a 15N2 environment. The 
mixture was left for two weeks at room temperature and dark red 
crystals were obtained. Yield: 32% based on L.

Structural analysis of NJUZ-1 single crystals
The single crystal X-ray diffraction (XRD) study shows that each asym-
metric unit of NJUZ-1 contains one independent Zn centre, half of 
N2, one L ligand, half of the TCNQ–TCNQ dimer and half of the TCNQ 
moiety (Fig. 1a). As shown in Fig. 1b, the central Zn(II) ion adopts a 
distorted octahedral coordination environment, which is defined by 
four nitrogen donors from four L ligands in the equatorial plane and 
two nitrogen donors from dinitrogen and the TCNQ–TCNQ dimer. In 
a [(L)2(Zn2N2)4] cavity, a TCNQ molecule is sandwiched between two 
TTF units with an average π···π stacking distance of 3.652 Å, while the 
hydrogen atoms on the eight isoquinoline groups point towards the N 
atoms of TCNQ with C–H···N distances ranging from 2.667 to 3.022 Å 
(Extended Data Fig. 2c). It is worth noting that TCNQ acts as a μ-dimer 
and a single radical molecule in the NJUZ-1 crystal lattice. One of the 
most important features of the TCNQ species is that the different bond 
lengths will take on different charge states, and the charge on each 
TCNQ can be calculated using Kistenmacher’s empirical formula20. 
These values (Supplementary Table 9) are close to the expected charges 
of −1 and −2 for the TCNQ monomer and (TCNQ–TCNQ) dimer, respec-
tively. The central C=C bond length of the TTF core is 1.323 Å (Supple-
mentary Table 1), suggesting that the TTF moiety is in a neutral state31. 
The scarcity of other supplementary charged species in the crystal 
channel confirms the distribution of the valences in the asymmetric 

unit. In brief, one positive divalent Zn2+ ion completely corresponds 
to half of a negative divalent bridging dimer, half of a guest radical and 
half of an unidentified dinitrogen anion.

Characterizations
The C, H and N microanalyses were carried out using a Vario Micro Cube 
elemental analyser. For Fourier-transform infrared (FTIR) spectroscopy 
measurements, the samples were prepared into KBr pellets and the 
FTIR spectra were recorded in the range 4,000–400 cm−1 on a Vector22 
Bruker spectrophotometer. Raman spectra were obtained using a 
LabRAM Aramis instrument with a 633 nm laser wavelength. The Raman 
spectra of NJUZ-1 during the NNR reaction were measured using an 
in situ reactor. UV-vis diffuse reflectance spectroscopy (DRS) was per-
formed using a Shimadzu UV-2600 instrument with BaSO4 powder as 
the reference sample. TEM (on a JEOL JEM-4800 instrument) was used 
for the morphological and structural characterizations. Topographic 
AFM characterizations were performed using a Bruker Dimension 
Icon instrument. The ScanAsyst mode and an RTESP probe were used 
to measure the morphology and thickness of the NJUZ-1 nanosheets. 
PXRD patterns were obtained at room temperature on a Bruker D8 
ADVANCE instrument (Cu Kα1, λ = 1.54056 Å; Kα2, λ = 1.54439 Å) at a 
rate of 0.1° s−1. XPS measurements were performed on a PHI-5000 Versa 
Probe instrument equipped with an Al Kα monochromatized X-ray 
radiation source. The room-temperature EPR ’spectra were obtained 
using a Bruker ER-420 spectrometer with a 9.4452 GHz modulating 
magnetic field in the X band. Nitrogen adsorption measurements were 
performed on a Quantachrome Autosorb-IQ-2CTCD-VP instrument at 
room temperature.

Single crystal data were collected on a Bruker D8 Venture Photon 
II instrument (Mo Kα radiation, λ = 0.71073 Å) at 223(2) K and the data 
were reduced using APEX3 software. Absorption corrections were 
applied using the SADABS method. The crystal structures were solved 
and refined against F2 by the full-matrix least-squares method using 
the SHELXL-2016/6 program. The positions of the metal atoms and 
their first coordination spheres were located from direct-method 
electron-density maps. All non-hydrogen atoms were refined with 
anisotropic thermal parameters and hydrogen atoms were calculated 
theoretically, placed onto specific atoms and refined isotropically with 
fixed thermal factors. The thermogravimetric analysis (TGA) curve 
of NJUZ-1 is shown in Supplementary Fig. 2. Free solvent molecules 
of CHCl3 were removed from the data set using the SQUEEZE routine 
of PLATON, and the structural model was refined further using the 
generated data.

CCDC 2008863 contains the supplementary crystallographic data 
for this paper (Supplementary Table 10). These data can be obtained 
free of charge via www.ccdc.cam.ac.uk/data_request/cif or by email-
ing data_request@ccdc.cam.ac.uk or by contacting The Cambridge 
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; 
fax: +44 1223 336033.

Computational methods
Computational details and the choice of theoretical level. To pre-
sent reasonable results for understanding the experiments, both den-
sity functional theory (DFT) and CCSD(T) calculations were carried 
out at 10 different theoretical levels, that is, level1 to level10, including 
those using different DFT functionals and basis sets and even different 
software modules, as summarized in Supplementary Table 2. The com-
putational models were classified into two classes. One is the cluster 
model, which is cut from the crystal structure with an emphasis laid 
on the reaction site. The other is the PBC model, which represents the 
crystal structure with periodic boundary conditions (PBC).

For the calculations with the PBC model, the Grimme34 and OBS 
methods were applied in the Materials Studio software package35 to 
take the van der Waals interactions into account. The PBC model with 
a cell size of 12.4 × 16.3 × 38.9 Å3, was employed to model the NJUZ-1 
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system. The Gibbs free energy change (ΔG) of the intermediates in 
the NRR was calculated by employing the computational hydrogen 
electrode (CHE) model, which uses one half of the chemical potential 
of hydrogen as the chemical potential of the proton–electron pair36. 
The value of ΔG between two steps involved in the NRR process can 
be expressed as:

ΔG = G (N2−mHn@NJUZ − 1) +mG (NH3) − G (N2) − n/2G (H2) − G (NJUZ − 1)
(3)

where G(N2-mHn@NJUZ-1) is the Gibbs free energy of the intermedi-
ates in NJUZ-1, G(NH3), G(N2), G(H2) and G(NJUZ-1) are the Gibbs free 
energy values of ammonia, dinitrogen, hydrogen and the substrate, 
respectively, n is the number of H+/e− pairs transferred and m (m = 0, 1) 
is the number of NH3 molecules released. The computational results 
of the DFT/PBE-PBC calculations are presented in Extended Data Fig. 
10 and Supplementary Table 6.

To gain insight into the reaction pathway of the NRR, a cluster 
model containing Zn2+–(N≡N)−–Zn2+ as the catalytic site was also built 
from the crystal structure, as shown in Supplementary Fig. 3. The reac-
tion steps of the endothermic process were calculated using different 
functionals and basis sets with the Gaussian 16 package suite37. The 
geometry optimizations and calculation of the frequencies of the inter-
mediates were carried out at six different theoretical levels, including 
level1: B3LYP-D3 with a mixed basis set combination (6-31G(d) basis set 
on C, N and H atoms and LANL2DZ basis set on Zn atoms, in a polarizable 
continuum solvent model, CPCM38, with D3BJ empirical dispersion); 
level2: BP86-D3 (refs. 39,40) with a mixed basis set combination (def2-SVP 
basis set41 on C, N and H atoms, SDD basis set on Zn atoms, in a polariz-
able continuum solvent model, CPCM, with D3BJ empirical disper-
sion) and level3: M06-L-D3 (ref. 42) with a mixed basis set combination 
(def2-SVP basis set on C, N and H atoms, SDD basis set on Zn atoms, 
in a polarizable continuum solvent model, CPCM, with D3 empirical 
dispersion). Then, the high-level single point energy computations 
were employed, including basis set level4: def2-TZVPP43 basis set on C, 
N and H atoms, SDD basis set on Zn atoms in a polarizable continuum 
solvent model, CPCM, with D3BJ empirical dispersion; level5: def2-TZVP 
basis set; level6: def2-TZVPP basis set. The level1–level4 computational 
results are presented in Supplementary Table 4 (the number of basis 
functions), Supplementary Table 5 (the energy and relative energy of 
intermediates), Supplementary Table 6 (the free energy change along 
the reaction path) and Supplementary Table 7 (the spin preference of 
intermediates).

DFT calculations with the PBC model were also implemented using 
different DFT functionals and modules, including three levels using the 
DMol3 module44 (that is, BLYP (level7), PW91 (level8), PBE (level9)) and 
one level using the CASTEP module45, PBE (level10), in the Materials 
Studio software package35. The optimized geometry parameters and 
relative energies (ΔE) are summarized in Supplementary Fig. 1 and 
Supplementary Tables 2 and 3. It should be mentioned that the PBE 
results obtained from the two different codes, the DMol3 module44 and 
the CASTEP module45 are different from each other. This is caused by 
the difference between these two codes: pseudopotential basis sets are 
used in the CASTEP module, but the DMol3 module employs numerical 
basis sets for the calculations.

Time-dependent density functional theory calculations of excita-
tion energies. Time-dependent density functional theory (TDDFT) 
calculations of the excitation energies were performed with the  
Gaussian 16 package suite37. Geometry optimizations were carried 
out using DFT with the B3LYP functional. The 6-31G(d) basis set was 
employed for C, H, N and S atoms, while the LANL2DZ basis set, together 
with the related effective core potentials, was used for Zn atoms.  
The calculations of the vertical excitation energies of ligands or  
NJUZ-1 units were performed at the optimized geometries in the  

ground states (S0). The TDDFT-optimized geometries of the first 
excited singlet (S1) states were also obtained. The computational results 
are presented in Extended Data Fig. 7.

To show important fingertip aspects in the UV-vis spectra of  
NJUZ-1 (Extended Data Fig. 7a), two clusters were chosen to study 
the electronic structure of the low-lying excited states as shown in 
Extended Data Fig. 7b. For Cluster A (Nbasis = 1,764), including the Zn2+–
(N2)−–Zn2+ moiety, quinoline and TCNQ ligands, the absorption peaks 
calculated by the TDDFT method located at 589, 686, 697 and 931 nm 
could be attributed to the metal-to-ligand charge transfer (MLCT), 
as shown in Extended Data Fig. 7c. The related 396α orbital is mainly 
localized on the Zn2+–(N2)−–Zn2+ moiety and the 412α, 408α, 407α and 
404α orbitals are mainly attributed to the quinoline ligands in Cluster 
A. The absorption peak of Cluster B (TCNQ–TTF–TCNQ, Nbasis = 1,876) is 
located at 716 nm in the visible-light region, as shown in Extended Data 
Fig. 7d. This is assigned as the intramolecular charge transfer between 
the TTF and TCNQ molecules. The related 418β and 421β orbitals are 
mainly localized on the TTF and TCNQ molecules, respectively. The 
absorption peak at 508 nm could be ascribed to the intramolecular 
charge transfer between TTF and quinoline molecules.

Benchmarking the DFT methods with DLPNO-CCSD(T)-based wave 
function calculations. We have also carried out DLPNO-CCSD(T) 
calculations based on the closed-shell singlet B3LYP-D3/6-31G* geom-
etries of the *N2

0 and *N2H1+ species, as in Supplementary Fig. 4 and 
Supplementary Table 8. Such DLPNO-CCSD(T) or DLPNO-NEVPT2 
computations46,47 have been carried out in benchmarking the DFT 
study of the N2 or CO2 coupling reduction. The high-level single point 
energy computations using wave function methods were carried 
out at two basis set levels, including level5 (def2-TZVP basis set) and 
level6 (def2-TZVPP basis set). As shown in Supplementary Table 8, 
the DFT (B3LYP-D3) predicted relative energy of the *N2H1+ species, 
ΔE = 3.96 eV (level6) is in qualitative agreement with that predicted by 
DLPNO-CCSD(T). In addition, we employed the cluster-in-molecule 
(CIM) method48, which is a linear-scaling local correlation method for 
electron-correlation calculations of large systems and is combined 
with the domain-based local pair natural orbital (DLPNO) method for 
coupled cluster calculations of large systems49–51. Here, we performed 
CIM-DLPNO-CCSD(T) calculations using the LSQC 2.4 package52 (with 
an interface to ORCA53) for the singlet states of *N2

0 and *N2H1+ species 
(Supplementary Fig. 4), with the results shown in Supplementary Table 
8. The B3LYP-D3/def2-TZVP results show small deviations with respect 
to the CIM-DLPNO-CCSD(T)/def2-TZVP results. This implies that the 
obtained DFT results of the intermediates along the possible reaction 
pathways are reasonable.

Optimized geometry of intermediates with different functionals. 
The optimized structures are shown in Supplementary Fig. 1. The 
predicted N–N distances (dN–N) in the studied intermediates are insensi-
tive to the choice of theoretical level. The difference of the average 
distance between Zn and N atoms (d̄Zn−N) in the optimized structures 
using different levels is no more than 0.16 Å, which is obtained from:

d̄Zn−N = 1
n

n
∑
i=1

dZn−Ni (4)

where n is the number of the coordination distance between Zn and N 
atoms and dZn−Ni  is the distance between atom Zn and Ni, 
respectively.

Spin preference of intermediates calculated by B3LYP-D3. As shown 
in Supplementary Table 7, the energies of intermediates with different 
spin states were calculated using B3LYP-D3 with different basis sets 
(level1, level4). The geometrical structures of low spin and high spin 
states are shown in Supplementary Fig. 5. The low spin states have lower 
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relative energies than the high spin states along the reaction path of 
the endothermic process. Thus, we mainly investigated the low spin 
states in the NRR pathways.

The optimized structure for NJUZ-1. According to the DFT calculations 
at level7–level10, the linear structures showed a (Zn–N2–Zn) angle of 
175.5°, while the angle in the zig-zag structures was ~140°. The relative 
energies between the linear structures (Elinear) and zig-zag structures 
(Ezig-zag) were computed by ΔE = Ezig-zag−Elinear, in which the DMol3 calcu-
lated values of ΔE were −0.16, 0.01 and −0.08 eV, using PBE, BLYP and 
PW91 functionals, respectively. The energies of the linear structures 
were close to those of the zig-zag structures in the solid state calcu-
lated by DFT with the PBC model, even lower than the zig-zag one at 
level7 (ΔE = 0.01 eV). The calculated bond length of dN≡N was close to 
the experimental results.

DFT calculation for H source in the NRR catalysed by NJUZ-1. DFT 
calculations suggest that the H2O molecule could coordinate with 
the Zn atom with a dZn–O of ~2.2 Å, when it is adsorbed by the active N2 
ligand in both low and high spin states (Extended Data Fig. 9c). The low 
spin states have lower relative energies than the high spin states. Thus, 
we mainly investigated the low spin states in the NRR pathways. The 
hydrogen-bonding interaction could occur between the N2 ligand and 
H2O (dN–H ~1.7 Å) to facilitate the formation of the *N2H intermediate. 
The O–H bond in H2O close to the N2 ligand is activated and elongated 
to ~1.0 Å, indicating that the H2O molecule should be the H source of the 
nitrogen fixation. In the cluster model, the charge transfer between the 
H2O molecule and the Zn atom makes the charge of the Zn atom more 
positive (QZn = 0.98 e) than that without the adsorption of H2O (QZn = 
0.89 e), indicating that the binding with the N2 ligand in NJUZ-1 could 
promote the activation of H2O and the hydrogenation of N2.

Photocatalytic NRR measurements
The nitrogen fixation tests were conducted in a 250 ml cylindrical 
quartz reactor with a diameter of 5.0 cm at ambient pressure using a 
300 W Xe lamp (350–780 nm, without cutoff filter, illumination area: 
19.6 cm2) as the light source. The reactor was cooled with constant 
water circulation to ensure that the reaction proceeded at 25 °C. Briefly, 
20 mg of photocatalyst was uniformly dispersed into 60 ml of deion-
ized water with sonication and then transferred into the reactor. The 
designated feeding gas flow was bubbled into the reactor for 60 min in 
the dark to obtain a gas-saturated mixture. The ammonia synthesis pro-
cess was conducted with continuous stirring and the feeding gas bub-
bling for 180 min under constant Xe lamp illumination. Every 30 min, 
3 ml of the solution was removed from the reactor and centrifuged at 
10,000 r.p.m. for 10 min to completely remove the photocatalyst. To 
ensure repeatability, each experiment was repeated independently at 
least three times and the representative results are shown in the main 
text figures and Supplementary Figures. The ammonia concentra-
tion was measured using the ion-chromatography method (Dionex 
ICS-900) and was determined from a standard curve using various 
concentrations of NH4Cl (0, 8, 16, 48, 80 and 112 μmol l−1), as shown in 
Supplementary Fig. 6.

1H NMR spectral analysis for 15N2 isotope-labelling NRR 
experiments
The isotope-labelling experiments were carried out with 20 mg of 
NJUZ-1 photocatalyst under a 15N2 atmosphere (15N2 98% enrichment, 
Sigma) in 40 ml of deionized water. The 98% 15N2 gas was purified 
through 0.05 M HCl in advance (Supplementary Fig. 7a), before it 
flowed into the NNR reactor, to exclude the contamination from ammo-
nia impurity that may influence the results of isotope labelling. There 
was no ammonia contamination as verified by the 1H NMR spectra in 
Supplementary Fig. 7b. An amount of suspension (6 ml) was removed 
from the photocatalytic reactor, centrifuged at 10,000 r.p.m. and 

acidified with 0.05 M diluted HCl. The acidified liquid was concentrated 
to a volume of 1.0 ml through a vacuum-drying process. D2O was added 
to a closed tube for 1H NMR measurements that were performed using 
a superconducting Fourier-transform NMR spectrometer (Bruker 
Avance-600).

Data availability
All experimental details and data supporting the findings of this study 
are available within the paper and its Supplementary Information. 
The data are also available from the corresponding authors upon 
reasonable request. Crystallographic data for the NJUZ-1 structure 
have been deposited at the Cambridge Crystallographic Data Centre, 
under deposition number CCDC 2008863. Copies of the data can be 
obtained free of charge via https://www.ccdc.cam.ac.uk/structures/. 
Source data are provided with this paper.
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Extended Data Fig. 1 | Synthetic process and 1H-NMR analysis of L. a Schematic synthetic process of L ligand. b 1H-NMR spectrum of CDCl3 dissolved L ligand.
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Extended Data Fig. 2 | Schematic structure diagram of NJUZ-1. a (2, 4, 6) 3-nodal simplified 3D topological network of NJUZ-1. b The 2D layered structure of NJUZ-1 
viewed along the b axis. c The interactions of π···π stacking and C-H···N hydrogen bonds in the cage of [(L)2(Zn2N2)4].
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Extended Data Fig. 3 | Spectroscopy and EPR characterizations of NJUZ-1.  
a The IR spectra measured in air (black curve) and vacuum (dark cyan curve). The 
two split peaks at around 2100 cm−1 are attributed to the cyano groups in TCNQ. 
b Simulated IR spectrum of C≡N bonds in NJUZ-1 calculated by DFT at level1. c 
Raman spectra of 14N-NJUZ-1 and 15N-NJUZ-1. The peak at ~2005 cm−1 is dinitrogen 
complexes for 14N-NJUZ-1. As for 15N-NJUZ-1, the 15N≡15N stretching vibration is at 
~1920 cm−1, with a small red shift (~80 cm−1) compared to that of 14N-NJUZ-1. The 

peaks at 2224, 2203 and 2192 cm−1 are derived from the cyano groups in TCNQ.  
d Simulated Raman spectrum of Zn-C≡N-Zn structure calculated by DFT at level1. 
The insert shows the proposed Zn-C≡N-Zn structure. e Experimental solid EPR 
spectrum at low temperature (93 K) compared with simulated EPR spectrum 
(ν = 9.4452 GHz). f Experimental solid EPR spectrum of 15N-NJUZ-1 measured at 
room temperature (ν = 9.8519 GHz). a.u. refers to absorbance unit.
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Extended Data Fig. 4 | Spin-density distributions of cluster models and PBC models. a cluster models and b PBC models. The values of spin-populations 
(isovalue = 0.005) on N2 ligands are given in square brackets.
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Extended Data Fig. 5 | Spin-density distributions of different reaction intermediates at reaction sites (ClusterA models). The values of spin-populations 
(isovalue = 0.005) on N2 ligands are given in square brackets.
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Extended Data Fig. 6 | Structure characterizations of NJUZ-1. a Representative TEM image of NJUZ-1. b Typical AFM image and the corresponding height profiles of 
NJUZ-1. c N2 adsorption isotherm of NJUZ-1 at room temperature.
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Extended Data Fig. 7 | TDDFT calculations of excitation energies. a UV-Vis 
spectrum and fingertip aspects of NJUZ-1. b ClusterA and ClusterB models, 
which were built from NJUZ-1 crystal. c The TDDFT calculated orbital energy 

levels of ClusterA. d The TDDFT calculated orbital energy levels of ClusterB. a.u. 
refers to arbitrary unit.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | NRR performances and structure characterizations 
of NJUZ-1. a The percentage of ammonia yield rate of NJUZ-1 with unpurified air 
flow compared to that with N2 flow. b Total ammonia yield of NJUZ-1 after a long-
term NRR process for 25 h. c Typical gas chromatograph spectrum (measured by 
TCD detector) of the gas byproducts yielded during the NRR process catalyzed 

by NJUZ-1. d XRD patterns of NJUZ-1 before and after 3, 10 and 25 h of the NRR in 
comparison with the simulated XRD pattern, respectively. e and f Typical TEM 
image of NJUZ-1 after the NRR for 3 and 10 h, respectively. g Nitrogen adsorption-
desorption isotherms of representative NJUZ-1 before and after the NRR test for 
25 h. a.u. refers to arbitrary unit.
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Extended Data Fig. 9 | Isotope labelling experiments and spin-density 
distributions with water in ClusterA. a 1H NMR spectrum of the products 
measured from 15N-NJUZ-1 after the NRR process for 20 h under Ar atmosphere. 
b 2H and 1H-NMR analyses of ND3 product after the NRR process of NJUZ-1 in D2O. 
c Spin-density distributions in ClusterA models with H2O adsorption. The values 

of spin-populations (isovalue = 0.005) on N2 ligands are given in square brackets. 
d Solid-state NMR analyses of standard 15NH4Cl sample (black curve) and the 
NJUZ-1 photocatalyst after the NRR process with 15N2 feeding gas for 20 h (dark 
cyan curve).
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Schematic crystal structure and proposed NRR 
reaction pathways over NJUZ-1. a Schematic crystal structure of NJUZ-1. The 
purple, grey, blue, yellow, and white balls are corresponding to Zn, C, N, S, and H 
atoms, respectively. b Gibbs free energy profile of the NRR process over NJUZ-1 

with alternating (blue), mixed (green) and distal (grey) pathways. c Proposed 
reaction pathways for the NRR process over NJUZ-1. d Charge variation of 
the N2-mHn species along the possible alternating, mixed and distal pathways, 
respectively.
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