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Methods 
 
Chalcogel precursor synthesis. 
    All manipulations were performed in a N2 atmosphere glovebox.       
(NBu4)3[Mo2Fe6S8(SPh)3Cl6] (Cluster 1) was synthesized as follows: 1) 40 mmol (5.28 g) of 
Sodium thiophenolate was dissolved in 40 mL methanol with stirring. To this solution was added 
a solution of 10 mmol (1.62 g) FeCl3 in 20 mL methanol; 2) The above solution was stirred for 
30 minutes, and then 3.3 mmol (0.87 g) of (NH4)2MoS4 was added; 3) The reaction mixture was 
then stirred overnight, and then filtered into a methanolic solution of NBu4Br (10 mmol, 3.22 g 
in 20 mL methanol). A black precipitate forms, which is vacuum filtered and allowed to dry; 4) 
The crude product is then recrystallized by dissolution in warm acetonitrile (~40 mL at 60°C) 
and filtered immediately and finally 200 mL of methanol is added to the above warm acetonitrile 
solution; 5) After 3-4 days standing, pure black platelike crystals are obtained, which are filtered, 
washed with methanol, and dried under vacuum; 6) (NBu4)3[Mo2Fe6S8(SPh)9]  is converted into 
the cluster (NBu4)3[Mo2Fe6S8(SPh)3Cl6] (cluster 1) by the addition of benzoyl chloride (PhCOCl, 
~400 μL) into a solution of  2530 mg of (NBu4)3[Mo2Fe6S8(SPh)9] in acetonitrile, followed by 
stirring for 3-4 hours at elevated temperature (50°C) and precipitation with a large excess (~ 400 
mL) of ether after overnight standing.  
      (Ph4P)2[Fe4S4Cl4] (Cluster 2) was synthesized as follows: 1) 1.0 g of FeCl2 (7.89 mmol), 1.56 
g of NaSPh (11.80 mmol), 1.48 g of Ph4PCl (3.94 mmol), and 0.32 g of S (9.86 mmol) were 
dissolved in 40 mL acetonitrile and stirred for 1.5 hours at room temperature;  2) The brown 
solution was filtered, and 200 mL of ether was added to the filtrate and allowed to stand 
overnight; 3) Then, the solution was filtered and washed with ether, yielding a black crystalline 
product; 4) These black crystals were re-dissolved in acetonitrile and filtered to collect the 
filtration; 5) An excess of ether was added to the resulting amber-brown solution and again 
allowed to stand overnight; 6) The resulting black crystals were filtered, washed with ether, and 
allowed to dry under nitrogen.  

The Na4Sn2S6·14H2O (Cluster 3) was synthesized using a modification of the literature 
method as follows: 1) 60 mmol of Na2S·9H2O (14.4 g) was dissolved in 100 mL of water with 
vigorous stirring; 2) 15 mmol (5.2 g) of SnCl4·5H2O is dissolved in 5 mL water and continuously 
added to the Na2S solution with vigorous stirring. Yellow flakes form upon addition of the SnCl4, 
and control the addition speed to be sure that yellow flakes are always present, which eventually 
dissolve to form a transparent yellow solution; 3) The clear yellow solution is then slowly added 
to 300 mL acetone with vigorous stirring. The acetone solution goes from clear to blue to green, 
and ultimately viscous yellow oil is seen on the bottom of the flask with a white translucent 
solution on top. The flask is placed in a refrigerator at -20°C for 2 days; 4) The top transparent 
layer is decanted away, and 100 mL of acetone is added to the yellow oil with vigorous stirring. 
The mixture is then manually shaken until a white precipitate forms; 5) The flask is placed back 
into the refrigerator for another 24 h, and then the precipitate is collected, filtered, washed with 
acetone, and dried under mild vacuum in the fume hood.  
Chalcogel Synthesis.   

Chalcogel synthesis was performed in a N2 atmosphere glovebox. The detailed procedure is as 
follows:  
      1) In a typical synthesis, 100 mg (~0.12 mmol) of Na4Sn2S6·14H2O was dissolved in 1 mL of 
N-methylformamide in a scintillation vial; 2) In a separate vial, 250 mg (~0.12 mmol) of Cluster 
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1, 2 or 1&2, or 1&inert ions was dissolved in 1 mL of N, N-dimethylformamide, respectively; 3) 
This solution was then slowly added to the Na4Sn2S6·14H2O solution. The Na4Sn2S6 solution is 
shaken manually during addition. When the addition is complete, a viscous black liquid results. 
This liquid is left undisturbed at room temperature for one week. At that time, the viscous liquid 
has completely solidified into a black gel; 4) The gel is subjected to cleaning by solvent 
exchange with a 4:1 (v:v) mixture of ethanol and water (4x), followed by pure ethanol (3x). The 
solvent is exchanged every 24 hours, so that the entire cleaning procedure took about a week.  
 
Chalcogel Characterizations. 
        Scanning Electron Microscopy was performed on a Hitachi S4800N-II instrument equipped 
with an energy dispersive spectroscopy (EDS) detector. Transmission Electron Microscopy was 
performed on a Hitachi 8100 instrument. A critical point drying apparatus (Tousimis Autosamdri 
815B Series A) was used to remove the solvent from the solvent-exchanged chalcogels. Slices of 
the chalcogel were placed into the critical point dryer, and the chamber was cooled with liquid 
carbon dioxide to 0 °C. Liquid CO2 was then introduced into the chamber to exchange out the 
remaining ethanol solvent. Fresh liquid CO2 was introduced into the chamber every 20-30 
minutes over the course of 7-8 hours in order to completely remove all traces of ethanol. Then, 
the supercritical drying was done at elevated temperature and pressure (41 °C, 1400 psi) for 4 
minutes, followed by the gaseous CO2 being slowly bled out of the chamber. The aerogels are 
then immediately placed under nitrogen to minimize oxidation from the air, and can then be used 
for surface area measurements by nitrogen adsorption. The aerogels are placed in a sample tube 
and degassed at 75 °C under vacuum overnight. Nitrogen adsorption/desorption isotherms were 
obtained at 77 K on a Micromeritics ASAP 2020 instrument. The surface area was measured 
using the Brunauer-Emmett-Teller (BET) model using a series of relative pressures P/P0 from 
0.05-0.30. For thiol extrusion studies: 30 mg of dried gel was suspended in 9 mL of DMF 
following with addition of 1 mL of HSPh, leading to a dark brown colored solution. UV-Vis 
spectroscopy was employed to characterize the absorbance of the diluted solution at 455 nm.  
 
Cyclic Voltammetry. 
         In a conventional three-electrode setup using Chi 900B Potentiostat, Pt wire and Ag/AgCl 
were used for the counter and reference electrodes respectively. A 0.1M tetrabutylammonium 
hexafluorophosphate in acetonitrile flushed with N2 gas was used as an electrolyte solution. The 
slices of wet chalcogel were placed on the surface of the working electrode (glassy carbon 
electrode) by packing them with a blade gently. The electrolyte was then introduced to the cell 
carefully so that the chalcogels were stable on the surface of the electrode.  
 
Supplement description of the main text.  

The morphological and structural characterizations of FeMoS-SnS, FeS-SnS, FeMoS-Sb-SnS, 
FeMoS-Sn-SnS, and FeMoS-Zn-SnS chalcogels were illustrated in SI Appendix, Fig. S4-7, 
respectively. The similar morphologies and comparable surface area suggested that the 
incorporation of a third component (Fe4S4, Sb3+, Sn4+, Zn2+) does not change the structural 
properties of the biomimetic chalcogels comparing with original FeMoS-SnS chalcogel. The 
schematic illustration of FeS-SnS gel linked by Sn2S6 is shown in SI Appendix, Fig. S5a. The 
SEM image of FeS-SnS in SI Appendix, Fig. S6b indicates the typical morphology of the 
chalcogel. TEM in SI Appendix, Fig. S5c demonstrates porosity of the FeS-SnS chalcogel also 
lacking of long-range order and selected area electron diffraction indicated amorphous property 
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of the chalcogel. The FeS-SnS gel featured large surface area 148 m2/g, which might contribute 
to the more active sites for N2 adsorption and binding (SI Appendix, Fig. S5d). The Mössbauer 
spectrum of the FeS-SnS gel recorded at 77 K, as shown in SI Appendix, Fig. S5e, is composed 
of a quadrupole split part, which was fitted using a combination of two components of equal 
areas. The resulting Mössbauer parameters (IS1=0.45 mm/s, IS2=0.45 mm/s and QS1=0.65 mm/s, 
QS2=1.12 mm/s) are indicative of the Fe4S4 cluster.1 

Usually, proton and electron sources are simultaneously required for catalyzing conversion of 
N2 to ammonia.2 Hydrogen and NADH (Nicotinamide adenine dinucleotide, reduced form) were 
employed as the potential hydrogen and electron donors, respectively. However, in such cases, 
no ammonia could be obtained in the presence of FeMoS-FeS-SnS chalcogel, which suggested 
its different behavior from industrial Haber-Bosch Iron catalyst or nitrogenase (SI Appendix, 
Table S3, entry 6-7). Based on our group’s previous work, NaAc and PyrH were chosen to act as 
electron and proton sources, respectively.3 Without either of two, production of ammonia was 
impossible, which further confirmed the standard condition. However, when both NaAc and 
PyrH were replaced with 5 mM L-ascorbic acid (abbreviated as L-AA, and pH of starting 
reaction solution equals to ca. 3.4), some ammonia (2.5 ppm) was detected. In such case, L-AC 
was thought to act as both electron donor and proton donor to accomplish N2 reduction. When 
we used L-AA as the equivalent of NaAc and PyrH, 55 mM of L-AA was added to the reaction 
solution. In such a case, only slightly higher ammonia production was obtained. However, too 
much L-AA (110 mM, pH=2.8) will harm the photocatalytic performance, and only trace amount 
(1 ppm) of ammonia could be obtained (SI Appendix, Table S3, entries 9-11). Further 
incorporation of 5 mM L-AA and 50 mM PyrH (pH=3.1) gave greater performance (10.2 ppm), 
as also illustrated in SI Appendix, Fig. S9a. This suggests that the combination of L-AA and 
PyrH gives slightly better performance than that of NaAc and PyrH combination. The inferior 
results in the presence of only L-AA also implicated that pyridine might play role beyond proton 
donor. As it’s well known that pyridine or the intermediate dihydropyridine could catalyze the 
CO2 reduction in heterogeneous and homogeneous solutions,4-6 we speculate the pyridine herein 
might also contribute to the N2 reduction beyond the proton donor role. Further analysis is still 
needed to elucidate the real role of the pyridine. The common electron mediator I- was also 
combined with PyrH and 1 ppm of NH4

+ was induced to form (See SI Appendix, Table S3, 
entries 12-13). Further identifying more optimal electron and proton donor combinations are 
underway. 

Control experiments were performed on DRIFTS. The bands at 1753 or 1746 cm-1 do not 
appear without both light irradiation and flow of N2 (SI Appendix, Fig. S12). No changes could 
be observed in the DRIFTS spectra under Argon atmosphere for the FeMoS-FeS-SnS aerogel 
sample in either dark or light conditions. The control experiments clearly suggested the newly 
formed bands at 1753 and 1746 cm-1 originated from in situ light reactions with N2.  
 

Broken Symmetry DFT Calculations.  
As described earlier, high spin solutions for the model complexes (SI Appendix, Fig. S14) 

were calculated for each oxidation state. Then, different combinations of spin flips were 
performed on all of the open shell metal centers. For the MoFeS cluster, because the exact 
oxidation state of each metal was unknown and the large number of possible combinations of 
spin flips that could be performed, we restricted ourselves to only investigating combinations 
that would lead to an overall Ms = 0 or Ms = 3 for the 3- oxidation state and Ms = 0 or Ms = 4 for 
the 5- oxidation state, in accordance with past magnetic measurements made on the complexes.7 
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Lowest energy solutions were selected and geometry optimizations were performed for these 
combinations. The lowest energy solution for each oxidation state involved the same sequence of 
spin flips outlined in SI Appendix, Fig. S15. For the Fe4S4 cluster, optimal combinations of spin 
flips were found in the same manner, though all of the possible combinations could be explored 
due to the small combination space involved in four iron atoms. All calculations were performed 
with the TPSSh functional8 using the relativistically contracted Karlsruhe def2-TZVP basis 
sets9,10 with the RIJCOSX approximation11-13 and ZORA approximation.14,15 All calculations 
also included aqueous solvent effects using the COSMO solvation model16 and account for 
dispersion forces with the DFT-D3BJ dispersion correction of Grimme.17,18 For nitrogen binding, 
several configurations were tested with various Fe and Mo centers as the binding site. The only 
stable configurations occurred between nitrogen and molybdenum or nitrogen and iron when a 
chloride ligand was released. The energy of reduction in Fig. 6 was computed by calculating the 
energy difference between the ascorbate ion and its radical form and adding this difference to the 
difference between the complex and its reduced form. Similarly, proton energies were computed 
by factoring in the difference in energy between pyridinium and its deprotonated form, pyridine. 
These molecules were optimized using the same functional, basis sets, and other approximations 
as used in the broken symmetry calculations; their energies are compiled in SI Appendix, Table 
S4. 
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Table S1. Summary of the reported examples of photochemical N2 fixation in the literatures and 
this work.  
Entr

y 
Catalyst 
system 

Irradiatio
n light 

Eg 
(eV) NH

4

+
 

concentratio
n (ppm) 

Reactio
n time 

(h) 

Detection 
method 

Sacrificial agent References  

1 Fe/TiO
2
 Hg arc 

lamp 
3.2 0.1 ppm (20 

ml*) 
3 Colorimetri

c method 
by Kruse 

and Mellon 

H
2
O J. Am. Chem. 

Soc., 1977, 99 
(22), 7189-

7193 
2 Fe

2
Ti

2
O

7
 λ >320 

nm 
2.919 0.306 ppm 

(32 mL) 
24 Colorimetri

c method 
by Kruse 

and Mellon 

CH
3
CH

2
OH Angew. Chem. 

Int. Ed. 2001, 
40, 3993-3995. 

3 Au/Nb-
SrTiO

3
/R

u 

800 
nm>λ>55

0 nm 

3.2 0.72 ppm 
(0.2 ml) 

24 Indophenol 
method 

CH
3
CH

2
OH+H

Cl 
Angew. Chem. 
Int. Ed. 2014, 
53, 9802-9805 

4 Diamond λ >190 
nm 

5.5 0.8 ppm (10 
ml**) 

24 Indophenol 
method 

KI Nat. Mater. 
2013, 12, 836-

841 

5 BiOBr-ov λ > 420 
nm 

2.8 1.08 ppm 
(100 ml) 

1 Nessler’s 
Reagent 

H
2
O J. Am. Chem. 

Soc., 2015, 
137, 6393-

6399 
6 FeMoS-

SnS 
Chalcoge

l 

λ >190 
nm 

0.9  5.3 ppm 48 Indopheno
l method 

PyrH and NaAc J. Am. Chem. 
Soc., 2015, 13
7, 2030–2034 

 
7 FeMoS- 

FeS-SnS 
chalcogel 

λ >190 
nm 

0.7 10.5 48 1H NMR PyrH and NaAc This work 

8 FeS-SnS 
chalcogel 

λ >190 
nm 

NA**
* 

16 48 1H NMR PyrH and NaAc This work 

* The volume is not indicated in the paper. We assume 10 ml of the reaction solution for calculation of ppm 
concentration. 
** The volume is not indicated in the paper. We assume 10 ml of the reaction solution for calculation of ppm 
concentration. 
*** Fe4S4 aerogel is extremely air-sensitive and the diffuse reflectance spectrum of this gel can’t be obtained under 
ambient experimental condition.  
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Table S2. Synthetic parameters and the empirical formula of the chalcogels. 

 Composition  
1 

Compositio
n 2 

Gelatio
n status 

 

Empirical formula 
 

MW 
 

Solid 
content in 

wet 
chalcogel%

* 
 

Mo2Fe6S
8 in 

DMF 

M in 
DMF 

Na4Sn2S6  
in NMF 

FeMoS
-SnS 

0.12 
mmol 

0 0.12 mmol  
Na5[Mo2Fe6S8(SPh)3](Sn2S6)3 251

6 
12 

FeMoS
-FeS-
SnS 

0.06 
mmol 

0.06 
mmo

l 

0.12 mmol  
NaP2.2[Mo2Fe6S8(SPh)3][Fe4S4](Sn2S6

)2.2 
318
0 

0.12 

FeMoS
-Sb-
SnS 

0.06 
mmol 

0.06 
mmo

l 

0.12 mmol  
Na6[Mo2Fe6S8(SPh)3](Sn2S6)5Sb2 364

3 
0.11 

FeMoS
-Sn-
SnS 

0.06 
mmol 

0.06 
mmo

l 

0.12 mmol  
Na4[Mo2Fe6S8(SPh)3](Sn2S6)6Sn2 402

1 
0.14 

FeMoS 
-Zn-
SnS 

0.06 
mmol 

0.06 
mmo

l 

0.12 mmol  
Na5[Mo2Fe6S8(SPh)3](Sn2S6)5Zn2 350

6 
0.13 

FeS-
SnS 

0 0.12 
mmo

l 

0.12 mmol  
Na

1.2
[Fe

4
S

4
](Sn2S6)2.5 145

5 
0.12 

 
*Solid mass left after drying the wet chalcogel was used to determine that moles of catalyst used. 
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Figure S1. (a) XRD pattern of FeMoS-FeS-SnS chalcogel, indicating the amorphous property. (b) 
Mössbauer spectrum of the FeMoS-FeS-SnS chalcogel recorded at 77 K and the corresponding 
parameters obtained from the Mössbauer measurement. (c) Typical energy-dispersive spectrum 
of FeMoS-FeS-SnS chalcogel. The inset table in panel e indicates the atom and weight ratio in 
FeMoS-FeS-SnS chalcogel. (d) UV-vis spectra of FeMoS-FeS-SnS chalcogels that have been 
exposed to excess benzenethiol in the absence (blue) and presence of PyrH and NaAc, 
respectively. 
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Table S3. Summaries of the photochemical N2 fixation results. 

Entry e- H+ Nitrogen source Yield (ppm) 

1* NaAc PyrH 14N2 8.3 

2** NaAc PyrH 14N2 4.1 

3*** NaAc PyrH 14N2 0 

4**** NaAc PyrH 14N2 0 
5 NaAc PyrH Pressured N2 7 

 e- H+ pH Yield (ppm) 

6 H2 7 0 
7 NADH 7 NA 
9 5 mM Ascorbic Acid 3.4 2.5 

10 55 mM Ascorbic acid 3.2 3.4 
11 110 mM Ascorbic acid 2.8 1.0 
12 5 mM Ascorbic acid PyrH 3.1 10.2 

13 KI PyrH 4 1 
* Standard condition 
** Equipped with 420 nm filter 
*** No light 
**** No chalcogel 
 
 
 

 
Figure S2. 1H NMR of the starting reaction solution with 10% DMSO-d6. The rectangular 
frames indicate the corresponding sacrificial agents. 
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Figure S3. (a) 1H NMR of a series of authentic 14NH4Cl sample with different concentrations. (b) 
14NH4Cl authentic sample calibration curve on 1H NMR. 
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Figure S4. Characterizations of FeMoS-SnS Chalcogel. (a) SEM images with different 
magnifications. (b) Cyclic voltammetry of FeMoS-SnS chalcogel at 50 mV/s scan rate with first 
reduction peak at -0.89 V. (c) EDX spectra of FeMoS-SnS chalcogel. (d) N2 adsorption-
desorption isotherms of FeMoS-SnS aerogel.  
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Figure S5. a) The schematic chalcogel network consisting of (Ph4P)2[Fe4S4Cl4] and the linking 
agent Sn2S6

4-; (b) SEM image of FeS-SnS chalcogel. (c) TEM image of Fe4S4 chalcogel with the 
insets showing TEM SEAD pattern images. (d) Nitrogen adsorption/desorption isotherms 
obtained at 77 K of FeS-SnS aerogel. (e) Mössbauer spectrum of the FeS-SnS chalcogel recorded 
at 77 K. (f) Cyclic voltammetry of FeS-SnS chalcogel at 50 mV/s scan rate with first reduction 
peak at -0.91 V. 
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Figure S6. FeMoS-Sb-SnS chalcogel characterizations. (a) SEM images with EDX in the inset. 
(b) N2 adsorption-desorption isotherms of FeMoS-Sb-SnS aerogel. (c) UV-vis spectrum of 
FeMoS-Sb-SnS chalcogel that have been exposed to excess of benzenethiol. (d) Mössbauer 
spectrum of the FeMoS-Sb-SnS aerogel recorded at 77K.  
 
 

 
Figure S7. SEM and EDX characterizations of FeMoS-Sn-SnS (a) and FeMoS-Zn-SnS (b) 
chalcogels, respectively. 
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Figure S8. Photocatalytic N2 reduction performance comparisons for FeMoS-M-SnS 
Chalcogels. 
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Figure S9. (a) The N2 fixation kinetics over FeMoS-FeS-SnS chalcogels for a set of control and 
optimum reaction conditions. L-AC: L-Ascorbic acid; NaAc: Sodium Ascorbate; PyrH: 
pyridinium hydrochloride. (b) 1H NMR spectra of ultrapure H2O showing absence of 
adventitious NH3 (this water was employed in all our experiments). (c) 1H NMR spectra of the 
experiment containing all ingredients (FeMoS-FeS-SnS chalcogels, Sodium Ascorbate; 
pyridinium hydrochloride) but conducted in the dark.  (d) 1H NMR spectra of a control 
experiment with Na4Sn2S6 replacing FeMoS-FeS-SnS chalcogels under standard N2 reduction 
conditions (Sodium Ascorbate 10 mg; pyridinium hydrochloride 55 mg; N2 flow; H2O 10 ml). 
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Figure S10. 1H NMR of a 15NH4Cl standard sample used for the calibration curve.. 
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Figure S11. (a) Photocatalytic setup for 15N isotopic labelling experiment with irradiation from 
Xenon lamp; (b) the outlet needle was present to purge the solution with continuous gas flow; (c) 
after purging with helium and 15N≡14N, consecutively, the outlet was removed and 15N≡14N 
pressure was built up for running reaction.  
 
 

 
Figure S12. DRIFTS spectra of FeMoS-FeS-SnS with H2O and 14N2 in the absence of light 
irradiation (a); FeS-SnS aerogel with D2O and 14N2 in the absence of light irradiation (b). 
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Figure S13. DRIFTS spectra of FeMoS-SnS with H2O and 14N2 in the presence of light 
irradiation (a); FeS-SnS aerogel with H2O and 14N2 in the presence of light irradiation (b); (c) 
FeS-SnS aerogel with D2O and 14N2 in the presence of light irradiation; (d) Full-scale DRIFTS 
spectrum of FeMoS-FeS-SnS (corresponding to Figure 5b in main context) with H2O and 14N2 
flow collected under light irradiation. 
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Table S4. Energies of electron and proton sources optimized the same level as described earlier 
for the broken symmetry DFT calculations.  
 

Species Energy (hartree) 

Ascorbate -685.349638198351 

Ascorbate (Neutral Radical) -685.1805441 

Pyridinium -249.0558625 

Pyridine -248.5976229 
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Figure S14. (a) Optimized geometry of model compound [Mo2Fe6S8(SPh)3Cl6]3-. (b) Optimized 
geometry of model compound [Fe4S4Cl4]2-. Mo = teal, Fe = orange, S = yellow, C = gray, H = 
white, and Cl = green. 

 
Figure S15. Combination of spin flips of the model complex that lead to the lowest energy 
broken symmetry DFT solution. Red arrows above a metal atom indicate that its spins were 
flipped during the calculation. Blue arrows above a metal atom indicate that its spins were 
undisturbed during the calculation. Such a combination of flips leads to antiferromagnetic 
coupling between the two cubanes for even total number of electrons, or when n = 3 or n = 5. 
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