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Figure S1. a) Nitrogen isotherms and Barrett-Joyner-Halenda pore size (dP) distribution (inset) at 77 K of 

the Fex/MCN catalysts and the metal-free carrier (MCN). The total surface area of the solids was in the 

range of 216-231 m2 g−1 and the mesopore size corresponds to the 12 nm-sized template particles. b) XRD 

patterns of the Fex/MCN catalysts and MCN. The legend applies to both panels. The samples exhibit 

showing typical reflections of in-plane repeated motifs and interlayer stacking of graphitic carbon nitride 

at 13 and 27° 2, respectively.[1] No reflections indicative of the presence of crystalline iron-containing 

phases were identified.  
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Figure S2. a) TEM, b) SEM, and c) corresponding AC-ADF-STEM images showing the morphology of 

MCN. Mesopores of varying size are uniformly distributed across the carrier.  



 

2 

 

 

Figure S3. a) O 1s and b) N 1s photoelectron spectra of Fex/MCN catalysts (open symbols) and derived 

fits (shaded areas).[2] The corresponding O and N contents and the percentage distributions of the 

corresponding components are shown inset. Except for minor variations, the different metal precursors have 

no impact on heteroatom speciation of the carrier.  
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Figure S4. a)-d) ADF-STEM images and corresponding elemental maps of Fe and N of Fex/MCN 

catalysts, revealing a homogeneous distribution of the metal. Localization of the iron signal is evident in 

FeNP/MCN consistent with the presence of aggregated nanoparticles in this sample (panel d). e)-h) The 

main emission lines of iron corroborate the presence of the element in the mapped areas.  
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Figure S5. a) Thermogravimetric profiles of the dimeric and trimeric iron precursors (structures shown 

inset. Color code: Fe-brown; C-gray; O-red; H-white). A sharp decomposition is observed in both cases 

below the temperature of thermal activation (573 K, dashed lines) coupled to the evolution of CO, CO2 and 

H2O as evidenced by mass spectrometry. The observed weight loss (wobs) at 573 K is close to the calculated 

value (wcal), assuming the complete decomposition of the precursors. A significant deviation of 8% for 

the trimeric precursor arises due to CO loss during the drying step.[3] b) The DRIFT spectra of the catalysts 

Fex/MCN are virtually identical to the one of the MCN carrier. Aside from bands corresponding to the 

condensed heptazinic rings, defect features (e.g., NHx- or unpolymerized cyano-groups) are evidenced, 

coinciding with literature reports.[2] A zoom of the region defined by the grey box is shown inset, where 

characteristic CO-vibrations (indicated by vertical lines) of the iron precursors are expected.[3,4]  
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Figure S6. Gibbs energy profiles at T = 573 K describing the successive removal of cyclopentadienyl (Cp) 

and CO ligands of the deposited iron dimeric complexes on the cavities of pristine and O-doped mesoporous 

carbon nitride. The formation of a ligand-free dimer on a surface position (s) precedes the cleavage into 

two iron atoms in interlayer position (2i). Color code for the inset: N-blue; C-gray; O-red.  
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Figure S7. Rate of alkene formation in the flow semi-hydrogenation of 2-methyl-3-butyn-2-ol over 

Fex/MCN catalysts as a function of a)-d) temperature and pressure, e) inlet alkyne concentration (c, 

T = 323 K, P = 8 bar), and f) hydrogen flowrate (FG, T = 323 K, P = 8 bar). The rates in e) and f) were 

normalized with respect to standard conditions (c = 0.4 M, FG = 36 cm3 min−1). The legend in f) applies 

to e).  
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Figure S8. a)-c) ADF-STEM images and corresponding elemental maps of Fe and N in the Fex/MCN 

catalysts recovered after use in the flow semi-hydrogenation of 2-methyl-3-butyn-2-ol (P = 20 bar, 

T = 363 K), revealing the preserved atomic dispersion of the metal. e)-h) The main emission lines of iron 

corroborate the presence of the element in the mapped areas.  
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Figure S9. Gibbs energy profiles at T = 323 K of semi- and full-hydrogenation paths of acetylene on a) 

CO-containing and b) CO-free iron single atoms and trimers. The legend in a) applies to b). TS denotes 

transition state.  
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Table S1. Simulated Fe 2p core-level shifts and adsorption Gibbs free energies (T = 573 K) of the deposited 

iron complexes in the preparation of Fex/MCN catalysts. 

Type of ensemble Structure Gform
[a] / eV 

Relative core level shift 

1 2 3 

Single atom 

Fe(CO)5 2.22      3.22[b]   
Fe(CO)4 2.03   2.16   
Fe(CO)3 1.33   2.47   
Fe(CO)2 1.43   0.53   
Fe(CO) 2.06   1.18   
Fe-s 2.47 −0.04   
Fe-i 1.67   0.00   
Fe-u 2.38   0.18   

Dimer 

Fe2(Cp)2(CO)4   1.37   0.95   0.95   

Fe2(Cp)(CO)4 −0.85   0.18   0.79  
Fe2(CO)4 −1.30   0.64   0.98  
Fe2(Cp)(CO)3 −0.73   0.58   0.17  
Fe2(CO)3 −1.64   0.25   0.81  
Fe2(CO)2 −0.82   0.36   0.14  
Fe2CO −1.04   0.18 −0.16  
Fe2-s −1.25 −0.27   1.32   

2 Fe-i −1.35   0.00   

Trimer 

Fe3(CO)12 2.79   1.90   1.89   2.14 

Fe3(CO)10 2.23   1.21   1.21   0.53 

Fe3(CO)9 2.42   1.23   1.28   0.56 

Fe3(CO)8 2.09   1.25   1.25   0.68 

Fe3(CO)7 3.23   0.75   0.72   0.21 

Fe3(CO)6 2.24   1.08   0.68   0.66 

Fe3(CO)5 1.60   0.10   0.63   0.55 

Fe3(CO)4 2.07   0.67   0.78   0.51 

Fe3(CO)3 2.09   0.34   0.35   0.34 

Fe3(CO)2 3.18   0.77   0.63   0.55 

Fe3CO 3.74 −0.10   0.21 −0.06 

Fe3-s 5.04 −0.21 −0.21 −0.24 
[a] Formation energies are calculated as the difference in Gibbs free energy of the adsorbed ensemble versus 

an empty cavity and the isolated precursor molecule. [b] Fe-i was chosen as reference state for Fe core levels 

as it is the most stable configuration for a ligand-free single atom of Fe.  
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Table S2. Boltzmann populations of the different structures modelled for Fe1/MCN, Fe2/MCN, and 

Fe3/MCN as shown in Figure 1c and computed from the respective formation energies Gform. 

Ensemble type Structure Pi
[a] / % 

Single atom 

Fe(CO)5 5.2 

Fe(CO)4 7.7 

Fe(CO)3 31.6 

Fe(CO)2 25.9 

Fe(CO) 7.12 

Fe-s 3.15 

Fe-i 15.6 

Fe-u 3.7 

Dimer 

Fe2(Cp)2(CO)4 0.1 

Fe2(Cp)(CO)4 6.0 

Fe2(CO)4 14.9 

Fe2(Cp)(CO)3 4.7 

Fe2(CO)3 29.9 

Fe2(CO)2 5.7 

Fe2CO 8.8 

Fe2-s 13.4 

Fe-i 16.4 

Trimer 

Fe3(CO)12 2.9 

Fe3(CO)10 9.2 

Fe3(CO)9 6.2 

Fe3(CO)8 12.0 

Fe3(CO)7 1.2 

Fe3(CO)6 8.9 

Fe3(CO)5 33.0 

Fe3(CO)4 12.7 

Fe3(CO)3 12.1 

Fe3(CO)2 1.3 

Fe3CO 0.4 

Fe3-s 0.0 

[a] The relative population Pi is computed with
form,
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Table S3. Gibbs barriers and reaction energies (in eV) of the catalyzed semi-hydrogenation on 

CO-containing (Fe(CO)3, Fe3(CO)3) and CO-free surface iron species (Fe-s, Fe3-s) in Fe1/MCN and 

Fe3/MCN catalysts. The system denominations correspond to the structures shown in Figure 1d. 

System 

1st H2 

addition 

C2H3* 

formation 

C2H4* 

formation 

2nd H2 

addition 

C2H5* 

formation 

C2H6* 

formation 

Ga ΔG Ga ΔG Ga ΔG Ga ΔG Ga ΔG Ga ΔG 

Fe(CO)3 0.21   0.71 0.13 −1.17 0.76 −0.95 0.34   1.90 1.04   0.81 1.11 −1.78 

Fe3(CO)3 0.00   0.23 0.05 −0.22 0.02 −0.76 0.00   0.87 1.28 −0.09 0.80 −0.15 

Fe-s 1.33   0.98 0.62 −0.62 0.86 −1.47 0.40   1.99 0.30 −0.13 0.37 −1.68 

Fe3-s 0.00 −1.08 0.19 −0.41 0.63 −0.50 0.00 −0.29 1.17   0.21 1.66   1.12 
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Table S4. Imaginary vibrational frequencies (in cm−1) for the transition states on CO-containing (Fe(CO)3, 

Fe3(CO)3) and CO-free surface iron species (Fe-s, Fe3-s) in Fe1/MCN and Fe3/MCN catalysts. The systems 

correspond to the structures shown in Figure 1d. 

System 
1st H2 

addition 

C2H3* 

formation 

C2H4* 

formation 

2nd H2 

addition 

C2H5* 

formation 

C2H6* 

formation 

Fe(CO)3 1653 697 750 166 419 1177 

Fe3(CO)3  656 319  940 2133 

Fe-s 1251 557 372 1112 400 364 

Fe3-s  129 416  793 1051 
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