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Abstract 

The rational design of photocatalysts for efficient nitrogen (N2) fixation at ambient 



conditions is important for revolutionizing ammonia production and quite challenging 

because the great difficulty lies in the adsorption and activation of the inert N2. Inspired 

by a biological molecule chlorophyll featuring a porphyrin structure as the 

photosensitizer and enzyme nitrogenase featuring an iron (Fe) atom as favorable 

binding site for N2 via π-backbonding, here we developed a porphyrin-based metal-

organic framework (PMOF) with Fe as active center as an artificial photocatalyst for 

N2 reduction reaction (NRR) under ambient conditions. The PMOF features aluminum 

(Al) as metal node imparting high stability and Fe incorporated and atomically 

dispersed by residing at each porphyrin ring promoting the adsorption and the activation 

of N2, termed Al-PMOF(Fe). Compared with the pristine Al-PMOF, Al-PMOF(Fe) 

exhibits a substantial enhancement in NH3 yield (635 μg g-1
cat) and production rate (127 

μg h-1 g-1
cat) of 82% and 50 %, respectively, on par with the best-performing MOF-

based NRR catalysts. Three cycles of photocatalytic NRR experimental results 

corroborate a stable photocatalytic activity of Al-PMOF(Fe). The combined 

experimental and theoretical results reveal that the Fe-N site in Al-PMOF(Fe) is the 

active photocatalytic center that can mitigate the difficulty of the rate-determining step 

in photocatalytic NRR. The possible reaction pathways of NRR on Al-PMOF(Fe) were 

established. Our study of porphyrin-based MOF for the photocatalytic NRR will 

provide insight into the rational design of catalysts for artificial photosynthesis.   

Keywords 

porphyrin-based MOF, nitrogen reduction reaction, photocatalysis, single-atom Fe site, 

reaction pathways 



 

Ammonia (NH3) is an important chemical and achieving its efficient mass production 

is highly sought-after. NH3 is not only an indispensable precursor for the synthesis of 

various commodity chemicals such as fertilizers but also an important energy storage 

medium and carbon-free energy carrier.1 The state-of-the-art large-scale NH3 

production is through the Haber-Bosch reaction using dinitrogen (N2) and hydrogen 

(H2), which affords approximately 90% of the NH3 today.2 However, this process is 

operated at harsh conditions, i.e., high temperature (573-773 K) and high pressure (100-

200 atm),3 making it quite energy-intensive and environmentally unfriendly given the 

energy input is from the burning of fossil fuels. Around 2 % of anthropogenic energy is 

consumed and 400 Mt of CO2 is released annually to sustain the production of NH3 

worldwide.2 In this regard, an alternative and sustainable approach to efficiently 

generate NH3 via N2 fixation under mild conditions is highly desirable to mitigate the 

increasingly pressing energy crisis and environmental problems. 

The quest for NH3 production at mild conditions, preferably at ambient conditions, 

has led to the recent development of electrocatalytic and photo(electro)catalytic N2 

reduction systems.2-6 In particular, the photocatalytic nitrogen reduction reaction (NRR) 

represents a promising approach because it is driven by sunlight in a sustainable and 

eco-friendly manner.7, 8 To date, a handful of widely studied inorganic and organic 

photocatalysts have been examined for NRR, including metal oxides,9-13 metal 

sulfides,14-16 bismuth oxyhalides,17 and carbonaceous material.18, 19 However, these 

photocatalysts generally deliver relatively low N2 fixation efficiency due to the 



difficulty in breaking the high-energy N≡N triple bond (941 kJ mol-1), the rate-

determining step of NRR, and most of them contain precious metals, limiting their 

potential in large scale industrial applications. Thus, the search for more efficient and 

cost-effective photocatalysts requests a paradigm shift. In nature, nitrogenase catalyzes 

N2 fixation in a facile process in which transition metals (TMs), such as molybdenum 

(Mo) and Fe, favorably bind and activate N2 via the π-back donation (by donating their 

available d-orbital electrons to N-N π* antibonding orbital).3, 20 Such an effective N2 

fixation process motivated the successful fabrication of non-precious metals based 

artificial catalysts for photocatalytic NRR.21, 22 However, most of the Fe or Mo 

containing NRR photocatalysts reported so far still show low efficiency because of their 

relatively low specific surface area and thus a low concentration of exposed active sites, 

limiting the adsorption and activation of N2.
22-24 Therefore, designing a porous 

photocatalyst with elevated specific surface area and a high density of atomically 

dispersed TMs sites would help adsorb and activate the inert N2 to boost the NRR 

efficiency.  

Metal-organic frameworks (MOFs) are an ideal platform for developing such porous 

photocatalysts with a high density of atomically dispersed active metal sites.25, 26 MOFs, 

constructed from metal cluster nodes and organic linkers, have received great attention 

for gas separation, storage, sensing, and catalysis in recent decades due to their rich 

design flexibility in porous property and chemical functionality.27 The ability to 

integrate the fundamental steps of artificial photosynthesis into a single material 

(assembled by both well-defined photosensitizers and catalytic centers)28 has unleashed 



the potential of MOFs in photocatalytic water splitting,29 CO2 reductions,30 and 

pollutant degradation,31, 32 etc. However, only a few attempts to use MOFs as NRR 

photocatalyst have been reported.7, 33, 34 For example, a comparative study of Ti-based 

isostructural MOFs (NH2-MIL-125 (Ti), OH-MIL-125 (Ti), and CH3-MIL-125 (Ti)) 

showed that NH2-MIL-125 (Ti) had the best NRR performance where the amine-

functionalized linker effectively enhanced the light absorption and the Ti3+ sites were 

responsible for the N2 adsorption and reduction.7 The other report on MOF-based NRR 

studied a series of Fe-based MOFs, including MIL-101(Fe), MIL-100(Fe), and MIL-

88(Fe), which all outperformed their family counterpart, MIL-101(Cr), and concluded 

that Fe was an effective catalytic center in activating N2.
33 Clearly, the development of 

MOF-based photocatalysts for NRR is promising but still in its infancy.34 The scarce 

studies could be attributed to the low stability of most MOFs in aqueous media and the 

great difficulty in constructing active sites capable of favorably binding and activating 

the inert N2 generally in any porous solids including MOFs.34 Enlightened by a 

biological molecule chlorophyll, well-known to exist in green leaves and have a light-

harvesting ability for photosynthesis, we intended to design a photocatalyst by 

embedding metalloporphyrin as the active photosensitizer and Fe as the active metal 

site into a MOF. The porphyrin structure would allow for TMs to be firmly anchored 

in the center of the porphyrin ring and thus orderly and atomically distributed in the 

MOF catalyst without agglomeration.25 The π-backbonding between the TMs and N2 

would greatly facilitate the adsorption and activation of N2 in photocatalytic NRR.3  

Here we develop the porphyrin-based MOF (PMOF) as a NRR photocatalyst, which 



combines the merits of two natural molecules mentioned above, i.e., chlorophyll and 

nitrogenase, featuring porphyrin ligand as a photosensitizer for efficient light harvesting 

and the well-defined high-density Fe active sites for N2 adsorption and activation, 

respectively. In this highly porous and noble metal-free prototype of MOF-based NRR 

photocatalyst, Al-PMOF(Fe), we established the mechanism for the adsorption and 

activation of N2 using combined experimental and simulation approaches. Our study on 

developing porphyrin-based MOF as NRR photocatalysts could drive a breakthrough 

in the field of artificial NRR by motivating the rational design of high-performance 

NRR photocatalysts using the already rich database of PMOFs and afford valuable 

knowledge in adsorption and catalysis on porous MOFs. 

Results and discussion 

The pristine Al-PMOF was synthesized using a reported hydrothermal method (see 

Experimental Section) with porphyrin carboxylate ligand H2TCPP and Al salt as 

precursors. Al-PMOF(Fe) was prepared by a post-synthetic method with the as-

synthesized Al-PMOF for Fe insertion. Both the pristine Al-PMOF and Al-PMOF(Fe) 

were characterized to verify our design concept. The synchrotron powder X-ray 

diffraction (PXRD) patterns (Figure 1a) revealed good crystallinity and high purity of 

our Al-PMOFs. The Al-PMOF crystalized in Cmmm space group (Table S1) with an 

orthorhombic cell (a=32.0673(1) Å, b= 6.5922(1) Å, c=16.7405(1) Å, and 

V=3538.9014(2) Å). After the insertion of Fe, the framework of Al-PMOF(Fe) 

remained the same as its parent Al-PMOF (Figure 1b). The synchrotron PXRD 

confirmed that the inserted Fe atoms were located at the center of the porphyrin rings 



with a 100% site occupancy, indicating the formation of high-density potential catalytic 

sites, i.e., the Fe-N bonding site. The concentration of inserted Fe atom in Al-PMOF(Fe) 

was determined by the inductively coupled plasma - optical emission spectrometry 

(ICP-OES). The result showed that the concentration was approximately 7.00 wt% 

(Table S2), slightly higher than its theoretical value (6.01 wt%), probably due to the 

unwashed Fe ions in PMOFs. The Brunauer-Emmett-Teller surface area (Figure 1c and 

Table S3) of Al-PMOF and Al-PMOF(Fe) were 458 and 405 m2/g, respectively, much 

higher than the conventional inorganic photocatalysts widely studied for NRR, e.g., 

metal oxides, metal sulfides, bismuth oxyhalides, etc. The pore size distribution (Figure 

S1) of these two catalysts were both in the range of 5-11 Å, which was adequate for 

admitting N2 (3.64-3.80 Å) and other relevant reactant molecules, e.g., H2O and 

methanol, into the channels for further reactions.35 The morphology and elemental 

distribution were determined by scanning electron microscopy (SEM) (Figure 1d,e), 

transmission electron microscopy (TEM) (Figure 1f,g), and energy-dispersive X-ray 

spectroscopy (EDX) (Figure S2). Both Al-PMOF and Al-PMOF(Fe) were nanoplate-

like crystals with a thickness of 15-25 nm, similar to the previously reported Al-PMOF 

and Al-PMOF(Cu).30 The elemental mapping images (Figure 1h) display the evenly 

distributed elements in Al-PMOF(Fe), suggesting the homogeneity of the as-

synthesized photocatalyst. No aggregated iron particles were observed in our 

photocatalysts, which was consistent with our PXRD results. No Fe atoms were present 

in elemental mapping images of Al-PMOF (Figure S3). Additionally, the FTIR spectra 

(Figure S4) identified the presence of key functional groups of the Al-PMOF and Al-



PMOF(Fe), confirming the PMOF framework was well retained upon Fe insertion. 

 

Figure 1. The synchrotron PXRD of (a) Al-PMOF and (b) Al-PMOF(Fe). The Rietveld refinement 

reveals the successful insertion of Fe into the porphyrin ring center. (c) The N2 adsorption isotherms 

at 77 K. The SEM images of (d) Al-PMOF and (e) Al-PMOF(Fe), both showing nano-plate like 

morphology. The TEM images of (f) Al-PMOF and (g) Al-PMOF(Fe). (h) The elemental mapping 

of Al-PMOF(Fe), showing the uniform distribution of Fe. 

The photocatalytic NRR performance of Al-PMOF and Al-PMOF(Fe) was examined at 

ambient conditions. As the adsorption of N2 is a crucial step of NRR, we first examined 

the gaseous N2 adsorption capacity of PMOF samples at ambient temperature (298 K). 

Al-PMOF(Fe) (0.191 mmol/g) exhibited a roughly two-fold increase in N2 adsorption 

capacity over Al-PMOF (0.109 mmol/g) at 1 bar (Figure 2a), implying that the 

incorporation of Fe into Al-PMOF effectively elevated the N2 uptake. Then, we 

conducted photocatalytic NRR experiments using Al-PMOF and Al-PMOF(Fe) under 



visible light (λ > 420 nm, 100 mW cm-2). Four types of gas atmosphere, i.e., 14N2, air, 

argon (Ar), and 15N2, were adopted to confirm that NH3 was generated from the feed 

nitrogen only (Figure 2b). Upon excitation with light, NH3 was produced in N2 and air, 

but not in Ar, confirming the absence of other possible pathways of NH3 production. 

The tiny amount of NH3 in Ar was negligible (less than 25 μg per gram catalyst (μg g-

1
cat) in both two photocatalysts) and should be due to a tiny amount of air slipped into 

the system upon sampling.
 
The 1H NMR spectra of the photocatalytic NRR product 

using 15N2 as the feed gas showed the doublet coupling 15NH4
+ only, completely free of 

the triplet coupling 14NH4
+, suggesting the ammonia was produced from 15N2 as the 

nitrogen source (Figure 2b inset and Figure S5). Notably, with the 14N2 as feed gas, Al-

PMOF(Fe) achieved the highest ammonia yield of 635 μg g-1
cat (Figure 2b) after 5-hour 

reaction under N2, which is approximately 82% higher than the yield obtained using 

Al-PMOF (348 μg g-1
cat). The N2 fixation rate was estimated to be 127 μg h-1 g-1

cat for 

Al-PMOF(Fe) and 84.5 μg h-1 g-1
cat for Al-PMOF (Figure 2c), suggesting that the 

incorporation of the Fe atom into Al-PMOF elevated the reaction rate by more than 

50%. Indeed, the NH3 yield of our Al-PMOF(Fe) is among the highest in MOF-based 

photocatalysts (1.26-90.54 μg h-1 g-1
cat) and only second to NH2-MIL-125(Ti) (220.5 

μg h-1 g-1
cat) which features trivalent titanium (Ti3+) sites for N2 fixation and amine-

functionalized linkers for light harvesting.7 A summary of the photocatalytic NRR 

performances of representative catalysts was shown in Table S4. On note, our Al-

PMOF(Fe) photocatalyst is superior to NH2-MIL-125(Ti) in terms of stability. A recent 

study demonstrated that NH2-MIL-125(Ti) would easily leach out and experience 



framework degradation in water,36 thus losing reusability as a photocatalyst. In contrast, 

our Al-PMOF(Fe) exhibits good hydrolytic stability thanks to the robust aluminum 

metal-cluster nodes in NRR, thereby imparting high reusability of Al-PMOF(Fe) as a 

photocatalyst, which will be discussed below. 

Together with the photocatalytic activity, the stability of the catalyst dictates the 

overall NRR performance. This is particularly important to the MOF-based 

photocatalysts, as most MOFs suffer from structural degradation in contact with 

water.37 Examining the used Al-PMOF(Fe) showed that the valence state of Fe catalytic 

site, crystal structure, porosity, chemical composition, and morphology remained 

unchanged upon photocatalytic NRR, confirming its good stability (see Supporting 

Information, Figures S6 and S8-S11). To further examine the reusability of Al-

PMOF(Fe), we did three cycles of photocatalytic N2 fixation experiments (Figure 2d). 

A negligible decrease in NRR yield was observed, corroborating that a stable 

photocatalytic activity was achieved using our Al-PMOF(Fe). Moreover, the atomically 

isolated Fe in Al-PMOF(Fe) may contribute to a sustained photocatalytic activity and 

prevent the degradation of active photocatalytic sites, which was confirmed by the 

following X-ray absorption spectroscopy (XAS) results.  



 

Figure 2. (a) The gaseous N2 adsorption isotherms on Al-PMOF and Al-PMOF(Fe) at ambient 

temperature. Al-PMOF(Fe) shows a substantially higher N2 uptake than Al-PMOF. (b) The NH4
+ 

yield and the 1H NMR spectra (inset) of Al-PMOF(Fe) and (c) photocatalytic NRR rate of Al-PMOF 

and Al-PMOF(Fe) under N2, air, and Ar atmosphere, respectively. Al-PMOF(Fe) shows both 

elevated yield and reaction rate compared with Al-PMOF. (d) Three cycles of photocatalytic NRR 

experiments using Al-PMOF(Fe), showing a negligible decrease in NRR yield and steady 

photocatalytic activity.  

To decode the local structure of the potential active catalytic sites in Al-PMOF(Fe) 

at the atomic level, XAS and X-ray photoelectron spectroscopy (XPS) were conducted 

for Al-PMOF(Fe). X-ray absorption near edge structure (XANES) of Fe K-edge for Al-

PMOF(Fe) was analyzed as shown in Figure 3a together with the reference samples, 

including representative metallic iron (i.e., Fe foil), ferrous iron (Fe2+) in FeO, ferric 

iron (Fe3+) in Fe2O3 and Fe(OH)3, and phthalocyanine iron (FePc) which contains Fe-

N4 bonding. The absorption edge at 7122.8 eV of the inserted Fe in porphyrin was 



similar to that of Fe3+ compounds (Fe2O3, Fe(OH)3, and FePc at 7118.8, 7119.2, and 

7120.5 eV, respectively) and different from that of Fe0 (Fe foil at 7108.5 eV) and Fe2+ 

(FeO at 7115.0 eV). In addition, the Fe foil has no pre-edge. The FeO has a pre-edge 

about 2 eV below the Fe3+ standards. The Fe3+ standards all have pre-edges at the same 

position. Our Al-PMOF(Fe) has a pre-edge at similar energy to the Fe3+ standards, 

suggesting the valence state of Fe in Al-PMOF(Fe) was Fe3+. This indicates that Fe2+ 

(supplied in the ferrous acetate as the precursor for material synthesis) was oxidized to 

Fe3+ during the insertion process, which was also observed in the case of using FeCl2 

as a precursor.38 In addition, the XPS (Figures S6 and S7) of Fe in Al-PMOF also 

corroborated that its valence state was Fe3+. Fe K-edge extended X-ray absorption fine 

structure (EXAFS) spectra of Al-PMOF(Fe) in K space and R space (Figure 3b,c) 

confirmed the existence of atomically dispersed Fe metal ions in the porphyrin rings. 

Based on the curves fitting results (Figure 3d), we could unambiguously determine the 

Fe-N bonding parameters, including bond type, bond distance, and coordination 

numbers, as summarized in Table S5. Two types of Fe-N bonding were observed in Al-

PMOF(Fe) with the Fe-N bond length being 1.94(0) and 2.05(2) Å, respectively. The 

coordination number of each type of Fe-N was two. This fine structural configuration 

of the active Fe-N site is highly correlated to the photocatalytic behavior of Al-

PMOF(Fe) in NRR. Notably, no Fe-Fe bonding was observed in the EXAFS spectra of 

Al-PMOF(Fe), suggesting that the inserted Fe was present as single atoms rather than 

agglomerated Fe particles, which were in good agreement with the above synchrotron 

PXRD and elemental mapping results. It is widely recognized that catalysts featuring 



atomically dispersed metal sites usually possess advantages over molecular or bulk 

metal-based catalysts and bridge the gap between homogeneous and heterogeneous 

catalysts for energy-conversion applications.26  

 

Figure 3. (a) Fe K-edge of XANES spectra of Al-PMOF(Fe) and Fe reference samples, showing 

the Fe in Al-PMOF(Fe) is atomically dispersed with a valence state of Fe3+. (b) The K-space EXAFS 

spectra. (c) The R-space EXAFS spectra, indicating the existence of Fe-N bonding in Al-PMOF(Fe). 

(d) The EXAFS fitting of Al-PMOF(Fe). 

To gain insight into the role of Fe in elevating the photocatalytic activity, we 

investigated the photoreactivity of our photocatalysts. Al-PMOF(Fe) exhibited a much 

higher photocurrent density than Al-PMOF upon visible light irradiation (Figure 4a), 

suggesting a significant increase of the charge separation efficiency. In addition, Al-

PMOF(Fe) exhibited a significantly reduced resistance under light irradiation, as 



evidenced by electrochemical impedance spectroscopy (EIS) (Figure 4b), indicative of 

an accelerated interfacial charge transfer. We thus contend that the Fe inserted at the 

porphyrin ring acts as the initial charge carrier acceptor and gives rise to more efficient 

charge carrier transport, which could effectively inhibit the electron-hole recombination 

and thus improve the photocatalytic activity of NRR. To further validate this point, the 

steady-state and time-resolved photoluminescence (PL) spectroscopy of photocatalysts 

were conducted at room temperature to determine the influence of Fe on the charge 

carrier dynamics (e.g., exciton generation, exciton transport, exciton trapping, charge 

separation, charge transfer, and charge recombination).17 To identify the appropriate 

absorption range for the PL measurement, we determined the absorption bands for Al-

PMOF and Al-PMOF(Fe) using the ultraviolet-visible (UV-Vis) diffuse reflectance 

spectra. Both PMOFs exhibited strong absorption from 300 to 800 nm (Figure 4c). The 

decrease in the number of Q bands (500-700 nm) from four for Al-PMOF to two for Al-

PMOF(Fe) indicated an increase in symmetry upon Fe insertion.30, 39 The steady-state 

PL spectra (Figure 4d) displayed two separate bands at 642 nm and 708 nm on both 

catalysts in agreement with a prior study on Al-PMOF(Pt),40 validating our selection of 

absorption bands.41 Specifically, Al-PMOF(Fe) showed a much lower PL intensity than 

Al-PMOF, suggesting the effective suppression of charge carrier recombination 

resulted from a rapid electron transfer from free porphyrin ring to the inserted Fe, 

leading to an effective PL quenching in Al-PMOF(Fe). The time-resolved 

photoluminescence (TRPL) decay curves (Figure 4e,f) were modeled by a tri-

exponential function (supporting information). The average lifetimes of charge carriers 



in Al-PMOF(Fe) at 642 nm and 708 nm were 0.480 ns (τ ave,1) and 0.533 ns (τ ave,2), 

respectively, which were longer than those in Al-PMOF (τ ave,1=0.387 ns and τ 

ave,2=0.382 ns) (Table S6). It is well acknowledged that the recombination of 

photogenerated electrons and holes lowers the efficiency of the photocatalytic reaction. 

Suppressing such recombination would enhance the solar conversion efficiency for 

photocatalytic NRR.42 Our results evidenced that the induced trapping sites by Fe could 

effectively increase the lifetime of charge carriers, which was conducive to the 

improvement of the photocatalytic NRR.  

 

Figure 4. (a) The photocurrent response of Al-PMOF and Al-PMOF(Fe). Al-PMOF(Fe) shows a 

stronger photocurrent density than Al-PMOF upon visible light irradiation. (b) The EIS plot of Al-

PMOF and Al-PMOF(Fe) under both light and dark conditions. Al-PMOF(Fe) presents significantly 

smaller resistance than Al-PMOF under light conditions. (c) UV-Vis diffuse reflectance spectra of 

Al-PMOF and Al-PMOF(Fe) confirms the absorption bands in the range of 300-800 nm. (d) The 

steady-state PL spectra of Al-PMOF and Al-PMOF(Fe). Al-PMOF(Fe) shows a much lower PL 

intensity than Al-PMOF at both two emission bands. The TRPL of Al-PMOF (e) and Al-PMOF(Fe) 

(f) follow at two bands (642 nm and 708 nm). The lifetime of charge carriers in Al-PMOF(Fe) is 

longer than that in Al-PMOF. 



To elucidate the mechanism for adsorption and activation of N2 at the active catalytic 

site (Fe-N), we further performed density functional theory (DFT) calculations to 

establish the reaction pathway of photocatalytic NRR. Generally, three different 

mechanisms are known for N2 reduction to NH3 on heterogeneous catalysts, i.e., 

dissociative, associative, and enzymatic.43, 44 Among them, the dissociative and 

enzymatic mechanisms generally account for the Haber-Bosch reaction and 

electrocatalytic NRR, respectively, while the associative mechanism, including the 

different alternating and distal pathways based on different hydrogenation sequences, 

is a widely accepted route in photocatalytic NRR.42 In this work, we considered both 

associative alternating and distal pathways (Figures S12 and S13) to examine the role 

of the inserted atomically dispersed Fe site in Al-PMOF(Fe). As the activation of N2 

was the rate-determining step, we calculated the energy barrier on Al-PMOF and Al-

PMOF(Fe) for comparison. The N2 molecule was preferential to be adsorbed on Al-

PMOF(Fe) over Al-PMOF, as reflected by the difference in binding energy of 1.59 eV 

per Fe site, which was consistent with our experimental findings. The most stable form 

of N2 in Al-PMOF(Fe) was the end-on adsorption mode of N-N onto the Fe atom 

between the two layers of PMOF (Figure 5a). The free energy diagrams (Figure 5b,c) 

showed that the first step of hydrogenation from N2 to N2H* in Al-PMOF(Fe) had the 

same magnitude of Gibbs free energy gap (ΔG = 0.54 eV) in the associative alternating 

and distal pathways, indicating either route was possible in photocatalytic NRR. 

Notably, the free energy needed here for the first hydrogenation in Al-PMOF(Fe) was 

significantly lower than that in the previously reported MOF photocatalysts (MIL-



101),33 suggesting the active catalytic site in Al-PMOF(Fe) enables to largely reduce 

the difficulty of the rate-determining step in photocatalytic NRR. However, with the 

further hydrogenation proceeding (Steps 4 and 5), the alternating pathway seemed to 

be more readily to occur as it was associated with a smaller energy barrier than the 

distal pathway was. It should also be noted that the energy barrier in the distal process 

between N*(release 1NH3) (Step 6) and NH* (Step 7) was quite large with a value of 

ΔG = 4.51 eV, which made it quite difficult for this reaction to occur in NRR using the 

Al-PMOF(Fe) as the photocatalyst. Therefore, the associative alternating pathway 

should be the potential reaction route followed in the photocatalytic NRR using Al-

PMOF(Fe) as a photocatalyst.    



 

Figure 5. (a) View of the charge difference map (yellow: positive density difference; cyan: negative 

density difference) for Al-PMOF(Fe) adsorbing N2. C gray, N blue, H white, O red, Al pink, Fe 

purple. The free energy diagram of the associative (b) alternating and (c) distal pathway in Al-

PMOF(Fe).  

Conclusions 

The porphyrin-based metal-organic framework has been developed as a 

photocatalyst for N2 fixation at ambient conditions, which is based on the biomimetic 



design concept of using the photosensitive porphyrin structure and Fe metal center 

capable of π-back bonding. The superior Al-PMOF(Fe) displayed a substantial boost in 

NH3 yield (635 μg g-1
cat) and production rate (127 μg h-1 g-1

cat) of 82% and 50 %, 

respectively, with respect to its counterpart Al-PMOF. Our Al-PMOF(Fe) is not only on 

par with the best-performing MOF-based catalysts in photocatalytic NRR, but also 

stands out in terms of hydrolytic stability and sustained photocatalytic activity. The 

atomically dispersed active Fe serves as the trapping site which could accept the 

photoexcited electrons and inhibit the electron-hole recombination, thus improving the 

photocatalytic activity. Both the experimental and theoretical results have demonstrated 

that the active Fe-N site in Al-PMOF(Fe) could reduce the difficulty of the rate-

determining step by effectively enhancing the adsorption and activation of reactant N2. 

The development of porphyrin-based MOF materials as photocatalysts for the 

conversion of N2 to NH3 would provide guidance for the molecular design of MOFs to 

drive artificial photosynthesis. 

Experimental Section 

Synthesis of Al-PMOF and Al-PMOF(Fe)  

The Al-PMOF was synthesized using a reported hydrothermal method with minor 

modifications.29 Typically, 100 mg of 4, 4’, 4’’’-(Porphine-5,10,15,20-tetrakis (benzoic 

acid) (H2TCPP, dye content 75 %, Alfa Aesar) was added into 10 mL Milli-Q water and 

stirred for 10 min. 10 mL of the 0.025 M AlCl3·6H2O (99%, Alfa Aesar) solution was 

added into the H2TCPP solution followed by 10 min stirring and 5 min sonication to 

make a homogeneous solution. Then the solution was transferred into a 40 mL Teflon 



lined autoclave and was put into the oven (BINDER 056) with a ramping rate of 1 K 

min-1 from room temperature to 453 K and kept at this temperature for 24 h. Finally, 

the product was cooled down with a cooling rate of 1 K min-1 to room temperature. The 

product was filtrated under vacuum and washed by Milli-Q water, N,N-

Dimethylformamide (DMF, 99.8%, Aladdin), and acetone (99.5%, DUKSAN), 

respectively, to remove the unreacted Al salt and porphyrin ligand. After drying at room 

temperature for 24 h, 45 mg of dark purple solid Al-PMOF would be obtained (yield 

41%). The as-synthesized Al-PMOF was treated with solvent exchange using acetone 

and dried in a vacuum oven at 333 K for 12 h for future use. 

For the synthesis of Al-PMOF(Fe), the facile post-synthetic method38
 was adopted 

for the insertion of transition metal Fe into the porphyrin ring of Al-PMOF. The pre-

activated Al-PMOF (100 mg, 0.11 mmol) was added into 25 mL of ferrous acetate (38.3 

mg, 0.22 mmol, Aladdin) solution in DMF. The mixture was stirred for 10 min under 

the protection of nitrogen atmosphere, sonicated for 5 min and allowed to react with 

continuous stirring at 373 K in an oil bath for 48 h. After being cooled to room 

temperature, the sample was collected by filtration and washed subsequently with DMF 

and acetone. Finally, Al-PMOF(Fe) was immersed in 50 mL acetone for solvent 

exchange three times, centrifuged, and dried in a vacuum oven at 393 K overnight.  

Catalyst characterizations 

The synchrotron PXRD measurements of Al-PMOF and Al-PMOF(Fe) were conducted 

at PD beamline, Australian Synchrotron (AS), ANSTO to reveal the accurate crystal 

structure and purity of samples. The wavelength of measurement was 0.7735 Å. 



Structure refinement was conducted in TOPAS 5.0 (Bruker). N2 adsorption-desorption 

isotherms at 77 and 298 K were measured using a Micromeritics 3Flex. The pre-

activation before the analysis was conducted with a VacPrep 061 Sample Degas System 

at 443 K in a vacuum overnight to remove the adsorbed moistures or solvents. SEM 

(Hitachi S-4800) and TEM (FEI Tecnai G2 20 S-TWIN) were used to observe the 

morphologies and elemental mapping of the Al-PMOF and Al-PMOF(Fe). XAS data 

were collected at beamline 16A1 at the National Synchrotron Radiation Research 

Center (NSRRC), Taiwan, and XAS beamline at the AS, ANSTO. The powder of Al-

PMOF(Fe) and other reference samples were posted on Kapton tape before 

measurement. The experiment was performed in the fluorescence mode using an 

ionization chamber filled with helium gas and a Lytle detector filled with nitrogen gas 

under ambient temperature and pressure. The X-ray energy was monochromatized with 

a Si(111) double crystal monochromator (DCM). Data analysis was performed with the 

software Athena and Artemis.40 Photocurrent responses and EIS were performed with 

the Solartron Analytical ModuLab electrochemical workstation. The applied potential 

was set as 0.6 V. The working electrode was fabricated with the PMOF and Nafion 

solution (0.5 wt%) coating on the fluorine doped tin oxide (FTO, 3*1 cm2) substrate. 

The counter and reference electrodes were Pt foil and Ag/AgCl, respectively. The 

supporting electrolyte was 0.1 M Na2SO4 aqueous solution. The steady-state PL 

spectroscopy measurements were carried out using a fluorescence spectrometer 

(SHIMADZU, RF-5301PC) with a 395 nm cut‐off filter. The TRPL (Picoquant PDL 

800-D) measurements were made using a time-correlated single photon counting setup. 



The excitation wavelength was 374 nm for TRPL measurements. The UV-Vis 

spectroscopy (SHIMADZU UV-3600) was used to detect the concentration of 

generated ammonium (NH4+) in the reaction solution with cuvette holder and the light 

absorption bands of photocatalyst with integrating sphere, respectively. 

Photocatalytic NRR measurements 

The photocatalytic nitrogen fixation experiment was carried out under the atmosphere 

of three different gases as mentioned above, i.e., N2, air, and Ar, at room temperature. 

10 mg of catalysts was dissolved in 24 mL Milli-Q water and 6 mL methanol in a 

customer-designed quartz reactor with magnetic stirring and followed with sonication. 

Fresh catalysts were used for the experiments in each of the three gas atmospheres. The 

water served as the solvent and proton source, and the methanol served as the hole 

scavenger. Before the start of the nitrogen fixation experiment, the reagent gas was in 

prior purged into a diluted H2SO4 solution to remove the possible trace ammonia and 

avoid contaminations, then the reagent gas flowed into the reactor at a mass flow rate 

of 20 mL min-1 for 30 min under dark conditions. Subsequently, a xenon lamp (visible 

light, 100 mW cm-2) with a standard AM1.5 cutoff filter was employed for the 

irradiation and the 420 nm cut-off filter was used to obtain simulated sunlight to 

continuously irradiate the reactor with the photocatalyst for 5 hours. After every hour 

of the reaction, 5 mL of the suspension solution was extracted from the reaction mixture 

with a syringe and filtered with a 0.22 μm filter membrane. Finally, the produced NH3 

amount was spectrophotometrically determined by the indophenol-blue method 

through detecting the peak absorbance using the UV-Vis spectrometer,11 corresponding 



to the concentration of NH4
+ generated in the photocatalytic reaction. The three cycles 

of photocatalytic NRR experiment with Al-PMOF(Fe) were the same as the procedures 

mentioned above except that using the recycled sample as the photocatalyst. 

15N2 isotopic labeling experiments 

15N2 (purity 99%) was used as the feed gas to perform the isotopic labeling NRR 

experiment to further clarify the source of nitrogen for ammonia generation. The 

photocatalytic reactor was filled with Ar before introducing 15N2 gas. 20 mL 15N2 was 

injected every 6 min during the test. After NRR for 4 h, 15NH4
+ of the obtained solution 

was identified using 1H NMR spectroscopy. 14N2 experiment was also performed at the 

same condition for comparison.   

Computational details 

Density functional theory (DFT) calculations were performed with the Vienna Ab-initio 

Simulation Package (VASP) 5.4.4 code on Australian Synchrotron Compute 

Infrastructure (ASCI). The generalized gradient approximation (GGA) with a Perdew-

Burke-Ernzerhof (PBE) exchange-correlation function was used.45 The interactions 

between the ionic cores and the valence electrons were treated by ultrasoft pseudo 

potentials with atomic pseudo potentials corresponding to Al 3s23p1 and Fe 3d64s2. 

Zero damping DFT-D3 dispersion correction method of Grimme was used to account 

for the significance of Van der Waals (VdW) interactions of the adsorption between N2 

and interlayers of Al-PMOF and Al-MOF(Fe) in the system. In all calculations, the 

cutoff energy of the plane wave was set at 400 eV and Monkhorst Pack k-point was 

used to ensure the total energy value convergence within 1 meV/atom. DFT geometry 



optimization was conducted to reveal the most stable adsorption configuration of Al-

MOF and Al-PMOF(Fe) with N2 gas molecule. The adsorption energies (Eads) of NRR 

intermediates in the reaction pathway were calculated as follows:46 

Eads = E(ads/cat.) – E(ads) – Ecat.                               (1) 

where E(ads/cat.) and Ecat. are the energies of photocatalysts with and without adsorbates, 

respectively, and E(ads) is the energy of adsorbates in a vacuum. The adsorption free 

energies (ΔG) were further calculated as follows: 

ΔG = Eads + Δ(ZEP – TS)                       (2) 

where ZPE is the zero-point energy, and S refers to entropy. The temperature (T) was 

set at 298.15 K. 
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