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Abstract: Mesoporous nitrogen-doped carbon nanoparticles with atomically dispersed 

iron sites (named mesoNC-Fe) are synthesized via high-temperature pyrolysis of an Fe 

containing ZIF-8 MOF. Hydrolysis of tetramethyl orthosilicate (TMOS) in the MOF 

framework prior to pyrolysis plays an essential role in maintaining a high surface area 

during the formation of the carbon structure, impeding the formation of iron (oxide) 

nanoparticles. To gain inside on the nature of the resulting atomically dispersed Fe 

moieties, HERFD-XANES, EXAFS and valence-to-core X-ray emission spectroscopies 

have been used. The experimental spectra (both XAS and XES) combined with 

theoretical calculations suggest that iron has a coordination sphere including a 

porphyrinic environment and OH/H2O moieties responsible for the high activity in CO2  

electroreduction. DFT calculations demonstrate that CO formation is favored in these 

structures because the free energy barriers of *COOH formation are decreased and the 

adsorption of *H is impeded. The combination of such a unique coordination 

environment with a high surface area in the carbon structure of mesoNC-Fe makes 

more active sites accessible during catalysis and promotes CO2 electroreduction. 

 

Keywords: CO2, CO, electroreduction, atomically dispersed sites, iron.  
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1. INTRODUCTION 

The increasing global demand for energy has inevitably led to rising CO2 emissions due to 

the combustion of fossil fuels (e.g. coal, petroleum and natural gas), which is considered to 

accelerate global warming and climate deterioration.[1] Two major approaches can be 

followed to decrease CO2 content in the atmosphere: to capture and geologically sequestrate 

CO2, or to convert CO2 into valuable chemical fuels. Obviously the latter approach seems to 

be more attractive, especially considering potential leaks of stored CO2.[2, 3] Various catalytic 

approaches for CO2 reduction, such as thermocatalytic reduction, photocatalytic reduction and 

electrocatalytic reduction have been proposed.[4-6]  

Numerous metal catalysts are active in CO2 electroreduction, such as Au, Ag, Cu etc.[7-9] 

The catalytic performances of different metals were found to depend on the binding energy 

between the metal atoms and CO, an intermediate in CO2 reduction. Metals that bind CO 

strongly can be poisoned by CO or may lead to the formation of other intermediates during 

CO2 reduction, resulting in a high product selectivity toward H2, by the competitive hydrogen 

evolution reaction (HER) in the aqueous medium.[10] Metals having an intermediate binding 

energy with CO are found to be active in the synthesis of hydrocarbons and oxygenates that 

require a transfer of more than two electrons.[9] When the binding energy between the metal 

and CO becomes weak, CO is the main product, as CO molecules can easily desorb from the 

metal surface prior to further reduction to alcohols and/or hydrocarbons.[11] In the last case, 

in order to obtain target fuels and other valuable chemicals, an additional hydrogenation of 

CO via heterogeneous catalysis processes (e.g. Fischer-Tropsch synthesis) would be 

needed.[12, 13]  

Nitrogen-doped carbon (hereafter denoted as NC) supported transition metal catalysts 

exhibit unique chemical and electrical properties, and are supposed to act as alternatives to 

expensive noble metal catalysts in electrocatalysis.[14, 15] Interestingly, the catalytic activity 

and product selectivity to a large extent depend on the configuration of the transition metal in 

the carbon framework. For instance, iron nanoparticles anchored on NC supports were 

reported to mainly produce H2.[16] In contrast, atomically dispersed iron atoms prefer to bond 

with heteroatoms, such as N, C and/or O in the carbon matrix, and CO is the primary product 

from these isolated iron sites.[14] Until now, extensive efforts have been made to understand 

the local structure of these atomically dispersed metal sites in the NC matrixes, and the 

coordination environment of metal centers largely depends on the materials and methods of 

preparation.[17-19]  
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As a subclass of metal organic frameworks (MOFs), zeolitic imidazolate frameworks 

(ZIFs) have recently emerged as promising templates to synthesize novel materials, because 

of their unique textural properties and atomic metal dispersion.[20, 21] For instance, NC with 

atomically dispersed metal sites in the framework has been successfully prepared by adding 

little amount of their inorganic metal salts in the synthesis solution of ZIF-8, followed by 

thermal treatment at high temperature under inert atmosphere.[22, 23] The preferred 

formation of these atomically dispersed metal sites can be attributed to the generation of free 

N-coordination sites in the carbon matrix after Zn evaporates, which helps to stabilize the 

foreign metal atoms (FMA).[23, 24] However, thermal treatment at high temperature 

inevitably causes severe fusion and aggregation of carbon nanoparticles, which shows low 

surface area and pore volume, and therefore reduces the number of accessible active sites 

during catalysis.[25, 26] 

Herein, we report a facile approach to prepare mesoporous NC with atomically dispersed 

iron sites (mesoNC-Fe). This approach consists of (i) hydrolysis of tetramethyl orthosilicate 

(TMOS) in the structure of an iron-containing ZIF-8 material (ZIF-8-Fe), (ii) high-

temperature pyrolysis and (iii) SiO2 template leaching. The SiO2-assisted approach is vital to 

(i) inhibit the formation of iron nanoparticles, (ii) preferentially generate atomically dispersed 

iron sites, and (iii) create high surface area and mesoporosity in the carbon matrix. This 

catalyst was tested in CO2 electroreduction and showed high CO Faradaic efficiency (FECO), 

partial current density of CO (jCO) and good catalytic stability. Because of the non-crystalline 

nature of the iron active phase, specific X-ray spectroscopies are applied to unravel the 

chemical environment of iron: HERFD-XANES, EXAFS and valence-to-core X-ray emission 

spectroscopies. Comparison of the experimental spectra (both XAS and XES) with the 

theoretical spectra calculated for various plausible models, allowed us to approximate to the 

coordination sphere of iron.  

 

2. EXPERIMENTAL  

2.1. Materials 

2-Methylimidazole (MeIm, purity 99%), zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 

>98%), iron nitrate nonahydrate (Fe(NO3)3·9H2O, >99%), tetramethyl orthosilicate (TMOS 

≥99%), and methanol (>99.8%) were purchased from Sigma-Aldrich Chemical Co. All the 

chemicals were used without further purification. 
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2.2 Catalyst synthesis 

For the synthesis of ZIF-8-Fe, a mixture of Zn(NO3)2·6H2O and Fe(NO3)3·9H2O with 

Zn/Fe molar ratio of 25 (nZn/nFe=25) was dissolved in 200 mL methanol. A mixture of MeIm 

(6.489 g) in 200 mL methanol was rapidly poured into the above solution with vigorous 

stirring for 24 h at room temperature. The total molar amount of (Zn + Fe) was fixed to be 10 

mmol. Afterwards, the products were collected by filtration, washed thoroughly with 

methanol, and dried overnight at 80 °C under vacuum.  

For the preparation of ZIF-8-Fe@SiO2, 1 g ZIF-8-Fe was suspended in 5 mL TMOS in an 

autoclave, and further transferred into a rotation oven and heated up to 333 K and kept at 

333 K overnight. After the oven was cooled down to room temperature, the mixture was 

carefully washed with ethanol by filtration. Then the obtained ZIF-8-Fe@TMOS material was 

placed in a cotton thimble of 22 mm diameter inside a glass tube of 25 mm diameter. The 

glass tube was fitted to a round bottom flask containing 500 mL water. A needle to bubble 

~10 ml min-1 N2 flow into water was also fitted. The temperature was raised to 50 °C to create 

a wet N2 stream to hydrolyze the TMOS molecules for 24 h, after which the sample was 

collected and dried in an oven at 60 °C overnight.  

NC-Fe@SiO2 was prepared by pyrolysis of 1 g ZIF-8-Fe@SiO2 at 900 °C for 4 h under 

N2 at a ramp of 2 °C min-1 in a ceramic crucible inside a quartz tubular reactor (approx. 

L = 1.0 m × ID = 4.0 cm) horizontally situated in a ceramic fiber oven (Carbolite, Sheffield). 

The obtained NC-Fe@SiO2 was further leached in 1 M NaOH solution for 24 h to remove the 

SiO2 template, followed by washing with deionized water until the pH reached neutral, and 

dried at 50 °C overnight under vacuum to yield mesoNC-Fe.  

As reference, mesoNC was prepared by hydrolysis of TMOS in ZIF-8, followed by 

pyrolysis and SiO2 leaching under the same conditions as the preparation of mesoNC-Fe. 

Further for comparison, microNC and microNC-Fe were prepared by direct pyrolysis of 1 g 

ZIF-8 and ZIF-8-Fe, respectively, at 900 °C for 4 h.  

2.3. Characterization 

Transmission electron microscopy (TEM) and high-resolution TEM (HR-TEM) were 

performed by using a Talos F200X microscope (FEI, Hillsboro, OR, USA) at an acceleration 

voltage of 200 kV. X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance 

X-ray diffractometer equipped with a Co-Kα radiation (λ = 0.179026 nm). Raman spectra 

analysis was performed by using a commercial Renishaw in Via Reflex confocal microscope 

with a 532 nm laser. The N2 adsorption-desorption isotherms were measured at 77 K using a 

Micromeritics Tristar 3020 apparatus. Prior to measurement, samples were degassed under 
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vacuum at 383 K overnight. XPS measurements were performed on a K-alpha Thermo Fisher 

Scientific spectrometer using monochromatic Al-K radiation at ambient temperature and 

chamber pressure of about 10-8 mbar. All the spectra measured were corrected by setting the 

reference binding energy of carbon (1s) at 284.8 eV. Spectra were analyzed using the Thermo 

Avantage software package. Background subtraction was done using the setting “SMART” 

(based on the Shirley background with the additional constraint that the background should 

not be of a greater intensity than the actual data at any point in the region). The deconvolution 

of spectra was performed using a mixed Gauss-Lorentz function where the Lorentzian 

contribution was set to 20%. Linear sweep voltammetry (LSV) was conducted with a 

potentiostat (Autolab PGSTAT302N) in the potential range of 0.40 V to -1.40 V vs. Ag/AgCl 

at a sweep rate of 0.05 V s−1. 

2.4. Catalyst performance 

For the preparation of the electrode, 50 mg catalyst was suspended in a mixture of 

tetrahydrofuran (4 mL), Nafion solution (0.5 mL), and isopropyl alcohol (4 mL). This mixture 

was transferred to an ultrasonic bath and kept for 2 h. The suspension was drop-casted onto a 

carbon cloth electrode with an area (two-sided) of 12.5 cm2 (2.5 cm × 2.5 cm). The electrode 

was then dried overnight at 80 °C under evacuation.  

CO2 electrochemical reduction experiments were performed in the previously described 

continuous flow reactor.[27] A proton-exchange membrane separated reactor into an anode 

and cathode compartment. The anode compartment contained a counter electrode (Pt gauze), 

whereas the cathode compartment contained the working electrode and a reference electrode 

(Ag/AgCl electrode). Both compartments had a volume of 100 mL and were filled with 85 

mL of 0.1 M KHCO3 prior to the performance tests, leaving a headspace of 15 mL. CO2 was 

then fed into the reactor by bubbling through the liquid with a flow rate of 100 mL min-1 until 

the electrolyte was saturated, after which the CO2 flow was fixed at 10 mL min-1. An 

operation potential was applied by a potentiostat (Autolab PGSTAT302N) in the range of -1.0 

to -2.0 V versus Ag/AgCl to initiate the controlled potential electrolysis. The cathode 

compartment was connected to an online gas chromatograph (GC, Global Analyzer Solution 

Compact GC) to analyze the gas product. All experiments lasted 120 min, and for each 

potential applied in the controlled potential performance test, a new electrode was prepared. 

At the end of the electrocatalytic test, a liquid sample (∼1 mL) was collected from the 

electrolyte solution for ultraperformance liquid chromatography (UPLC) measurements. After 

each experiment, the electrochemical reactor was cleaned with distilled water and the proton-

exchange membrane was immersed into 0.1 M H2SO4 for regeneration. 
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The Faradaic efficiency (FE) of the gas product was calculated on the basis of the 

following equation: 

 n F f
FE

j
  

                                                                                                    (1) 

where n is the number of electrons consumed to produce one product molecule, for the 

product of CO or H2, n = 2; v is the molar fraction of a certain gas product; f is the overall gas 

molar flow rate (mol s-1); F is the Faraday constant (F = 96 485 C mol-1); j is the steady-state 

cell current at each applied potential (A). 

 

3. RESULTS AND DISCUSSION 

3.1. Characterization of the as-synthesized mesoNC-Fe catalyst  

Fig. 1 illustrates the preparation process for mesoNC-Fe. In the first step, ZIF-8-Fe was 

synthesized by adding Fe(NO3)3 into a solution containing Zn(NO3)2, 2-methylimidazole 

(MeIm) and methanol. Then tetramethyl orthosilicate (TMOS) was hydrolyzed in the 

structure of ZIF-8-Fe, followed by pyrolysis under N2 and SiO2 leaching with a NaOH 

solution to generate the mesoNC-Fe catalyst (see Experimental Section for the details). 

 

 

Fig. 1. Schematic illustration of the synthesis of the mesoNC-Fe catalyst. (1) Impregnation and 

hydrolysis of TMOS molecules in ZIF-8-Fe. (2) Pyrolysis of ZIF-8-Fe@SiO2 in N2 to decompose ZIF-

8-Fe and form NC-Fe@SiO2. (3) NaOH leaching to remove SiO2 to generate the mesoNC-Fe catalyst. 

The structure of the synthesized ZIF-8-Fe was analyzed by XRD, which matches well 

with that of ZIF-8 (Fig. S2). Hydrolysis of TMOS led to a homogeneous dispersion of Si in 

the structure of ZIF-8-Fe (Fig. S3). After a following pyrolysis and a subsequent NaOH 

leaching, mesoNC-Fe is obtained. Metal (oxide) nanoparticles can hardly be observed in 

mesoNC-Fe, suggesting a high dispersion state of metal in the carbon matrix (Fig. 2a, b). X-

ray spectroscopy (EDX) further validates a uniform dispersion of C, N and Fe throughout the 

carbon matrix (Fig. 2c-e). In contrast, iron (oxide) nanoparticles are present in microNC-Fe 

(Fig. S4a), highlighting the important role of SiO2 to inhibit the agglomeration of iron atoms 
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to form nanoparticles during high temperature pyrolysis. The absence of iron (oxide) 

nanoparticles in mesoNC-Fe is further supported by powder XRD analysis, where only two 

broad reflections at 2Ɵ = 30 ° and 50.5 ° are identified, ascribed to the (002) and (100) planes 

of carbon, respectively (Fig. 3a).[28] Raman spectra of all these as-synthesized materials 

(Fig. S4d) exhibit two peaks at around 1350 cm-1 and 1580 cm-1, which can be correlated to 

graphitic disordered or defective carbon (D-band) and sp2-bonded graphitic carbon sheets 

(G-band), respectively.[21] These samples exhibit similar intensity ratio between D band 

and G band (ID/IG), suggesting a similar degree of (dis-)order.  

 

 

Fig. 2: Bright field TEM and dark field STEM images of mesoNC-Fe (a, b); EDX mapping of C, N 

and Fe (c-e).  

The parent ZIF-8 and ZIF-8-Fe samples have a high BET area (SBET) and pore volume 

(Vpore), and display a typical microporous structure with intergranular mesoporosity, as 

indicated by the steep N2 uptake at low relative pressures and the hysteresis loop above P/P0 ≈ 

0.8, respectively (Fig. S5a).[29] The mesoNC and mesoNC-Fe samples exhibit a slightly 

lower SBET and Vpore than their parent ZIFs, probably attributed to the collapse of the well-

defined microporous structure of ZIF materials and slight agglomeration of nanoparticles 

during pyrolysis (Fig. 3b and Fig. S5b). At the same time, an H3 hysteresis loop that closes at 

P/P0 ≈ 0.4 can be as well observed, suggesting the presence of ill-defined mesopores in 

mesoNC and mesoNC-Fe. In contrast, microNC and microNC-Fe show a much lower SBET 

and Vpore (Table S1), ascribed to the more severe destruction of the ZIF nanoparticles during 

pyrolysis in the absence of SiO2. The XPS survey data prove the presence of C, N, O, Fe 

(depending on the sample) and Zn in these samples without detectable Si and Na (Table S2). 

The residual Zn signals in the pyrolyzed samples have been demonstrated to be porphyrin-like 

Zn (Zn-Nx) species in the nitrogen doped carbon matrix.[30] The N1s spectra were 
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deconvoluted into four types of species with binding energies around 398.5 eV, 399.9 eV, 

400.9 eV, and 402.4 eV, attributed to pyridinic-N, pyrrolic-N, quaternary-N and oxidized-N, 

respectively (Fig. 3c and Fig. S6a-c).[31] Obviously, pyridinic-N dominates in all these 

samples. 

 

Fig. 3: X-ray diffraction (XRD) patterns of mesoNC-Fe (a); N2-sorption isotherms of mesoNC-Fe and 

microNC-Fe (b); N1s XPS regions of mesoNC-Fe with deconvolution into the N-speciation (c) and N 

distribution mesoNC-Fe and microNC-Fe (d).  

3.2. Exploring the coordination environment of iron sites in mesoNC-Fe 

X-ray absorption spectroscopy (XAS) was further performed at Fe K-edge to explore the 

structural and valence information of iron in mesoNC-Fe. As shown in Fig. 4a, simple 

qualitative comparison of the XANES data with selected references indicates that the 

spectrum of mesoNC-Fe is almost identical to that of [Fe(H2O)6]3+ in solution.[32] A common 

statement of the structure of iron doped in nitrogen-doped carbon is Fe-N4 pyridinic moieties 

in a square planar configuration.[33] In that case, a sharp pre-edge peak around 7,118 eV is 

present (cf. the XANES spectrum of FePc, Fig. 4a), due to the Fe(1s) → Fe(4pz) transition 

coupled to a ligand-to-metal charge transfer (shake-down).[34] However, the latter pre-edge 

feature is absent from the spectrum of mesoNC-Fe, indicative of at least a broken D4h  

symmetry or an Oh symmetry. Instead, a weak and broad peak is observed at 7115 eV in the 

pre-edge region due to Fe(1s) → Fe(3d) transitions as in the [Fe(H2O)6]3+ spectrum. These 
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transitions gain their intensity via quadrupolar coupling or by 3d-4p mixing in distorted 

octahedral field. The position of the pre-edge is also consistent with a trivalent iron.[35, 36]  

The FT-EXAFS spectrum of mesoNC-Fe displays a main peak that is typical of metal-

ligand distance (≈ 1.5 Å, no phase correction, Fig. 4b). Comparison with the EXAFS spectra 

of standards also points towards structural similarities with [Fe(H2O)6]3+ in solution. However, 

there is an additional weak peak at 2.8 Å which may arise from a Fe-Fe scattering path as 

suggested by the comparison with the iron oxide references. Consequently, several models 

based on the combination of various scattering paths (Fe-O, Fe-N, Fe-C, Fe-Si, Fe-Fe, Fe-Zn) 

were tested to perform the quantitative analysis of the EXAFS data. The best-fit model 

includes a Fe-N scattering path for the first shell and a Fe-C scattering path for the second 

shell (Table S4). Note that the Fe-N scattering path also accounts for the presence of oxygen 

atoms since nitrogen and oxygen are indistinguishable by EXAFS spectroscopy.[37] The final 

parameters extracted from the EXAFS fit indicate a Fe-O/N bond at 1.96 ± 0.03 Å with a 

coordination number (CN) of 5.6 ± 1.2, and a Fe-C bond at 2.98 ± 0.04 Å (CN = 7.2 ± 2.4). 

Importantly, in the fittings of the EXAFS signal for mesoNC-Fe, it was not possible to 

include Fe-Fe scattering paths with reasonable parameters. Therefore, the negligible 

contribution of Fe-Fe scattering paths further confirms that nanocrystals are barely present in 

mesoNC-Fe.  

 

 
Fig. 4: (a) Fe K-edge XANES spectra and (b) FT-EXAFS k2.χ(k) functions for meso-NC-Fe, 

[Fe(H2O)6]3+ in water (0.01M), FePc, α-Fe2O3, FeO, Fe foil, and Fe3C. Spectrum of [Fe(H2O)6]3+ in 

water was retrieved from the F. W. Lytle database: the International X-ray absorption society website 

at http://ixs.iit.edu/database/; and the spectrum of FePc was kindly provided by Zitolo, et al.[19] 

Thus, XANES and EXAFS spectroscopies rule out the reduction of iron to its carbidic or 

metallic state, exclude the square-planar configuration of a simple Fe-N4 moiety, and confirm 

a high dispersion of atomic iron in its trivalent state in mesoNC-Fe. Note that during the 

http://ixs.iit.edu/database/
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investigation of various EXAFS models, it was possible to obtain reasonable agreement using 

five- or six-coordinated iron (square pyramidal or octahedral geometry). Furthermore, 

previous characterizations on similar materials proposed various alternative structures: the 

coordination of the Fe-N4 moiety is often expanded by a water molecule, hydroxyl group or 

molecular dioxygen (for ORR studies).[19, 38, 39] Given the on-going debate on the structure 

of iron active sites immobilized on nitrogen-doped graphene and the limits of the above 

characterization, valence-to-core X-ray emission spectroscopy and HERFD-XANES 

spectroscopy coupled to DFT calculations were conducted to further refine our structural 

model.[40] 

 

 

Fig. 5:  VTC-Kβ spectra for a selected set of Fe-based compounds and mesoNC-Fe after removal of 

the Kβ1,3 background. 

Non-resonant X-ray emission spectroscopy starts with the ionization of 1s electron on iron 

by incident X-ray photons with energies well-above the K-edge energy threshold. Then, an 

electron decays to fill the 1s core-hole with a simultaneous emission of photons.[41] The 

VTC-XES spectrum arises from transitions from occupied orbitals a few eV below the Fermi 

level (the valence band for solids or the highest occupied molecular orbitals for complexes). 

This valence-to-core region is traditionally divided into two emission lines: the Kβ” and Kβ2,5 

transitions which are respectively attributed to orbitals mixed metal-ligand ns and np states. 

One of the first application of VTC-XES for chemistry is related to the sensitivity in energy 

position of the Kβ” peak which depends of the identity of the ligand (e.g. C, N, O, S).[42-45] 

Since the XANES spectrum of mesoNC-Fe is similar to the spectrum of [Fe(H2O)6]3+ cation, 

we had suspicions that nitrogen atoms are not even coordinated to iron despite the XPS 

spectroscopic evidence of a significant amount of pyridinic nitrogen. Thus, the initial 



11 

 

motivation for the XES study was to overcome the limitation of EXAFS concerning the 

discrimination between oxygen and nitrogen atoms. The VTC-K spectrum of mesoNC-Fe is 

shown in Fig. 5 with several standards for comparison (Fe foil, Fe3C, Fe3O4, FeO). 

Unexpectedly, the VTC-K spectrum of mesoNC-Fe presents only a broad peak centered at ≈ 

7107 eV in the K2,5 region with no clear peak in the K’’ region (within the accuracy limits 

of the background removal). On the other hand, the iron oxides (FeO and Fe3O4) and iron 

carbide (Fe3C) spectra clearly highlight a K’’ contribution respectively centered at 7091 and 

7099 eV. For the iron foil (-Fe, bcc structure), there is no observable K’’ contribution, 

confirming that Kβ’’ mainly comes from the ligand s states.  

 

Fig. 6: Calculated VTC-Kβ spectra for a a-Fe, Fe3C, Fe3N, Fe3O4, FeO, [Fe(H2O)6]3+ and [Fe(NH3)6]3+ 

compounds. Left panel (a): spectra for periodic structures calculated with the FDMNES code with the 

energy scale referenced against the Fermi level. The ligands states sensitivity of Kβ’’ is outlined by the 

ligand orbitals label. Right panel (b): spectra for cluster models calculated with ORCA. A constant 

shift of +182.5 eV have been applied. Representative alpha molecular orbitals for each peaks are 

superimposed. 

The corresponding theoretical calculations performed with the FDMNES code are 

provided in Fig. 6a with the extra addition of the Fe3N theoretical spectrum that could not be 

measured experimentally (see the details in the supplementary information). The experimental 

data are well described by the theory that properly predicts the position of the K’’ line in 

respect to the K2,5 line position. By selecting the projected density of states on the ligands 

that overlaps with the metal p one (not shown), the origin of the K’’ peak was attributed to 

transitions from mixed ligands (2s) and Fe(np) states to Fe(1s) orbital, as expected. The 
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energy position of 2s (and 2p) orbitals from O, N, C ligands are properly ranked by ionization 

energy with nitrogen appropriately sitting in-between oxygen and carbon.[42] The theoretical 

VTC-K spectra of [Fe(H2O)6]3+ and [Fe(NH3)6]3+ are also presented on Fig. 6b with the 

visualization of representative alpha molecular orbitals from which the peaks originate. Those 

cluster calculations were performed with the ORCA program package following the recent 

and extensive work of DeBeer, Bauer, Glatzel and coworkers.[46-51] The theoretical spectra 

for both cations clearly show the presence of both K2,5 and K’’ lines with a significant 

intensity. Thus, a simple FeL6 octahedral model with metal-ligand distance of 1.96 Å 

(calculated from EXAFS data) cannot reproduce the experimental spectrum of mesoNC-Fe, 

although the experimental XANES spectrum of [Fe(H2O)6]3+ was very similar. Apart from the 

metal foil which does not show any K’’ peak, there are no references spectra which are 

anywhere close to the mesoNC-Fe spectrum.  

At this point, further investigations require the understanding of the parameters that 

determine intensity of transitions in the VTC-K spectrum. With the simplest FeL6 model, the 

most intense transitions derived from H2O/NH3 molecular orbitals belonging to the t1u  

irreducible representation can be extracted (Fig. 6b). In octahedral symmetry, the metal np 

orbitals also transform as t1u and enable the overlap with any ligand-based orbitals with the 

same symmetry. This is crucial for the prediction of intensities because the latter metal p-

contribution in the molecular orbital enables the electric dipole allowed character of the 

transitions (Δl = ±1).[52] In general, only ligand orbitals interacting via -bonding will 

overlap significantly with the metal p orbitals. A possible explanation of the low K’’ 

intensity may involve a conjugated system around the iron center. In that case, VTC-K is 

expected to highlight mostly the -framework. With such coordination, the ligands atomic 

orbitals contribute significantly through sp2 hybridation to the -system decreasing inevitably 

their participation in the -framework. From this idea, we have investigated several 

conjugated models that we thought to potentially match the experimental XANES together 

with the VTC-K spectra. At the same time, how the intensity of K’’ can be impacted by a 

Fe distorted environment in small iron (III) oxyhydroxide clusters as stated by Genovese et al. 

was not investigated in this study,[53] since this structure was reported to produce formic and 

acetic acid in the liquid phase and none of those products were detected over the whole 

applied cell potential range from our mesoNC-Fe catalyst. 

All geometry optimizations are detailed in the supplementary information while the 

optimized models can be visualized in Fig. 7. The first type of model considers periodic slabs 
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based on the nitrogen doped graphene structure with four pyridinic nitrogen coordinating the 

iron cation (Slab-FeN4). The top coordination of iron was completed either by a water 

molecule (Slab-FeN4-H2O) or by a hydroxyl group (Slab-FeN4-OH). The second type of 

model is based on the FePc complex, with a coordination completed by one hydroxyl (FePc-

OH), one water molecule (FePc-H2O), one hydroxyl plus one water molecule (FePc-OH-H2O), 

and two water molecules (FePc-2H2O). Those structures were inspired by the work of Zitolo, 

et al. who have shown that a porphyrinic geometry could match with the best accuracy the 

XANES data.[19] 

 

Fig. 7: DFT-optimized geometry for potential local environments of the iron active site in their most 

stable multiplicity state. 

The accuracy of the FDMNES code related to the simulation of Fe K-edge absorption 

spectra was evaluated with reference compounds (Fig. S8): a reasonable agreement between 

theory and experiment is obtained with our calculation parameters. The main discrepancies 

are observed in the pre-edge region especially for Mott insulators such as FeO, -Fe2O3, and 

Fe3O4 for which the energy separation between Fe(3d) and Fe(4p) metal orbitals is poorly 

predicted.[54] Then, the XANES spectra of previously optimized models are compared 

against the HERFD-XANES spectrum of mesoNC-Fe measured at the iron K1,3 energy (Fig. 

S9). The theoretical calculations are used here as a tool to exclude the models producing 

spectra obviously too far from the experimental results. Ultimately, the Fe-Pc-OH, Fe-Pc-

2H2O and FePc-OH-H2O structures provide the greatest agreement as shown in Fig. 8a. The 

concurrence with the Fe-Pc-OH spectrum is lesser in the main-edge region which suggests 

that the octahedral symmetry is better suited than a square pyramidal symmetry. Furthermore, 

the peak in the pre-edge region of the Fe-Pc-2H2O spectrum has a much lower intensity 

compared to the experimental data. This is because the octahedral symmetry of Fe-Pc-2H2O 
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presents only a small axial distortion restricting the 3d-4p mixing (d(Fe-N) = 1.96 Å vs. d(Fe-

O) = 2.09 Å). According to XANES spectroscopy, FePc-OH-H2O would be the best structural 

model. 

 

 

Fig. 8: Comparison of experiments and theory for HERFD-XANES and VTC-Kβ spectroscopies using 

FePc-2H2O, FePc-OH, FePc-HO-HO. Left panel (a): XANES spectrum of mesoNC-Fe (2) compared 

against FDMNES calculations, Right panel (b): VTC-Kβ spectrum of mesoNC-Fe (2) compared 

against ORCA calculations. A constant shift of +182.5 eV have been applied. 

The VTC-XES experimental spectrum and the ORCA calculations are further considered, 

as shown in Fig. 8b. A general observation is that the three structural models lead to VTC-K 

spectra with a broad K2,5 line and a weak intensity for the crossover peak (K’’), or almost 

non-existent for the Fe-Pc-2H2O model. The calculated spectra are now in much better 

agreement with the experimental data, especially for the K2,5 region. However, the intensity 

of the K’’ and the width of the K2,5 lines are respectively stronger and sharper than the 

experiments. This could be due to a difference of energy resolution between calculations and 

experiment. Besides, the current level of theory does not allow to include the effect of 

multiplet interactions which may further broaden the predicted K2,5 and K’’ lines. 
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2p 
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FePc-OH 

 
 

 

FePc-OH-H2O 

 

 

 

Fig. 9: Representative donor orbitals corresponding to each of the assign regions of the Kβ’’ and Kβ2,5 

peaks. 

Fig. 9 presents the assignment of the transitions labeled by letter in the calculated valence-

to-core spectra. The Kβ2,5 line arises from electronic transitions from ligands 2p into Fe 1s 

orbitals. The most intense peaks are due to transitions from a mixed of Fe-O/N/C 2p based 

molecular orbitals from the phtalocyanine -framework. All three models present a shoulder 

on the lower energy side which is mainly related to OH2O and OOH 2p orbitals (C, F, K). The 

FePc-OH has an additional shoulder on the higher energy side due to a different contribution 

of OOH 2p orbitals (G). The Kβ’’ feature arises from electronic transitions from O 2s and N 2s 

into Fe 1s orbitals. The N 2s contributions appear at similar energies in all spectra (labeled as 

B, D, I in Fig. 8 and 10). For FePc-2H2O, the transitions from OH2O 2s (A) orbital are at a 

lower energy than N4 2s (B) orbital. Inversely with the FePc-OH model, OOH 2s (E) is located 

A B 

F 

K 

C 

D E 

I 

G 

J H 
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at a higher energy than N4 2s (D). The intermediate model FePc-OH-H2O has all three 

transitions appearing consistently in the order OH2O 2s (H), N4 2s (I), and OOH 2s (J) from 

lower to higher energy. Considering the intensities, only the transitions related to hydroxyl 

groups lead to the appearance of a significant peak. The K’’ component of the water ligand, 

has lower intensities due to the lower overlap of the donor with the acceptor orbitals, which is 

actually related to the distance between donor and acceptor site (d(Fe-OOH) = 1.8-1.9 Å vs. 

d(Fe-OH2O) = 2.1-2.2 Å). The same argument explains the higher K’’ intensity for FePc-OH-

H2O compared to FePc-OH due to the shorter Fe-OOH distance (≈ 0.1 Å). Regarding the 

transitions involving nitrogen 2s orbitals, the weak intensity is rather understood by the 

delocalization of the donor orbital on the phtalocyanine ligand as shown in Fig. 9 (B, D, I).   

Thus, a porphyrinic environment completed by the coordination of water and/or hydroxyl 

group best describes the local environment of these atomically dispersed iron sites. Given the 

method of preparation, the chemical environment of iron must probably have some variations 

in terms of number of water/hydroxyl coordinated and iron-oxygen bond length. For this 

reason, it did not seem pertinent to choose a structural model among FePc-OH, FePc-2H2O, 

and FePc-OH-H2O, but many alternative models could be at least excluded during this study. 

 

3.3. Electrochemical reduction of CO2 over the mesoNC-Fe catalyst  

After exploring the chemical environment of iron in mesoNC-Fe by using both 

experimental spectra and DFT calculations, we further investigate the catalytic 

performance of mesoNC-Fe in CO2 electrochemical reduction reaction in this section. 

The performance of mesoNC-Fe in the electrocatalytic reduction of carbon dioxide was 

first evaluated by linear sweep voltammetry (LSV) (Fig. S10a). The current density in 

the N2-saturated KHCO3 solution (j(N2)) is attributed to hydrogen evolution reaction 

(HER). Apparently, after introducing CO2 in the KHCO3 (0.1 M) solution, the current 

density of j(CO2) for mesoNC-Fe becomes higher than that of j(N2). We first investigate 

the pH effect on the current density when the LSV is performed (Fig. S11). The value of 

j(N2) increases as the pH value of the solution decreases, but is still much lower than the 

value in the CO2 saturated KHCO3 solution. This indicates that in the CO2-saturated 

solutions both the electrochemical reduction of CO2 and HER contribute to j(CO2).  

In order to elucidate the role of the nitrogen-doped carbon structure in mesoNC-Fe 

in CO2 electroreduction reaction, two reference samples (microNC and mesoNC) were 

first tested (see Experimental Section for the details). No liquid-phase product was 
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detected after each experiment over the whole applied cell potential range, and CO and H2 are 

the only detectable reduction products. The FECO of microNC displays a volcano-like curve 

over the whole applied cell potential range with the maximum FECO of ~33% at VRHE of -0.93 

V (Fig. 10a). Surprisingly, the mesoNC sample with a higher surface area further promotes 

CO production with the maximum FECO of ~72% at VRHE of -0.93 V (Fig. 10a). The 

electroreduction activity of CO2 to CO for nitrogen-doped carbon materials has been 

attributed to the presence of pyridinic- and quaternary-N species, which facilitate the 

transfer of a proton-electron pair to CO2.[55] Moreover, the single Zn sites in the 

nitrogen-doped carbon matrix (Zn-Nx) was also proved to promote the CO2 

electroreduction performance by facilitating the formation of *COOH.[56, 57] Hence, it 

cannot be discarded that the remaining Zn also contributes in the e lectroreduction of 

CO2 to CO. 

 

Fig. 10: FECO (a) and jCO (b) of mesoNC-Fe (black) microNC-Fe (red) mesoNC (blue) and microNC 

(pink) in CO2 reduction to CO; stability (c) and reusability (d) test of mesoNC-Fe in electrocatalytic 

reduction of CO2 at -0.73 V vs RHE. Each recycling test lasts 120 min. 

Then, the catalytic performance of mesoNC-Fe in CO2 electroreduction reaction was 

further studied. As shown in Fig. 10a, after incorporating these atomically dispersed iron 

sites in the mesoNC matrix, the maximum FECO and the corresponding jCO further increase to 

85% and -3.7 mA cm-2, respectively. As mesoNC and mesoNC-Fe show a similar 

electrochemically active surface area (ECSA) (Fig. S12d), we demonstrate that these 

atomically dispersed iron sites in mesoNC-Fe exhibit a higher activity than nitrogen dopants. 
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At the same time, the over-potential at the maximum FECO of mesoNC-Fe also shifts to VRHE 

of -0.73 V (Fig. 10a). Previous studies have shown that CO2 electroreduction to CO in general 

proceeds through the adsorbed intermediates: *COOH and *CO, where * represents the active 

site.[58] Hence, the free energy changes (ΔG) during the formation of *COOH and *CO on 

mesoNC-Fe and mesoNC catalysts are compared by using theoretical calculations with the 

model built in Section 3.2 (Fig. S13). Obviously, the atomically dispersed Fe center with 

hydroxyl ligand (i) decreases the free energy barriers of *COOH formation (Fig. S13a); 

and (ii) destabilizes the adsorption of *H, which to some extent enhances the adsorption 

of *COOH and *CO (Fig. S13b), thereby promoting CO2 electroreduction to CO at 

lower overpotentials. Moreover, a slope of ~123 mV dec-1 was observed at the low-

overpotential region of Tafel curve, indicating that the initial electron transfer to CO2 to 

form *COOH intermediates is the rate-determining step (Fig. S14). We should also 

acknowledge that the electron transfer, decoupled from proton transfer, can also be 

operative in this regime. 

Finally, in order to highlight the advantages of the SiO2-protective strategy in this study, a 

microNC-Fe sample prepared by direct pyrolysis of ZIF-8-Fe was also tested. As shown in 

Fig. 10a and b, microNC-Fe exhibits a lower FECO and jCO than that of mesoNC-Fe over the 

whole potential range, with the maximum FECO of ~57% and the corresponding jCO of -1.9 

mA cm-2 at VRHE of -0.73 V. Interestingly, mesoNC-Fe and microNC-Fe show a good 

relationship between the double layer capacitance (Cdl) (5.88 mF cm-2 versus 3.05 mF cm-2) 

and jCO (3.7 mA cm-2 versus 1.9 mA cm-2), indicating that the accessible active sites exhibit a 

similar activity in these two samples (Fig. S12d). Thus, compared to microNC-Fe, the higher 

performance of mesoNC-Fe can be explained from the following aspects: (i) the larger 

surface area enables more atomically dispersed active sites accessible for CO2 

electroreduction; and (ii) the absence of iron nanoparticles to a large extent inhibits the 

HER reaction, in which H2 is mainly produced. Hence, the synergetic effect of the 

atomically dispersed active sites in the carbon matrix makes mesoNC-Fe a more efficient 

catalyst for CO production compared to microNC-Fe. The maximum FECO and the 

corresponding jCO of mesoNC-Fe is comparable to those of nitrogen-doped carbon supported 

iron catalysts reported recently from other groups (Table S5). Finally, the stability and 

reusability of the mesoNC-Fe catalyst was also investigated, as presented in Fig. 10c and d. At 

the optimal VRHE of -0.73 V, the mesoNC-Fe catalyst exhibits a stable jCO and FECO during 

CO2 electroreduction reaction and can be used at least four times without obvious 
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deactivation, implying the high stability of Fe-N coordination environment in the carbon 

matrix (Fig. S16). 

 

4. CONCLUSIONS 

In this work, a SiO2-protective approach was reported to synthesize mesoporous NC 

with atomically dispersed iron sites (mesoNC-Fe) from a Fe-containing ZIF-8 template. 

This approach consists of hydrolysis of TMOS in ZIF-8-Fe, high-temperature pyrolysis 

and SiO2 removal. We demonstrate that the presence of SiO2 during pyrolysis is crucial 

to retain a high surface area in the mesoporous carbon matrix, and to hinders the 

formation of iron (oxide) nanoparticles. A series of X-ray spectroscopies, including 

HERFD-XANES, EXAFS and valence-to-core X-ray emission spectroscopies together 

with theoretical calculations allow us to elucidate the chemical environment of the non-

crystalline iron species in mesoNC-Fe: a porphyrinic environment around iron, which is 

completed by H2O/OH moieties. The mesoNC-Fe catalyst exhibits much higher FECO 

and jCO compared to its counterparts mesoNC and microNC-Fe. This can be explained 

from two aspects: (i) the iron center coordinating in the porphyrinic environment with 

OH/H2O moieties in mesoNC-Fe decreases the free energy barriers of *COOH 

formation and destabilizes the adsorption of *H; (ii) more active sites can be accessible 

during catalysis because of the higher surface area in the carbon structure of mesoNC-

Fe than that of microNC-Fe. Our results demonstrate that HERFD-XANES and VTC-

Kβ spectroscopies combined with theory are a powerful tool to explore the coordination 

environment in these and similar atomically dispersed catalysts. 
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