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The review focuses on the results of quantum-chemical calculations of the properties of 

electrocatalysts based on iron-containing carbons, mainly graphene. Depending on the nitrogen 

atom states in electrocatalysts produced by pyrolysis of a mixture of carbon-, nitrogen-, and 

iron-containing precursors, a method for assigning N1s peaks in XPS was described. The 

different types of nitrogen atoms in ORR electrocatalysts enable a semi-quantitative 

determination by combining data from experimentally obtained XPS spectra with quantum-

chemical calculations of chemically induced shifts in N1s core-level energies. 

Quantitative analysis of the EXAFS and XANES spectra regions of FeN-C catalysts, 

which are free or nearly free of Fe crystalline structures, revealed the presence of porphyrin-like 

FeN4C12 fragments. Electrochemical studies showed that these FeN4C12 fragments catalyze the 

four-electron reduction of O2 to water. Such porphyrin-like fragments can form either within 

highly disordered graphene sheets or between the zigzag edges of graphene, leading to the 

formation of micropores. FeN-C catalysts subjected to Ar- and NH3-pyrolysis exhibit 

significantly different ORR activities. The increased ORR activity associated with FeN4C12-type 

fragments results from highly basic N-groups generated during pyrolysis with NH3. 

A detailed kinetic and thermodynamic analysis of ORR on FeN4-G type catalyst with all 

pyrrole nitrogen atoms showed that the activation energy of dissociation of the adsorbed O2 

molecule is very high, regardless of its adsorption type on FeN4-G catalyst in the Pauling or 

Griffiths model configuration. 

The calculated ORR free energy change diagrams indicate that for all its elementary 

stages via the four-electron mechanism, the free energy changes (ΔG) are negative at low 

electrode potentials (up to 0.41 V). The rate-limiting stage for the entire ORR is the reduction of 

OH(ads) to H2O(ads), with Eact = 1.02 eV. 

The first self-consistent comparison of the activity of several potential structures of edge 

defects in the active center of iron-containing catalysts based on graphene nanocarbon showed 

that, depending on the synthesis conditions, the most stable Fe-containing defects are structures 

with four or three nitrogen atoms. It is assumed that both of these structures can coexist. Cluster 

structures of the FeN3 (Fe2N5) type are capable of cleaving the bond in the O2 molecule with a 

zero activation barrier and, therefore, can direct ORR along the dissociative route. This route is 

expected to be more selective, without H2O2 formation, due to the excess binding of ORR 

intermediates. Ab initio molecular dynamics data indicate that this spontaneous reaction is likely 

to be unaffected by solvation, as the solvent does not seem to alter the stability of the considered 

edge defects. 

The DFT results showed that as the nitrogen doping level of graphene-FeNx (x = 4, 3, 

2, 1) increases, their activity in the hydrochlorination reaction increases sequentially. The 

following order of Eact for the catalytic reaction of the graphene-FeNx catalyst series is obtained: 

graphene-FeN1 > graphene-FeN2 > graphene-FeN3 > graphene-FeN4. 
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The Fe atom embedded in the graphene network activates the methane molecule with an 

activation energy of 25.7 kcal/mol without applying an external electric field. The stability of the 

adsorption complexes, transition states, and products changes significantly under the influence 

of the direction and strength of the applied electric field. A positive electric field destabilizes the 

adsorption complexes, while the transition state and products are more stable compared to the 

case without a field. The activation energy decreased significantly from 25.7 to 17.5 kcal/mol 

when an electric field of +0.015 a.u. was applied. The results indicate that an applied external 

electric field can control the catalytic activity of graphene when iron is added. Using aberration-

corrected TEM, we show that the diffusion of single Fe atoms at graphene edges depends on the 

edge type (zigzag and armchair), with subdiffusion occurring at armchair edges and 

superdiffusion occurring at zigzag edges. Theoretical calculations show that this di fference is 

due to different diffusion barriers between stable states. The anomalous diffusion behaviour can 

be expected to affect the growth/catalysis kinetics of synthetic sp2 nanomaterials grown using 

metal catalysts. The in situ observations and theoretical studies (MD and DFT) provide key 

insights into the fundamental growth processes of sp2 nanostructures, such as graphene and 

carbon nanotubes, on metal catalysts.  

 

Keywords: density functional theory (DFT), iron-based electrocatalysts, X-ray photoelectron 

spectra (XPS), N1s core levels, porphyrin-like fragments, oxygen reduction reaction (ORR), 

four-electron ORR mechanism, degree of nitrogen doping in graphene, anomalous diffusion. 
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ABBREVIATIONS AND NOTATIONS 

AC-TEM Aberration-corrected transmission electron microscope 

B3LYP Hybrid functional in density functional theory 

Bbond The binding energy of Fe on FeN4-G 

BE Binding energy 

CLS Chemistry-induced variations in core-level shifts 

CNT Carbon nanotube 

CUS Coordinatively unsaturated iron sites 

DFT Density functional theory 
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DFTB Density functional tight binding 

DFTB-MD Density functional tight binding molecular dynamics 

DFT-D Density functional theory computation including a dispersion term 

DOS Density of state 

Eact Activation energy 

Eads Adsorption energy 

Eads state Total energy of C2H2/HCl and the catalyst 

EC2H2 Energy of the isolated molecule C2H2 

Ecatalyst Energy of the isolated catalyst 

Eco−ads state Total energy of molecules C2H2, HCl, and the catalyst 

Edis Dissociation energy 

EF Fermi energy 

EF Applied an external electric field 

EG Total energy for optimized pristine graphene sheet 

EHCl Energy of the isolated molecule HCl 

EM Electron microscopy 

Ereact Reaction energy 

Etot Total energy of the adsorption complex 

EX Total energy of the isolated X species 

EXAFS Extended X-ray absorption fine structure 

FePc Phthalocyanine 

FMO Frontier molecular orbitals 

FWHM Full width at half maximum 

G Graphene 

GGA Generalized gradient approximation 

G-Nx Graphene material in which N atoms are not bonded to TM atoms 

Graphene-FeN2-Hex Two adjacent N atoms are located in a six-membered ring 

Graphene-FeN2-Oppo Two N atoms are located on opposite sides of the Fe 

Graphene-FeN2-Pen Two adjacent N atoms are located in a five-membered ring 

G-ТМNx Graphene material containing TM atoms with N atoms coordinated to 

them 

G-ТМNx/G-Nx Graphene material in which the atoms share G-Nx and G-TMNx 

groupings 

HAADF-STEM High-angle annular dark field scanning transmission electron 

microscopy 

HOMO Highest occupied molecular orbital 

HR TEM High-resolution transmission EM  

HR-TEM High-resolution transmission electron microscope 

IM Intermediate 

IRC Intrinsic reaction coordinate 

LANL2DZ Effective core pseudo-potentials basis set 

LST Linear synchronous transit 

LT-STM, 4 K Low-temperature scanning tunnelling microscopy 

LUMO Lowest unoccupied molecular orbital 

LVACTEM Low-voltage aberration-corrected transmission electron microscopy 

MD Molecular dynamics 

MSD Mean square displacement 

MXAN Method of complete quantitative analysis of Fe K-edge X-ray 

absorption spectra 

NBO Natural bond orbital 
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Near-edge Near-edge X-ray absorption fine structure 

ORR Oxygen reduction reaction 

P1 Pauling model 1 

P2 Pauling model 2 

PBE Generalized gradient approximation in the Perdew-Burke-Ernzerhof 

functional 

Pc Phthalocyanine 

PDOS Partial DOS 

PElM Polymer electrolyte membrane  

PGM Platinum group metals 

QST Quadratic synchronous transit 

RRDE Rotating ring disk electrode 

SDD Stuttgart-Dresden effective core potential 

SHE Normal hydrogen electrode 

STM Scanning tunneling microscopy 

TDOS Total DOS 

TEM Transmission electron microscopy 

TS Transition state 

TM Transition metal 

XAFS X-ray absorption fine structure 

XANES X-ray absorption near-edge structure 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

ZPE Zero-point energy 

η2 Type interaction at the Fe site of the G 

ВЕ(1s) The binding energy of the 1s-electron 

ВЕ(N1s) The binding energy of the 1s-electron of the N atom 

ТМ Transition metal 

 

INTRODUCTION 

The negative impacts of carbon dioxide emissions on the planet's climate have 

underscored the need for a gradual transition from fossil fuels to environmentally friendly 

renewable energy sources. The most promising technological solution is the fuel cell. This 

electrochemical cell converts the chemical energy of environmentally friendly fuels, such as 

hydrogen and an oxidizer (primarily oxygen), into electricity, producing molecular oxygen via 

oxidation-reduction reactions and the formation of water. This technology, although very 

promising, currently faces many problems, not only due to the low specific energy released but 

also because of the high activation barriers of the corresponding reactions, the slow kinetics of 

electroreduction, and the low selectivity for a specific target product. The latter is due to the 

many possible parallel reactions that often occur on the electrodes. Until recently, these 

processes have used electrocatalysts exclusively based on platinum group metals (PGMs), as 

they enhance the efficiency and selectivity of electrochemical transformations, thereby 

increasing the reaction rate. However, the electrocatalysts that exist today are still largely 

insufficiently effective for achieving the economic benefits of the processes and are quite 

expensive. Therefore, one of the primary tasks in the field of creating electrocatalysts is to find 

and develop innovative, relatively inexpensive catalytic materials with improved characteristics. 

The primary interest is in replacing expensive electrode catalysts using PGM with new and more 

affordable materials that either do not contain PGM or include non-noble transition metals, 

mainly iron. 
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The review considers the results of quantum chemical studies of the properties of 

electrocatalysts based on iron-containing carbons, mainly graphene. Results from modern 

quantum chemistry and molecular dynamics methods enable the prediction of strategies for 

creating new catalysts with improved efficiency and selectivity. 

 

ASSIGNMENT OF XPS PEAKS OF NITROGEN-CONTAINING FUNCTIONAL 

GROUPS IN NITROGEN-DOPED GRAPHENE (GNx) AND NITROGEN-

FUNCTIONALIZED IRON (GFeNx) HETEROGENEOUS ELECTROCATALYSTS  

Graphene (G), due to its unusual properties, as confirmed by various theoretical and 

experimental studies of electrical [1, 2], magnetic [3, 4], and mechanical [5] properties, is 

considered one of the most promising materials of the early twenty-first century [6–8]. In 

particular, the unique band structure of G gives rise to numerous anomalous electronic and 

transport properties, including the anomalous quantum Hall effect [9, 10]. However, the G of an 

ideal structure without defects and dopants has limited practical application due to the absence of 

a band gap in the electronic band structure, low charge carrier density, non-magnetism, and 

chemical inertness [11–13]. The properties of G can be modified by doping with heteroatoms or 

by functionalization, thereby expanding its use as a material for high-capacity capacitors [14], 

nanoelectronic applications [15–17], selective catalysts [18], and spin electronics [19]. 

G is doped simultaneously or sequentially with nitrogen and/or transition metals, and a 

set of materials is formed in which nitrogen and transition metal atoms are incorporated into 

different fragments of the graphene network [20]. 

The most widely used materials in chemistry are those based on G containing transition 

metal (TM) atoms as cathode electrocatalysts for the oxygen reduction reaction (ORR) [20]. This 

is primarily because fuel cells are promising next-generation energy sources, given their high 

efficiency and low operating temperatures, which make them indispensable for use in transport 

and residential areas [21]. The second most important factor in the spread of such materials is the 

high cost of platinum, which serves as the most effective catalyst in fuel cells with a polymer 

electrolyte membrane (PElM). In addition to their high cost, platinum-containing catalysts lose 

stability and activity over time [22]. 

 

 
 

Fig. 1. Schematic of nitrogen species 

present in nitrogen-doped graphene 

(G-Nx) and nitrogen functionalized 

iron (G-FeNx) heterogeneous 

electrocatalysts [41] 

Therefore, numerous attempts to develop cheaper, platinum-free electrocatalysts are 

understandable, and graphene catalysts containing TM atoms, particularly iron atoms, in 

combination with nitrogen atoms coordinated to them (G-TMNx) occupy a leading position. Also 

worthy of attention as electrocatalysts are graphene-like materials in which nitrogen atoms are 
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not bound to transition metal atoms (G-Nx), as well as those in which nitrogen atoms of both 

types, G-TMNx/G-Nx, are present. Carbon-containing materials, in addition to graphene sheets, 

can be nanofibers and carbon nanotubes [22–26]. Among the transition metal atoms, Fe and Co 

atoms are most often used [27–29]. Variations in carbon carriers, types of nitrogen atom binding, 

and the nature of TM make it possible to purposefully change the electronic, chemical, and 

morphological properties of local active centres to enhance their electrochemical activity [30–33]. 

Among the platinum-free nitrogen-functionalized catalytic systems, the transition-metal 

catalyst G-TMNx exhibited high catalytic activity, suggesting that nitrogen coordination to the 

metal atom forms new ORR-active sites. However, previous studies have not provided any 

insight into which type or types of G-TMNx and G-TMNx/G-Nx sites exhibit the highest ORR 

activity [24, 34, 35], and the debate regarding the role played by nitrogen-containing sites alone 

in the electrocatalytic activity of graphene catalysts continues. Since the ORR routes and the 

reaction pathways for hydrogen peroxide (H2O2) formation depend on the specific nature of the 

existing active sites, it is expected that the role of nitrogen-containing sites will be decisive. 

Nitrogen, which is present in the three types of functionalized materials (G-TMNx, G-

TMNx/G-Nx and G-Nx), can be part of several different functional groups, the presence of which, 

in principle, can be demonstrated by X-ray photoelectron spectroscopy (XPS) [36] and high-

level quantum chemical calculations. 

The XPS method has become a primary surface-analysis technique for determining the 

properties of heterogeneous electrocatalysts, in which chemically induced variations in core-

level shifts (CLS) are used to detect and identify surface groups [27, 28, 37]. According to the 

results obtained from numerous high-resolution XPS data, nitrogen-containing moieties can be in 

the following forms in pyrolysis electrocatalysts: (1) pyridinic-N, (2) pyrrolic-N, (3) pyridine-N-

oxide, (4) quaternary-N, and (5) graphitic-N, as well as in various other forms when it is 

coordinated to the transition metal atom (Fig. 1) [38–42]. 

However, the role of these types of functional groups in ORR remains unclear and largely 

depends on the preparation method of the G-based electrocatalysts. Nitrogen-functionalized 

carbon materials are complex, heterogeneous materials, and the relationships between overall 

catalytic activity and the activity of different nitrogen-containing moieties remain unclear. For 

example, several studies [42, 43] have shown that pyridinic-N and pyrrolic-N moieties are the 

most catalytically active in ORR. At the same time, other data indicate that catalysts with a 

higher amount of graphitic-N [4, 4] or quaternary-N [4, 5] functional groups exhibit higher ORR 

activity. The inconsistencies in the literature reports can be attributed to inadequate calibration of 

the XPS spectra and to secondary effects arising from different coordination environments of the 

TM atoms. These effects are most pronounced for graphitic nitrogen atoms, whose binding 

energies range from 401.5 to 403.0 eV, depending on the chemical environment. The significant 

overlap of the binding energies (BE) for the quaternary-N (nitrogen with a charge of +1) and 

graphitic-N groups makes their identification in the N1s XPS spectrum difficult. Moreover, the 

lack of suitable reference data can also lead to a wide range of N1s binding energies for different 

types of nitrogen-containing moieties. Due to these uncertainties, relating XPS spectral features 

to a specific structure of the nitrogen-containing group is a difficult task, and inferring detailed 

structure-property relationships from experimentally obtained XPS spectra alone is highly 

ambiguous. Because of this circumstance, in works [27, 41] the density functional theory (DFT) 

[46, 47] with the PBE functional [48] was used to calculate the binding energies of the 1s 

electron of nitrogen atoms in nitrogen-containing fragments, which are necessary for the accurate 

identification and interpretation of the position of this 1s level in the XPS spectra of nitrogen-

containing G-based catalysts (XPS N1s spectra). The complementary experimental and 

computational results allowed us to determine the presence of different types of nitrogen-

containing functional groups, emphasizing the centers containing the TM atom to which the 

nitrogen atoms are coordinated and graphitic-N. The role of these groups in the oxygen reduction 
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occurring in the G-Nx systems obtained by doping graphene plates with nitrogen only is also 

explained. This putative unification of experiment and theory allows us to relate the nature of 

each type of active site to the ORR rate using XPS data directly. 

In progress [41], six clusters were considered, each of which modelled a particular 

section of the doped graphene plane. A section of the graphene plane of the ideal structure was 

represented by a region measuring 9.843 by 8.524 Å. It contained 32 carbon atoms (C 32) (Fig. 

2a). A similar section with four pyridinic-N atoms was obtained from the C32 cluster, from which 

two central carbon atoms were removed. The four carbon atoms closest to the formed double 

vacancy were replaced by N atoms (C26N4) (Fig. 2b). A cluster reproducing a state with a 

graphitic-N atom was obtained from the C32 cluster, in which one of the C atoms was replaced 

by a nitrogen atom (C31N). (Fig. 2c). Three clusters of the G-FeNx series with nitrogen atoms 

coordinated to an iron atom were obtained similarly: G-FeN2 from the C26N4 cluster by 

introducing an Fe atom into the center of a double vacancy and replacing two of the four N 

atoms surrounding the vacancy with carbon atoms (Fig. 2d); G-FeN3 from the C31N cluster by 

replacing one of the carbon atoms with an Fe atom (Fig. 2e); the G-FeN4 cluster from the C26N4 

cluster by introducing an iron atom into the center of a double vacancy (Fig. 2f). 

 

Fig. 2. Top view of the doped graphene configurations considered in [41]: Metal-free defects: 

(a) Pristine graphene sheet (C32), (b) Pyridinic-N (C26N4), (c) Graphitic-N (C31N), and 

nitrogen coordinated to metal defects (d) G-FeN2, (e) G-FeN3, (f) G-FeN4. Gray: Carbon; 

Blue: Nitrogen; Red: Fe [41] 

Following the recommendations of works [49, 50], the values of BE for the structures G-

FeNx and G-Nx were calculated as the difference between the orbital energy (BE (1s)) obtained 

by the DFT method and the Fermi level (EF) of the corresponding cluster. The chemical shift of 

the BE (N1s) level was defined as the difference in the BEs between the corresponding cluster 

and the cluster that reproduces the pyridine structure. According to this definition, a positive 

CLS value corresponds to a higher BE than that of the pyridinic structure, and vice versa. The 

assignment of the N1s peak in the experimentally obtained spectrum of the sample was made by 

adding the CLS value calculated by the DFT method to the energy of the N1s peak in the XPS 

spectrum of the reference structure of the pyridinic-N. 

Initially, reference XPS spectra of such standard compounds as polypyrrole (pyrrolic-N) 

and polypyridine (pyridinic-N) were obtained in [41]. The assignment of high-resolution N1s 

spectra was made using a single peak for which the full width at half maximum (FWHM) was 

1.1 eV at an energy of 398.8 eV for polypyridine (pyridinic-N) and 400.7 eV for polypyrrole 

(pyrrolic-N) (see Fig. 3a and 3b). The peak positions are consistent with the reference databases 



10 

[51, 52]. The FWHM values for the pyridinic-N peak and the pyrrolic-N are 1.1 and 1.3 eV, 

respectively. The assignment of the N1s peaks was obtained according to those published earlier 

[53]: imine (398.0), pyridinic-N (398.8), nitrogen coordinated to FeNx (399.8), pyrrolic-N 

(400.7), quaternary-N (401.8), and graphitic-N (403.3 eV). In addition to the peaks due to 

different types of nitrogen to carbon coordination, there is a peak at 3998 eV assigned to the G-

FeNx family of groups, which includes different geometries and chemical environments, namely 

G-FeN4, G-FeN3, and G-FeN2. Through the correlation of XPS and Mössbauer spectra, the peak 

due to the mesomeric FeN4 center, in which all nitrogen atoms are equally bound to the metal 

atom, was assigned to the FeNx peak in the XPS spectrum of N1s [54]. 

 

Fig. 3. X-ray photoelectron spectroscopy N1s spectra for (a) pyridinic-N reference peak and (b) 

pyrrolic-N nitrogen moieties obtained experimentally [41] 

The chemical environment of nitrogen-doped G defects in a heterogeneous electrocatalyst 

can be determined by comparing their BE obtained from XPS data. However, calculating BE and 

chemical shift from DFT data is somewhat complicated. Due to the substantial change in the 

Coulomb potential near the nuclei, the absolute value of the BE of the defects in question is 

irrelevant, since minor distortions of the electron wave functions can lead to significant 

deviations in the orbital energies. By comparing the BE shifts relative to the overall experimental 

and calculated reference structure, this error can be significantly reduced or eliminated. 

The reference structure, available both experimentally and theoretically as pyridinic-

N(C26N4), was used for the calculations. The chemical shift of N1s was calculated as CLS = BE 

(defect) – BE (C26N4). The shifts of the BE of the nitrogen atom for two different types of 

coordination with Fe and Co, i.e., G-FeNx and G-Nx, were reported in [49, 50]. The defects of 

the FeN2 type had lower CLS values, ranging from 0.9 to 1.1 eV, than those calculated by the 

DFT method. The overlaps of the peaks due to defects of the FeN3 and FeN4 types significantly 

exceed their shifts concerning the C26N4/N-pyridine reference structure in the XPS spectrum. 

Therefore, the defects of FeN3 and FeN4 fragments were predicted to have a higher CLS = 1.5 

eV and significantly higher formation energies. The CLS values obtained by DFT were used to 

calibrate the XPS N1s spectra. 

Among the active sites involving the nitrogen atom that are of interest, graphitic-N 

deserves special attention. It was agreed that groups with nitrogen coordinated to TMs, such as 

Fe (FeNx), are active sites that catalyze the complete reduction of oxygen to water via a four-

electron mechanism. Still, spectroscopic methods did not allow the authors [41] to identify a 

specific geometric coordination of nitrogen. The role of graphitic-N in nitrogen-doped 

mesoporous carbons and nitrogen-doped graphenes for ORR has also been widely discussed in 

the literature. Some papers claim a partial reduction of oxygen to hydrogen peroxide (two-

electron mechanism) [37, 56, 57], while other papers provide evidence for the complete 
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conversion of oxygen to water [57, 58]. This is important for the design of electrocatalysts with a 

preferred content of a particular type of defect. 

The experimentally obtained N1s peak for graphitic-N was previously assigned to an 

energy of 401.8 eV [50]. However, graphitic-N has a BE of 401.5 to 405 eV, depending on the 

chemical nature of other nitrogen atoms in the immediate vicinity. Therefore, the BE of the peak 

previously assigned to 401.8 eV corresponds to a mixture of graphitic and quaternary nitrogen, 

which significantly complicates the precise identification of the graphitic-N defect type and its 

concentration. 

However, using DFT calculations, a CLS was predicted for graphitic-N relative to the 

pyridinic-N reference in [41]. The N1s peak position for graphitic-N is 402.1 eV, which was then 

recalculated by adding the DFT calculated CLS to the experimentally observed N1s peak 

position in the pyridinic-N reference (BE = 398.8 eV (pyridinic-N, reference, experiment) + 

3.3 eV (CLS, DFT) = 402.1 eV). This BE was previously attributed to the quaternary nitrogen 

atom in an XPS experiment. DFT calculations [41] indicate that the peak at 402.1 eV likely 

contains a significant contribution from the graphitic-N moiety. Moreover, the DFT-predicted 

CLS = 3.3 eV is consistent with experimental observations and corresponds to the G-Nx BE shift 

obtained in [49, 50] for ORR electrocatalysts. 

After developing a technique to determine the nature of N-containing catalytic sites in 

carbon materials using XPS data, the activity of the resulting catalysts was evaluated for ORR 

[41]. It is known that the conditions of catalyst heat treatment (temperature, duration, and 

temperature sweep rate) significantly affect its electrocatalytic activity [60]. Moreover, a variety 

of functional N-containing fragments can be formed under different heat-treatment temperatures. 

Therefore, to better understand the role of each specific N-containing group in oxygen reduction, 

the Rotating Ring Disk Electrode (RRDE) method was employed to obtain both qualitative and 

quantitative information about the catalysts and the electrochemical reactions occurring in the 

electrolyte. The RRDE method takes advantage of the laminar flow created by rotation. As the 

reaction mixture rotates, the solution in contact with the electrode is diverted to the side, which is 

similar to the situation with a rotating disk electrode. As the solution is diverted to the side, it 

crosses the ring electrode and flows back into the primary reaction medium. In the RRDE 

method, the ORR occurs on the electrode disk via a four-electron mechanism. It was found that 

the G-Nx catalyst sample obtained by pyrolysis at 300°C contained the highest relative amount of 

graphitic-N (72.8%), which showed the lowest limiting current density (0.7 mA cm2) and the 

highest hydrogen peroxide yield (86%), indicating that this catalyst primarily promotes the first 

step of the two-electron ORR mechanism, which leads to the formation of the intermediate 

product, hydrogen peroxide (O2 + 2e– + 2H+ → H2O2). In contrast, when the G-Nx sample was 

heat treated at a higher temperature (800°C), a significant decrease in the relative amount of 

graphitic-N (19.8%) and an increase in the content of amine-N (33.3%) as well as pyridinic-N 

(28.2%) were obtained, resulting in a higher limiting current density (1.4 mA·cm2) and a 

decrease in the yield of hydrogen peroxide. This observation suggests that amine-N and 

pyridinic-N contribute to the second step of the two-electron ORR mechanism, i.e., the reduction 

of hydrogen peroxide to H2O (H2O2 + 2H+ + 2e– → 4H2O). 

ORR catalysis, G-FeNx catalyst pyrolyzed at 800°C, was compared with the GNx – GNS-

300 sample. It was found that for the G-FeNx sample, the yield of H2O2 was only 2%, which can 

be attributed to the presence of 11.5% graphitic-N. However, the low yield of hydrogen peroxide 

indicates that other defect-containing moieties present in G-FeNx catalyst almost completely 

reduced oxygen to water via the four-electron ORR mechanism (O2 + 4e – + 4H+ → H2O). Using 

XPS data, it was found that the activity of this catalyst is due to nitrogen being coordinated to the 

metal atom. This sample showed the highest current density (4.8 mA·cm2) and the lowest yield 

of hydrogen peroxide. This indicates that the G-Nx centers can catalyze two reactions: (i) the 

four-electron reduction of oxygen to water and (ii) the two-electron reduction to H2O2, catalyzed 
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by graphitic-N. The pyridinic-N, which is still present in significant amounts in the obtained 

catalysts, also catalyzes the second step of the two-electron ORR mechanism, i.e., the reduction 

of hydrogen peroxide to H2O (H2O2 + 2H++ + 2e– → 4H2O). Although the complete reduction of 

O2 to H2O is highly desirable in fuel cells, the two-electron reduction mechanism may be 

applicable for the production of H2O2 on an industrial scale. It was found that the G-Nx sample 

pyrolyzed at 800°C had higher electrochemical activity and provided low peroxide yield 

compared to the G-FeNx sample heat treated at 300°C. Considering that the heat treatment time 

and temperature rise rate remained unchanged for both G-Nx catalysts and the formation of 

catalytically active sites was mainly influenced by temperature, this confirms the importance of 

pyrolysis conditions for catalyst optimization. However, the G-Nx-800°C catalyst had 

significantly lower activity than the G-FeNx catalyst heat-treated at the same temperature, 

indicating that iron sites play a crucial role in the ORR. Analysis of the XPS results indicates that 

graphitic-N and Fe lead to higher currents and minimal H2O2 formation, suggesting a role for 

these groups in either the complete reduction of O2 to H2O and/or the partial reduction of H2O2 

to water. 

Thus, the DFT calculations in [41] were used to calculate the CLS of graphitic-N. The 

results obtained convincingly demonstrate that graphitic-N is present in N-containing samples, 

and that the experimentally observed pyridinic-N is stable. Analysis of XPS peak intensities and 

positions, combined with ab initio calculations, enables the determination of the content of 

different types of N defects in ORR electrocatalysts. The RRDE data obtained experimentally 

suggest that graphitic-N moieties formed at lower temperatures significantly contribute to 

hydrogen peroxide formation in ORR catalysts. In contrast, metal coordination to nitrogen is 

critical for efficient overall ORR. The proposed combination of experiment and theory not only 

aids in analyzing the types of N-containing functional groups but also accelerates the design of 

lower-cost electrocatalysts for PElM fuel cells. 

 

XAFS METHOD IN STUDYING THE PROPERTIES OF IRON-CONTAINING 

GRAPHENES 

As noted above, ORR catalysis is of primary importance for metal-air batteries and fuel 

cells, two environmentally friendly technologies whose theoretical specific energy is sufficient to 

power full-size, long-range vehicles [61]. Although PElM fuel cell technology is now relatively 

mature, there remains a need for platinum-based catalysts. Since platinum is mainly required for 

the cathode due to the slow ORR rate, there is a strong incentive to search for new materials 

suitable for catalyzing this reaction. Following the first report [62] of increased ORR activity 

using Fe(Co)N4 macrocycles adsorbed on a carbon-containing material as a catalyst, a line of 

research was developed into a new class of catalysts, subsequently named TMN-C [63], obtained 

by pyrolysis above 700°C. It was later shown that such catalysts can be synthesized by pyrolysis 

of individual metal-, nitrogen-, and carbon-containing precursors [64]. The results of [65–67] 

made it possible to increase their activity and durability; however, the structure of the active site 

or sites remained unclear for two reasons. First, the non-crystallographic ordering of metal atoms 

in a carbon-containing catalyst requires specialized spectroscopic methods. Secondly, the 

simultaneous presence of various types of active sites, along with other metal-containing phases, 

in most TMN-C ORR catalysts prevents the acquisition of spectroscopic evidence of their nature. 

Basic information on the structure of FeN-C catalyst fragments was obtained by analyzing 

EXAFS (extended X-ray absorption fine structure) spectra, 57Fe Mössbauer spectroscopy 

methods, X-ray photoelectron, and mass spectroscopy [29, 68–70]. Various fragments of the 

gross formula FeNxCy [71, 72] have been proposed as active centers. It has also been 

hypothesized that iron simply catalyzes the formation of N-containing active centers in C-

containing materials [73, 74]. However, poisoning of TMN-C catalysts with cyanide and the low 

efficiency of metal-free catalysts have revealed the metallic nature of the catalytic activity in 
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ORR [75, 76]. The works [77–79] present the results of ab initio calculations on the properties of 

TMNxCy fragments incorporated into graphene sheets. Binuclear structures Fe2NxCy were also 

proposed as active centers of TMN-C catalysts [79, 80]. However, spectroscopic evidence for the 

presence of such hypothetical centers has not yet been obtained, and their properties have not 

been compared with the properties of TMN-C catalysts free of crystallographic structures based 

on transition metals, in particular, iron. 

At work [81], the structure of active centers in FeN-C catalysts pyrolyzed in argon or 

NH3 was investigated. Ammonia leads to the formation of more active but less durable catalysts 

[65, 71]. Regardless of the gas used in pyrolysis, it was established that for FeN-C materials 

containing no or almost no crystallographic structures of iron, the identity of the Mössbauer 

spectra and XANES spectra is characteristic, which indicates the presence of the same Fe-based 

fragments. In [81], the structure of two putative active centers with different structures, featuring 

a porphyrin planar architecture with a FeN4C12 grouping and an adsorbed O2 molecule 

coordinated to an iron atom, was investigated and determined. The identification is confirmed by 

excellent agreement between the experimentally obtained X-ray absorption spectra of FeN-C 

catalysts, almost free of iron-based crystalline structures, and calculations using the DFT theory 

taking into account dispersion interactions (DFT-D) [82, 83]. Despite the identity of the FeN4C12 

fragments, NH3-pyrolyzed catalysts demonstrate significantly higher activity in ORR than Ar-

pyrolyzed ones. This correlates positively with the formation of N-containing groups with higher 

basicity during pyrolysis with ammonia, which increases the activity inherent in FeN4C12 

fragments due to chemical or electronic effects. 

A few words about the XANES method: in the modern understanding, the name XAFS 

unites the designations of the names of several sections of the absorption spectrum X-rays near 

the absorption jump caused by the photoelectric effect: the XANES region, sometimes called 

NEXAFS (near edge X-ray absorption fine structure), limited to the energy range ±(30–50) eV 

relative to the excitation threshold energy (jump), and the EXAFS (extended X-ray absorption 

fine structure) region, located above the absorption jump and extending in the range from 

approximately 30 to 1500–2000 eV relative to the excitation threshold. The conventional 

division of the spectrum into these regions is due to the necessity of employing different physical 

approximations to describe them. XANES or XAFS spectroscopy allows one to obtain 

information about the nature, quantity, and location of neighbouring atoms relative to the atom 

under study, both in the first and in more distant coordination spheres. In this regard, XAFS 

spectroscopy is used for structural analysis along with X-ray diffraction analysis. At the same 

time, it has several additional advantages, making it possible to study substances in any 

aggregate state, complex chemical composition, including cases when the concentration of the 

atoms being studied is small (for example, impurities in alloys, catalysts, active centers in 

enzymes, analysis of environmental pollution), as well as to study the dynamics of 

transformations during chemical reactions and external influences. The development of XAFS 

spectroscopy is associated with the emergence of synchrotron radiation sources, without which 

its experimental implementation would be very problematic, since XAFS spectra are measured in 

the X-ray energy range of 1–100 eV. 

In [81], four types of FeN-C catalysts were synthesized: Fe1.0, Fe0.5, Fe0.5-900, and  

Fe0.5-950. The subscript corresponds to the mass of Fe in the catalyst precursor before pyrolysis. 

Catalysts Fe1.0 and Fe0.5 were synthesized at 1050°C in Ar for one hour, and samples Fe0.5-900 

and Fe0.5-950 were obtained by pyrolysis of sample Fe0.5 in NH3 for 5 min at 900 and 950°C, 

respectively. The Fe content and catalyst precursor preparation were modified for Fe0.5 to avoid 

metal particle formation. The absence of sextet and singlet components in the Mössbauer 

spectrum of the mentioned samples indicates the almost complete lack of crystalline phases of 

zero-valent iron. The Mössbauer spectra of 56Fe demonstrated their practical identity for the 
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Fe0.5, Fe0.5-900, and Fe0.5-950 samples, indicating identical iron-containing structures in Ar- or 

NH3-pyrolyzed FeN-C materials. 

The Fourier transform EXAFS spectra also show the presence of iron-based crystalline 

structures in the Fe1.0 sample and their absence in the Fe0.5 sample. The assignment of the signal 

at 2.2–2.6 Å in the Fourier transform EXAFS spectrum to Fe-C or Fe-Fe interactions is based on 

the accurate analysis of the EXAFS spectrum. The Fourier transform EXAFS spectra of the NH3-

pyrolyzed Fe0.5-900 and Fe0.5-950 materials also show a minor signal at 2.2 Å, attributed to Fe-Fe 

backscattering. This minor signal increases with increasing pyrolysis time in NH3. Its increase is 

explained by the higher content of crystalline Fe2N with increasing pyrolysis time in NH3, as 

determined by Mössbauer spectroscopy. 

The obtained catalysts were electrochemically characterized by the RRDE method in a 

fuel cell with PElM. The obtained results indicate 2% yield of H2O2 at potentials typical for the 

PElM fuel cell. They are virtually independent of the disk rotation speed, suggesting a four-

electron route of oxygen reduction to water. The catalyst activity measured by RRDE is the same 

for Fe1.0 and Fe0.5 samples, but significantly higher for Fe0.5-900 and Fe0.5-950 samples. Such an 

increase is typical for catalysts obtained by pyrolysis in an NH3 atmosphere, which is known to 

cause the formation of fundamental N-containing groups [65, 71, 84]. The same activity of Fe1.0 

and Fe0.5 catalysts indicates that the Fe-based particles present in Fe1.0 are inactive in ORR, 

which contradicts the data on the OOR activity of carbon-encapsulated iron particles [34, 85]. 

The FeNxCy fragment present in both Ar- and NH3-pyrolyzed FeN-C materials was 

studied under the assumption of the presence of four ligands in the equatorial plane (nitrogen 

atoms) and one or two axial ligands (O2 molecules) in the coordination sphere of the Fe atom. 

First, the EXAFS spectrum of Fe0.5 was analyzed, which does not contain Fe crystalline 

structures. The dominant contribution to the spectrum EXAFS gives the ligands of the first 

coordination sphere, Fe-N and Fe-O. The NFe-N signal was too small to determine the angle 

between the Fe-N bonds and, consequently, the geometry of the group. The Fe-N distance 

obtained for Ar- or NH3-pyrolyzed FeN-C materials is 1.99–2.01 Å, which is consistent with the 

data obtained for iron porphyrins by the DFT method [86, 87]. 

XANES spectroscopy, which is more sensitive to the arrangement of atoms around the 

photoabsorber, was used to more accurately determine the structure of the catalytic center [88, 

89]. First, differences were established between the XANES spectra of Fe0.5 and non-pyrolyzed 

Fe(II) phthalocyanine, Fe(II)Pc. The pre-edge feature characteristic of heat-treated FeN-C 

catalysts is absent for the Fe0.5 sample, indicating a violation of the D4h symmetry of the ligand 

arrangement around the Fe atom [90]. Subsequently, the XANES spectrum of the Fe0.5 sample 

was quantitatively analyzed using the MXAN procedure [91], which had previously been 

successfully applied to heme proteins [91, 92]. Since the XANES spectra of Fe0.5, Fe0.5-900, and 

Fe0.5-950 samples are identical, the results obtained from the XANES analysis of the Fe0.5 sample 

are directly applicable to the Fe0.5-900 and Fe0.5-950 samples. The XANES spectrum calculation 

was first checked for Fe(II)Pc. Then, the XANES spectra of the model FeNxCy molecules, which 

had been previously studied using the DFT method [77–79, 93, 94], were calculated. Only the 

distances between the Fe and N atoms were varied in the calculation. The optimized geometry 

corresponds to a configuration with four nitrogen atoms at a distance of 1.95 Å (Table 1, lines 1, 

3). In this case, the agreement between the experimental and calculated spectra is unsatisfactory. 

In the second step, the O2 molecule was included in the calculation, and the Fe-N and Fe-O 

distances were optimized together with the angle between the O2 molecule axis and the normal to 

the N4 plane, as well as the distance from the Fe atom to the graphene plane. Some improvement 

was observed, although agreement remained unsatisfactory (Table 1, lines 2 and 4). 

Below, we consider the structure with a different arrangement of carbon atoms in the N 4 

plane. XANES analysis was performed for the FeNxCy fragment with a porphyrin structure, for 

which all Fe-N distances were varied. In this case, the experimental spectrum of the Fe-based 
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catalyst is accurately reproduced up to 90 eV above the absorption edge; however, a discrepancy 

remains at higher energies. With the second fitting, taking into account one oxygen molecule in 

the configuration perpendicular to its axis of the N4 plane, the results are significantly improved 

over the entire energy range, which indicates the need to include an oxygen atom or molecule, or 

another light element in the axial position of the first coordination sphere of the Fe atom. When 

considering the second O2 molecule in the axial position, excellent agreement was obtained 

between the experimental and theoretical spectra (Table 1, line 7). In this calculation, the iron 

coordination corresponds to a distorted octahedron embedded in a graphene sheet with two axial 

oxygen molecules at a distance of 1.87 Å and four equatorial nitrogen atoms at a distance of  

2.00 Å from the Fe atom. Another structure capable of reproducing the experimental XANES 

spectrum is still represented by the porphyrin geometry with the O2 molecule located parallel to 

the N4 plane above the Fe atom, with a longer Fe-O distance of 2.00 Å and a shorter Fe-N 

distance of 1.93 Å (Table 1, line 8), without the iron atom moving out of the plane. The Fe-N 

distance is identical to that in Fe(II) phthalocyanine – 1.926 Å [93]. 

Table 1. Structural parameters providing the best agreement between the theoretically calculated 

XANES spectrum and the experimentally obtained ones for the samples Fe0.5 (rows 1–8) and  

Fe0.5-950 (rows 9, 10) of the fragments FeN4C10, FeN4C12, and FeN(2+2)C(4+4), as well as the 

fragment FeN4C12 [93] 
No. Coordination Fe-N bond length, (Å) Fe-O bond length, (Å) Angle (°) 

FeN4C10 

1 4-fold 1.95 (3) — — 

2 5-fold 1.99 (3) 1.82 (3) 42(5) 

*FeN(2+2)C(4+4) 

3 4-fold 1.95 (3) — — 

4 5-fold 1.97 (3) 1.80 (5) 46(6) 

FeN4C12 

5 4-fold 1.98 (3) — — 

6 5-fold 1.97 (3) 1.86 (4) 51(5) 

7 6-fold 2.00 (3) 1.87 (4) 33(7) 

8 6-fold 1.93 (3) 2.00 (4) 90(0) 

FeN4C12 

9 6-fold 2.01 (2) 1.88 (4) [94] 55(7) 

10 6-fold 1.92 (2) 2.02 (3) [94] 90(0) 

*The subscripts (2+2) and (4+4) indicate that the fragment FeN(2+2)C(4+4) has two N atoms and four C atoms entering 

from each of the adjacent graphene sheets. 

Due to the high affinity between Fe and N [37, 96], it was necessary to investigate the 

stability of the FeN4 moiety compared to FeN3, FeN2, or FeN2C2 moieties, which was 

accomplished by the DFT method [32, 79]. The formation of pyridine moieties of FeN4 was 

found to be more favorable in the micropores overlapping graphene sheets than at the edge or 

inside the graphene sheet [32, 77]. Based on this, the formation of structures requiring the 

presence of C4N-type pyrrole rings was expected to be even more favorable when overlapping 

the edges of graphene pores than when located inside the graphene sheet. Additionally, the 

bridging structure would preferentially form between the zigzag graphene edges. The DFT-D 

calculations performed for such a model FeN4C12 cluster with a zigzag edge were compared with 

the results for the FeN(2+2)C(4+4) and FeN4C10 fragments. The Fe-N bond lengths found for the 

FeN4C12 cluster are in good agreement with the lengths determined by EXAFS and XANES for 

the FeN4C12 cluster without oxygen or with one or two O2 molecules adsorbed in the axial 

position (see Table 1). The strong binding of Fe(II) to the nitrogen atoms in the porphyric 

structure is evidenced by the BE of about -7 eV, comparable with that calculated for the 

FeN(2+2)C(4+4) and FeN4C10 clusters. The BE of Fe(II) to the O2 molecule was calculated for 

FeN4C10 and FeN4C12 clusters. The DFT-D results for the truncated FeN4C12 cluster with one O2 

molecule adsorbed in the configuration with the O-O axis perpendicular to the plane of nitrogen 
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atoms showed that Fe(II) is out of plane by 0.2 Å, and a Fe(II)-O bond of 1.786 Å length is 

formed. The adsorption energy of O2 is 1.83–1.84 eV for FeN4C10 and FeN4C12 clusters. The 

geometrical and energy characteristics of the FeN4C10 cluster obtained by the DFT-D method are 

in complete agreement with the previous results [78]. 

Thus, the performed quantitative analysis of the regions of the EXAFS and XANES 

spectra of FeN-C catalysts free or nearly free of Fe crystalline structures revealed the existence 

of porphyrinic FeN4C12 molecules, which is in strong contrast to the previously proposed FeNxCy 

fragments with nitrogen atoms included in six-membered rings [81]. Electrochemical studies 

show that such compounds catalyze the four-electron reduction of the O2 molecule to water. Due 

to their geometric structure, porphyrin compounds can be formed either in highly disordered 

graphene sheets or between zigzag graphene edges, forming micropores. Despite the virtually 

identical FeN4C12 molecules, FeN-C catalysts subjected to Ar pyrolysis and NH3 pyrolysis 

demonstrate completely different activities in ORR. The increase in ORR activity caused by the 

FeN4C12 fragment is due to the highly basic N-groups formed during pyrolysis with NH3. The 

results of [81] pave the way for the use of the XANES method for the structural study of G-

based TMN-C electrocatalysts. This class of transition metals is widespread on Earth and is 

promising for important electrochemical reactions. 

 

FOUR- AND TWO-ELECTRON MECHANISMS OF OXYGEN REDUCTION 

REACTIONS CATALYZED BY IRON-CONTAINING GRAPHENES 

Fe- and Co-based catalysts are, in general, still inferior in several respects to catalysts 

using Pt [97]. Bridging the remaining gap in activity and stability between TMNx-C and Pt-

containing catalysts requires a thorough study of the properties of the oxygen reduction active 

sites to provide a better understanding of the ORR mechanism [62]. The performance of TMNx-

C catalysts in ORR depends on the catalyst structure, namely the type of nitrogen atoms 

(graphite, pyridine, or pyrrole), the nature of the TM, the number of N atoms coordinating the 

TM atom, and the morphology of the C-containing material. Numerous studies have reported 

that the abundance of TM-N4 motif structures is higher at low temperatures, favoring the 

reduction of O2 to H2O2. In contrast, at high temperatures, the TM-N2 active site is formed, 

directing the ORR via a four-electron mechanism with water formation [70, 72, 98, 99]. In [70, 

99, 100], it was demonstrated that the FeN2-C fragment is more electrocatalytically active than 

the FeN4-C fragment. Further studies have shown that the FeN(2+2)-C fragment, which connects 

two adjacent graphite crystallites, is a potential model for most catalytic sites in FeN x-C type 

catalysts [72, 101]. The catalytic site of the FeN(2+2)-C fragment is based on the FeN2-C structure 

with all pyridine Ns in the phenanthroline configuration. Still, it differs from the FeN4-C 

fragment, which has all pyrrole nitrogen atoms. The FeN4-C fragment is much more difficult to 

insert into the graphene lattice than FeN2-C due to its high symmetry [72]. DFT calculations also 

showed that the formation of pyridine FeNx structures is more favorable than pyrrole ones [102]. 

However, in [104–105] it was revealed that the obtained catalysts, with the Fe atom coordinated 

by four pyrrole nitrogen atoms (FeN4 motif) embedded in the surface of the carbon material, 

have an activity comparable to the above-described FeNx type catalysts. In addition, in [106], a 

FeN-C catalyst based on modified G with an average coordination of the Fe atom by three N 

atoms was reported, which demonstrated increased ORR activity, high stability, and a low yield 

of H2O2 in an acidic medium. Also in [32], it was found that the FeN3 and CoN3 configurations 

are stable with negative formation energies. 

The optimal active structure of the catalytic center in ORR remains unclear. Several 

theoretical calculations have been performed to elucidate the active center structure and the 

reaction mechanism of ORR under the action of TMNx-C catalyst [32, 93, 107, 108]. Based on 

the energies of O2 adsorption and the formation of the corresponding intermediate products on 

the surface of the MNx-C catalyst, all calculations led to an active site of the TMNx-C type. It 
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was found that the graphitic configuration of MN4 is energetically favorable and stable in the 

region of real working potentials [93, 107, 108]. Taking into account the weak interaction 

between the peroxide and CoN4-C, it was suggested in [93] that CoN4 does not promote the 

complete ORR, and an active site of a different structure is required for peroxide reduction. It 

was found in [107] that the adsorption behaviour of transition metals is not an intrinsic property, 

since it can be strongly modified by changing the local geometry of the active site, the chemical 

nature of the nearest neighbors, and the oxidation state. It was reported in [108] that the iron-

containing regions of FeN4-C nanotubes are stable adsorption sites for O2 molecules and all 

intermediate products, which is similar to the ORR behaviour on metal-N4 macrocycles. In 

[102], experimental and theoretical methods were combined to elucidate the ORR mechanisms 

using FePc and CoPc as catalysts. It was suggested that ORR occurs via a four-electron 

mechanism on FePc catalysts and via a two-electron mechanism on CoPc catalysts, which is 

consistent with the results of [110]. The studies mentioned above primarily focused on 

thermodynamic information, such as adsorption energy and/or the Gibbs free energy change. 

However, the detailed kinetic behaviour of TMNx-C catalysts was not considered in these 

studies. This information is important for the design and optimization of the catalyst structure 

and performance. Previously [111], the ORR kinetics were reported on the FeN4-graphene model 

with all pyridinic-N atoms. 

In [112], DFT calculations were used to study the ORR on the surface of the FeN4-

graphene model with all pyrrolic-N atoms, FeN4, which allowed focusing on the calculation of 

the energies of the involved elementary reaction steps. The parameterization of Perdue, Burke, 

and Ernzerhof in the generalized gradient approximation (GGA) [48, 113] was used to describe 

the electron exchange and correlation effects. The adsorption energy Eads is defined as 

Eads = Etot – EFeN4 – EX,               (1) 

where Etot, EFeN4, and EX are the total energies of FeN4-G with an adsorbed particle X, the  

FeN4-G catalyst, and the isolated particle X, respectively. The negative adsorption energy 

indicates that it is energetically favourable for the adsorbate molecule to attach to the surface of 

the FeN4-G catalyst. The formation energy (Ef) was calculated according to the expression. 

Ef = EFeN4 – G + yμC – EG – xμN – EFe.            (2) 

Here EG is the energy of the optimized sheet of the ideal sheet G. The μC is the chemical potential 

of carbon atom, defined as the total energy per carbon atom for ideal G. The μN is the chemical 

potential of the nitrogen atom, defined as half the total energy of the N2 molecule, and EFe is the 

total energy of an isolated Fe atom in the gas phase, x is the number of embedded nitrogen 

atoms, and y is the number of carbon atoms removed from the graphene sheet during defect 

formation. A higher (more positive) formation energy means that the presence of a defect in the 

equilibrium state is less likely [93]. The bond energy B bond of an Fe atom in the FeN4-G 

fragment is calculated as: 

Bbond = EFeN4-G – EN4-G – EFe,              (3) 

where EN4-G is the energy of the FeN4-G fragment without the Fe atom. The full LST (linear 

synchronous transit)/QST (quadratic synchronous transit) method was used to calculate the 

energy barrier of each elementary stage in the search for the transition state [114]. 

According to the approach developed in [115], the free energies of formation of ORR 

intermediates can be calculated. The expression determines the change in free energy for an 

elementary step: 

ΔG = ΔE + ΔZPE – TΔS + ΔGpH + ΔGU + ΔGfield,            (4) 

where ΔE is the reaction energy obtained from DFT calculations, ZPE is the zero-point energy, T 

is the temperature equal to 300 K, and ΔS is the entropy change. The ZPE and S values of the 
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ORR intermediates are calculated based on the vibrational frequencies of their atoms. ΔGpH and 

ΔGU are the contributions to the free energy due to the changes in the pH value and the electrode 

potential U, respectively. ΔGU = -neU, where n is the number of transferred electrons and U is 

the electrode potential relative to the standard hydrogen electrode (SHE). ΔGpH = -kBTln10 = 

pH×kB Tln10, where kB is the Boltzmann constant. In [115], the pH value is taken to be zero for 

an acidic medium. The effect of the electrochemical double layer was found to be insignificant 

for the ORR intermediates and does not significantly affect the results of [115]. The free energy 

of formation of H2O was calculated for the gas phase at 300 K. A pressure of 0.035 bar, since at 

this pressure the gas phase H2O is in equilibrium with liquid water at 300 K. The free energy of 

O2 was obtained from the reaction O2 + 2H2 = 2H2O, for which the change in free energy was 

4.92 eV. 

In the calculations in [112], a periodic (6 × 6) supercell G with a FeN4-coordinated 

structure was used, in which the Fe atom is surrounded by four pyrrole nitrogen atoms (Fig. 4).  

 

Fig. 4. Top (a) and side (b) views of the 

most stable configurations of FeN4-G. 

Gray, yellow, and blue spheres represent 

C, Fe, and N atoms, respectively [112] 

After optimization, the FeN4-G fragment was found to be highly deformed. The entire 

FeN4 fragment and the C atoms located near the N atoms protrude from the G plane, forming a 

lid-like relief (Fig. 3b). The height of the Fe atom above the G plane was 1.43 Å. The four Fe-N 

bonds are nearly equivalent, with an average bond length of 1.91 Å, which is close to the results 

(1.90 and 1.92 Å) [102]. The formation energy of the FeN4-G fragment was 1.17 eV, indicating 

that its formation is energetically unfavorable. However, the interaction of the Fe atom with the 

surface is powerful, with a bond energy of -9.24 eV. Thus, the FeN4-G structure is not easily 

formed, but once it has formed under certain conditions, the strong bond interaction makes it 

stable. 

The adsorption of the O2 molecule was considered for several possible initial positions 

relative to the Fe atom of the FeN4 group. Preliminary calculations indicate that the O2 molecule 

can be chemisorbed only on the Fe atom; therefore, the Fe atom should be considered the active 

center of the FeN4-G catalysts, a conclusion also supported by specific experimental evidence 

[105, 111, 116, 117]. The O2 molecule can be bound to the Fe atom either through one of its 

atoms (Pauling model) [118] or by both of its atoms (Griffiths model) [119]. Both configurations 

are energetically favourable for the adsorption of the O2 molecule on FeN4-G. For the Pauling 

model, two different stable configurations are possible, i.e., either with one oxygen atom tilted 

toward the formed five-membered ring (model P1) or toward the seven-membered ring (model 

P2). For models P1 and P2, Eads is - 0.91 and -0.95 eV, the O–O bond lengths are 1.225 and 

1.278 Å, and the distances between the Fe atoms and the two O atoms are 1.740 and 1.734 Å, 

respectively. Thus, the two configurations, P1 and P2, of the adsorption complex are practically 

identical. In the Griffiths adsorption model, the O2 molecule is located parallel to the catalyst 

surface with an adsorption energy of -0.70 eV, which is similar to the adsorption complex of the 
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O2 molecule with FePc [120]. The O–O bond center is located above the Fe atom, and the 

distances from the Fe atom to the two O atoms are 1.90 Å. The O–O bond length is 1.334 Å. An 

analysis of the atomic population showed that in the Griffiths model configuration, there is a 

greater charge transfer from the catalyst to the adsorbed O2 molecule than in the Pauling 

configurations [120, 121]. 

Initially, the direct dissociation of the O2 molecule was considered: 

O2(ads) → 2O(ads).              (5) 

The index (ads) indicates the adsorbed state of the O2 molecule. The dissociation reaction 

(5) is strongly endothermic, with the reaction energy (E react) equal to 1.81 eV. The activation 

barrier (Eact) of this process is 2.54 eV, which is too high to be overcome at the fuel cell 

operating temperature (approximately 80°C). Both the reaction energy and the activation barrier 

indicate that O2 dissociation at the active site of FeN4-G is impossible. 

As an alternative to step (5), the O2(ads) molecule can simultaneously capture one proton 

H+ and one electron e–, which is equivalent to the addition of one hydrogen atom, to form the 

OOH(ads) group. The equation can express this step: 

O2(ads) + H+ + e– → OOH(ads).            (6) 

Under ORR conditions, there are two possible mechanisms for the transformation of the 

adsorbed OOH fragment (ads): a two-electron mechanism, in which the H atom (H+ + e–) is added 

to form H2O2, and a four-electron mechanism, according to which the O–OH bond is broken, 

which leads to the formation of the final product, the H2O molecule. 

The cleavage of the O–OH bond indicates a possible four-electron reaction mechanism 

[122]. Dissociation of the adsorbed OOH fragment (ads) can occur via three possible routes 

(equations 7–9): 

OOH(ads) → O(ads) + OH(ads),             (7) 

OOH(ads) + H+ + e– → H2O(ads) + O(ads),             (8) 

OOH(ads) + H+ + e– → 2OH(ads).             (9) 

The direct dissociation route of the OOH (ads) fragment is expressed by equation (7). This 

reaction is endothermic, with Ereact equal to 0.40 eV and Eact equal to 0.94 eV in the FeN4-G 

model. Instead of direct cleavage of the O–OH bond in the OOH(ads) fragment, its modification 

can occur by inserting an H atom into it. In this case, the kinetics of the route strongly depend on 

the position of the inserted H atom due to the spatial asymmetry of the OOH(ads) fragment. If an 

H atom is inserted into the FeO–OH bond, then dissociation of OOH(ads) under the action of H 

produces H2O(ads) + O(ads) (equation 8). This process is thermodynamically and kinetically 

favorable, with Ereact = -2.32 and Eact = 0.19 eV. Note that the formed H2O molecule drifts away 

from the Fe atom (the smallest distance between the H2O molecule and the Fe atom exceeds 3.00 

Å). The O atom remains adsorbed on the Fe atom, with whose participation the further reduction 

reaction can occur. However, when the hydrogen atom is introduced into the Fe–OOH bond, 

reaction (9) is realized. This process is also thermodynamically and kinetically favorable, Ereact = 

-1.75 eV and Eact = 0.29 eV. Among the three possible routes of OOH(ads) dissociation, more than 

one reaction is favorable. The barriers of reactions 7 (0.19 eV) and 8 (0.29 eV) are so low that 

they can be easily overcome with the formation of intermediate products O (ads) and OH(ads). 

Therefore, further reduction of O(ads) to H2O occurs according to reactions (10) and (11): 

O(ads) + H+ + e– → OH(ads),            (10) 

OH(ads) + H+ + e– → H2O(ads).           (11) 
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The isolated O(ads) atom formed in reaction (7) remains chemisorbed on the Fe atom of the 

FeN4-G group with an adsorption energy of -4.33 eV. Subsequently, the H atom (H+ + e–) is 

added to the oxygen atom of O(ads) to form the OH(ads) fragment, Eads of this stage is -2.82 eV. 

When another hydrogen atom (H+ + e–) is introduced into the system, the OH(ads) fragment is 

further reduced to form a second H2O(ads) molecule. Reactions (5–11) occur in fuel cells in the 

presence of water, and the Fe atom is the only active center for the O2 molecule. When 

comparing the adsorption energies of the O2(ads) and H2O(ads) molecules, it is seen that the 

adsorption energy of H2O on the Fe atom is -0.51 eV, which is lower in absolute value than that 

of the O2 molecule. Therefore, the O2 molecule will be preferentially adsorbed on the Fe atom 

rather than the H2O. This result is consistent with the ORR results on FePc [109]. 

Reactions 10 and 11 are characterized by negative Ereact values of -1.53 and -1.07 eV, 

respectively, indicating their high exothermicity and high thermodynamic probability of 

occurrence. However, their activation barriers are quite high. Eact of the reactions 10 and 11 is 

0.81 and 1.02 eV, respectively. OH reduction is another important step in the ORR via the four-

electron mechanism. This stage is crucial for the formation of the H2O molecule; a high Eact 

value results in low efficiency of the four-electron ORR mechanism. 

Based on the calculated Eact values, the most favourable four-electron ORR mechanism 

was determined. In the FeN4-G model, this mechanism consists of the following sequence of 

elementary steps: reduction of an O2 molecule to OOH, hydrogenation dissociation of OOH to 

form H2O and O or two OH groups, reduction of an O atom to OH, and reduction of OH to a 

second H2O molecule. The highest barrier (1.02 eV) is inherent in the step of OH(ads) reduction to 

H2O(ads), which is the rate-limiting step of the entire process. This step differs from the step for 

the FeN4-graphene model with all pyridine N atoms [111], in which the initial step of O2(ads) 

reduction to OOH(ads) is decisive. The highest activation barrier is inherent in the last step, 

indicating that O2 reduction can end at the two-electron step to form H2O2. 

The equation describes the first stage of the two-electron mechanism. 

OOH(ads) + H+ + e– → H2O2(ads).           (12) 

After the formation of the adsorbed OOH(ads) fragment according to reaction (12), another H 

atom (H+ + e–) enters the reaction system. This H atom is localized near the O atom, which is 

bonded to the Fe atom, forming the H2O2 molecule. The reduction of OOH(ads) to H2O2 is an 

exothermic reaction with Ereact = -0.62 eV, and the active barrier is 0.91 eV. For the optimized 

structure of H2O2 adsorbed on FeN4-G, the O–O bond length in the H2O2(ads) fragment is 1.828 Å, 

which is significantly longer than that of the free H2O2 molecule (1.472 Å), as in the cases of 

FePc [109] and FeN4-G with all pyridine nitrogen atoms [111]. The dissociation reaction can be 

expressed by equation (13). 

H2O2(ads) → 2OH(ads).            (13) 

The Ereact of this step is -0.89 eV, indicating that it is exothermic. Importantly, this step has a low 

Eact (0.57 eV), suggesting that although H2O2 can be chemisorbed on FeN4-G, it is unstable and 

can easily dissociate into two OH(ads) moieties. However, once formed, the OH species will 

subsequently be reduced to H2O. The OH reduction reaction discussed above has a high Eact = 

1.02 eV. The high barrier indicates a low reaction rate, resulting in a significant accumulation of 

OH species on the surface. Excess OH species can shift the equilibrium of reaction (13) to form 

H2O2. The high barrier of OH reduction slows down the H2O2 dissociation reaction. 

Alternatively, the H2O2 molecule can be desorbed from the surface. The desorption 

energy of H2O2 is 0.55 eV, which is slightly lower than the dissociation barrier of H2O2 

(0.57 eV), which is easily overcome. Thus, the desorption of H2O2 favours the formation of 

H2O2(ads), which determines the most favourable route of the two-electron ORR reaction. The 

steps are in the following order: reduction of O2 to OOH, reduction of OOH by hydrogenation to 



21 

form H2O2, and then desorption of the adsorbed H2O2 molecule from the surface. The highest 

barrier (0.91 eV) occurs for the reduction step of OOH (ads) to H2O2(ads), which acts as the rate-

determining step of the overall reaction. 

Table 2 shows the calculated values of Ereac, Eact, Eads, and Edis for all elementary stages 

occurring via four- and two-electron mechanisms. Some structural parameters of the reaction 

centres are also given. 

To investigate the presence of a thermodynamic step determining the ORR rate, ORR 

free energy diagrams in acidic media were calculated for FeN4-G catalysts with H2O2 and H2O as 

stable end products, respectively (Figs. 5 and 6). 

Table 2. Energy parameters of intermediate stages of ORR via the four-electron route 

 Eads, eV 
Ereact, 

eV 

Eact, 

eV 

Edis, 

eV 

R(O-O), 

Å 
R(Fe-O), Å 

FeN4N O2     1.225 1.740 

Model P1 -0.91    1.278 1.740 

Model P2 -0.95    1.334 1.900 

Model G -0.70      

O2(ads) → 2O(ads)   2.54 1.81   

O2(ads) + H+ + e– → OOH(ads)  0.55 0.53    

OOH(ads) → O (ads) + OH(ads) (direct)  0.40 0.94    

OOH(ads) + H+ + e– → H2O(ads) + O(ads) 

FeO-OH + H+ + e– 

 -2.32 0.19    

OOH(ads) + H + + e– → H2O(ads) + O(ads) 

Fe-OOH + H + + e – 

 -1.75 0.29    

O(ads) -4.33      

O(ads) + H+ + e– → OH(ads)  -1.53 0.81    

OH(ads) -2.82      

OH(ads) + H+ + e– → H2O(ads)  -1.07 1.02    

H2O(ads) -0.51      

Based on the diagrams of free energy changes constructed in theoretical calculations in 

[112], it was concluded that the reduction of OOH to H2O2 (Fig. 5) is associated with negative 

changes in free energy for all positive potential values (U > 0 V). Therefore, the thermodynamic 

stage that determines the rate of two-electron reduction is the last stage of OOH reduction to 

H2O2 with ΔG = 0.27 eV at zero potential. The high positive value of ΔG for H2O2 formation 

indicates that the catalytic activity of ORR by the two-electron mechanism is very low. A 

significantly different picture is obtained for ORR by the four-electron mechanism, for which, at 

a low potential value, the transition from stage to stage is due to negative values of the change in 

free energy (Fig. 6). At a higher potential exceeding 1.03 V, the reduction of O to OH and O2 to 

OOH occurs with an increase in free energy. Overall, the free energy diagrams indicate that the 

ORR via the four-electron mechanism is facilitated at low potentials, and the rate-determining 

thermodynamic step is the final step of OH reduction to H2O.In the most favourable four-

electron mechanism, ORR proceeds through four main steps, which are characterized as an 

oxygen reduction process. Chemisorbed O2(ads) is initially hydrogenated to OOH(ads), which then 

undergoes a hydrogenation dissociation reaction to form O (ads) and H2O(ads). O(ads) is subsequently 

hydrogenated to OH(ads) and finally to H 2O. The free energies of all elementary steps of ORR by 

the four-electron mechanism decrease at low electrode potential (down to 0.41 V compared to 

the standard hydrogen electrode). For the reduction of OH(ads) to H2O, the activation barrier is 

highest (Eact = 1.02 eV) and the value of ΔG = -0.41 V, which makes this step rate-limiting in the 

four-electron mechanism. This condition is similar to the outcome of ORR over a platinum 

catalyst [123–125], in which the rate of OH(ads) elimination or protonation determines the overall 

ORR rate. However, the behavior of ORR over a platinum catalyst differs from that of the FeN4-

G model with all pyridine nitrogens [111 ], in which the initial reduction step of O2(ads) to 

OOH(ads) is rate-limiting. Furthermore, in the FeN4-G model with all pyridine nitrogens, the rate-
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determining step Eact is only 0.62 eV, which is lower than that of the FeN4-G model with all 

pyrrole Ns (1.02 eV). After comparing the barriers to the rate-limiting steps of ORR in two 

different FeN4-G models, the ORR activity in the FeN4-G model with all pyridine nitrogen atoms 

is higher than in the FeN4-G model with all pyrrole nitrogen atoms. In the two-electron ORR 

mechanism, the reaction proceeds through two main steps. Chemisorbed O2(ads) is initially 

hydrogenated to OOH(ads), which then undergoes a reductive hydrogenation reaction to form 

H2O2(ads). The free energy changes in the reduction of OOH to H2O2 are positive at any positive 

electrode potential compared to the standard hydrogen electrode. The highly positive ΔG value 

for H2O2 formation indicates that the two-electron ORR mechanism is unfavourable. 

 

Fig. 5. Free-energy diagram for the 

reduction of O2 into H2O2 on the 

FeN4-G in acidic medium. The ∗ 

denotes the adsorption on the 

surface [112] 

 

Fig. 6. Free-energy diagram for the 

reduction of O2 into H2O on the 

FeN4-G in acidic medium. The ∗ 

denotes the adsorption on the 

surface [112] 

Thus, the DFT calculations of the detailed kinetic and thermodynamic course of ORR on 

a FeN4-G catalyst with all pyrrole nitrogen atoms performed in [112] showed that Eact of 

dissociation of an adsorbed O2 molecule is very high regardless of whether it is adsorbed on the 

FeN4-G catalyst in the Pauling or Griffiths model configuration. The most probable stages of the 

four-electron reduction mechanism can be arranged in the following order: 

O2(ads) → OOH(ads) →O(ads) +H2O(ads) (or 2OH(ads)) → OH(ads) +H2O(ads) → 2H2O(ads).     (13) 

The free energy diagrams show that for all elementary steps of ORR via the four-electron 

mechanism, the free energy changes are negative at low electrode potential (up to 0.41 V). The 

rate-limiting step for the overall ORR is the reduction of OH (ads) to H2O(ads), with Eact = 1.02 eV. 

The product of the two-electron reduction, H2O2, can be chemisorbed on the catalyst surface. 

Still, the free energy diagrams show that the decrease in OOH to H2O2 occurs at positive free 

energy changes for any positive electrode potential compared to the conventional hydrogen 

electrode. The high positive ΔG for hydrogen peroxide formation indicates that the two-electron 

ORR route is unfavourable on FeN4-G type catalysts. 
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CLUSTERING OF FexNy FRAGMENTS IN GRAPHENE NANORIBBONS 

Graphene nanoribbons (GNRs) are two-dimensional carbon sheets with zigzag edges that 

have been used as a model system for precious metal-free carbon catalysts [126] because they 

can contain various ORR catalytic sites, which is consistent with experimental facts for sp2 

hybridized carbons. It has been demonstrated that the combination of structural defects, 

embedded nitrogen atoms, metals, and vacancies can form active sites [127]. Such sites are 

usually more stable at the edges of graphene sheets than in bulk G [94, 128]. The marginal 

location of these defects is an important condition for the accessibility of products and reactants 

to them, which contributes to the efficiency of mass transfer. The marginal regions of 

nanocarbon clusters also have unique electronic and magnetic properties [128, 129], which 

distinguish them from areas in the bulk G [93, 107, 130]. 

TT maintain the optimal configuration of the catalytic centres in working condition, they 

must be covalently embedded in the planar structure of the graphene matrix. It has been shown 

[127] that nitrogen atoms coordinate non-precious metal atoms directly. However, the nature of 

catalytic fragments of the (TMx)Ny type remains actively discussed in the literature [32, 93, 107–

109, 130]. The stability of any particular catalytic site (TMx)Ny will depend on the chemical 

potentials of the TM and N atoms introduced into the graphene network under the synthesis 

conditions, a fact that has not been sufficiently covered in the literature. It has also been 

suggested that the catalytic site may include several metal atoms in close association, and that 

this facilitates the multi-electron reduction steps of ORR [131–133]. 

In the work [79], the DFT and ab initio molecular dynamics (MD) methods are used to 

characterize the properties of the active sites of the iron-doped catalysts. The main attention is 

focused on their molecular structure, surface accessibility, sensitivity to the chemical potentials 

of N and Fe atoms, and the features of the reaction in an aqueous medium. The clustering 

tendencies of different N-coordinated fragments are analyzed to establish the structure of the 

(TMx)Ny catalytic sites. Finally, the adsorption of O2 molecules on various types of (TMx)Ny 

sites embedded in G edge defects and its consequences for ORR are considered. 

  

 

Fig. 6. Energy minimized structures for (a) 2N 

interedge geometry, (b) 3N geometry, and (c) 

4N geometry. Each geometry shows nearest 

neighbor (NN), 2nd nearest neighbor (2NN), 3rd 

nearest neighbor (3NN), and 4th nearest 

neighbor (4NN) clusters, respectively [79] 

To consider the formation of active catalytic centres (Fex)Ny, three of their possible 

configurations were used: 2N-coordinated interedge, 3N-coordinated intraedge, and 4N-

coordinated intraedge. These configurations consist of Fe atoms located between the N-
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containing zigzag edges of graphene sheets (crystallites); Fe atoms localized above or in single 

vacancies and coordinated by three nitrogen atoms (two of which are on the teeth of the zigzag 

edge); Fe atoms located in divacancy positions coordinated by 4 N atoms (two of which are on 

the teeth of the zigzag edge) (see Fig. 7). For the 3N and 4N configurations, a graphene 

nanoribbon of 8 carbon pairs in length and five carbon pairs in width with two FeN x defects of a 

given geometry is used, which allows for possible clustering of defects of 2, 3, and 4 carbon 

pairs located along the zigzag edges. In the case of the 2N-coordinated structure, lower 

formation energies are achieved by using a ribbon of six carbon pairs in width. This arrangement 

allows localization of the Fe atom between two edge nitrogen atoms (Fig. 7a), which leads to a 

more stable configuration compared to the stepped one realized by a ribbon of five carbon pairs 

in width. Having calculated the formation energies of defect clusters for all admissible distances 

between Fe atoms, one can estimate the tendency for clustering of defects of a particular type. 

The energies of cluster formation were calculated using the DFT method, and the 

generalized gradient approximation parameterized by Perdue, Burke, and Erzerhoff [113, 134] 

was used for the exchange and correlation components. 

The energies of formation are calculated as follows: 

,defect defect C C H H N N Fe Fe GNRG E n n n n E                  (14) 

where 
x is the chemical potential of the atom х , defectE is the energy of a specific FexNy 

structure, and 
GNRE  is the energy of the nanoribbon without Fe and N atoms. When calculating 

the energy of the initial state for chemical potentials, the energy of one C atom in bulk G for 

carbon, 1/2 the energy of an N2 molecule for nitrogen, the energy of one Fe atom in the bulk 

phase of iron for Fe, and 1/2 the energy of an H2 molecule for hydrogen were used. 
xn is the 

change in the number of atoms of the type х in a defective nanoribbon compared to a defect-free 

one. The entropy and zero-point energy were not taken into account, which, according to the 

authors [79], does not affect the results obtained. 

The ab initio molecular dynamics (MD) simulations are performed with temperature 

scaling and using the Verlet algorithm. The time step is set to 1 fs. The temperature is held 

constant at 300 K. The MD simulations are used to study the reaction of the active sites in 

vacuum, as well as the possibility of coordination by the O2 molecule and water in aqueous 

solutions at elevated temperatures. 

Table 3. Distances between Fe atoms of FeN fragments x (Å) and energies of their formation (eV) [79] 
Iron-containing multiatomic 

structure 

Distances between Fe atoms of Fe-N 

fragments x (Å) 
Formation energies (eV) 

FeN2NN 2.17 9.52 

FeN22NN 4.89 11.3 

FeN23NN 7.34 11.1 

FeN24NN 9.83 11.1 

FeN3NN 2.14 2.37 

FeN32NN 4.83 3.00 

FeN33NN 7.88 3.11 

FeN34NN 9.88 3.86 

FeN4NN 2.25 0.75 

FeN42NN 5.05 0.69 

FeN43NN 7.46 0.82 

FeN44NN 9.85 0.76 

The equilibrium structures for each type of nitrogen coordination at optimal distances 

between Fe atoms are shown in Fig. 8. The calculated distances between Fe atoms and the 

formation energies are given in Table 3. The formation energies concerning the nearest 

neighboring cluster (clustering energies) as a function of the distances between Fe atoms are 
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shown in Fig. 9 for the three considered configurations, from which it is evident that the 

formation energy of different types of catalytic iron-containing centers depends differently on 

the distance between FeNx defects. The 2N and 3N configurations are characterized by a 

thermodynamic preference for Fe-Fe clustering, while the formation energy of the 4N 

configuration is relatively insensitive to the distance between Fe atoms. At higher temperatures, 

entropic effects can change the obtained formation energies. The reference N2 molecule, which 

has a higher entropy due to the increased number of degrees of freedom in the gas phase, will be 

more stable at high temperatures, resulting in an effective stabilization of lower nitrogen content 

structures (such as the 3N and 4N NN cluster configurations) compared to higher nitrogen 

content structures that have no nearest neighbors. 

 
 

 

Fig. 8. Optimized geometries for (a) FeN3 structure with adsorbed O2; (b) FeN4 structure with 

adsorbed O2; (c) bimetallic FeN3 cluster structure with adsorbed O2; (d) bimetallic FeN4 cluster 

structure with adsorbed O2; (e) bimetallic FeN3/FeN4 cluster structure with adsorbed O2. Each 

structure is shown from above and from the side [79] 
 

 

Fig. 9. Clustering energies as a 

function of Fe-Fe spacing following 

the structures depicted in Fig. 8 [79] 

The results imply that the propensity of a given active site configuration to form 

multimetallic (i.e., cluster) configurations is minimally dependent on whether it is a 2N, 3N, or 

4N type. Multimetallic active sites are more likely to catalyze ORR via unique routes. Moreover, 
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a potential route to tunable catalysis is opened by specially designing heterometallic clusters. 

This phenomenon may explain the enhanced activity of the synthesized Fe and Co catalysts [67].  

According to the authors of [79], the initial stage of oxygen reduction involves the 

adsorption of the O2 molecule on the active site. It is therefore important to consider this stage of 

adsorption and to compare the properties of different active sites. Geometry optimization using 

the DFT method revealed that bond cleavage in the O2 molecule over the clustered region of 

FeN3 (i.e., Fe2N5) leads to the dissociation of the O2 molecule. Such spontaneous cleavage of 

the O–O bond was reported in [135], where it was shown that this reaction on the Fe2N5 catalytic 

site occurs without a barrier. The ability of two incompletely coordinated Fe atoms to adsorb the 

formed O atom provides the driving force for the dissociation of the O2 molecule. Since the 

dissociation of the oxygen molecule occurs spontaneously, the ORR dissociative pathway will 

likely happen on cluster bimetallic fragments of the Fe2N5 type. On isolated FeN3 and FeN4 

fragments and the clustered Fe2N5 site, the O2 molecule binds to the Fe atom(s), and the 

subsequent addition of the H atom results in the formation of a stable OOH species without 

dissociation of the O–O bond. This suggests that an associative mechanism is likely on such 

sites. This mechanism, which is generally less preferred, may result in the undesirable formation 

of H2O2 instead of H2O. The mixed site of the bimetallic FeN3/FeN4 cluster also results in the 

dissociation of the O2 molecule, suggesting that the presence of the FeN3 fragment promotes 

dissociative adsorption. The structures with the dissociated O2 molecule are shown in Fig. 8. 

These results indicate that the geometry of the catalytic site plays a crucial role in the ORR route 

and, consequently, in the selectivity of the four- and two-electron reactions. It is proposed that 

multimetallic defects at the edges of nanoribbons provide ideal active sites for reactions in which 

initial bond cleavage is a crucial step (e.g., ORR and possibly the electrochemical synthesis of 

ammonia). 

Metal-nitrogen clusters, the structure of which is determined from ab initio calculations, 

may or may not be stable when exposed to an aqueous environment. To directly address this 

issue, ab initio MD simulations were performed on a system with a clustered FeN3 site in the 

presence of solvent molecules at 300 K. Water molecules were arranged in a grid to a density of 

1.0 g/cm3 in the space outside the van der Waals volume in the vicinity of the graphene sheet. 

The system was then gradually heated to 300 K over a series of 0.5 ps, after which this 

temperature was held constant for 2.5 ps. A time step of 1 fs was used in the simulations. 

Although this time is insufficient for complete equilibrium to be reached at the catalyst/water 

interface (about 100 ps is required for this), it is sufficient to observe the reduction of water 

molecules around the active site. The results of ab initio MD simulations showed that water 

molecules are in equilibrium in the vicinity of the Fe2N5 catalytic site, where an O2 molecule was 

introduced to replace the nearest water molecule above the active site. The geometry of the 

active site and water molecules is fixed while the other degrees of freedom are optimized. Then 

the active site itself is optimized while the oxygen molecule remains fixed. When the constraint 

on the position of the O2 molecule is removed, it spontaneously dissociates in the presence of 

water, as in a vacuum. The energy released by O2 bond dissociation is 3.96 eV (1.98 eV/atom). 

Thus, for the first time, a self-consistent comparison of several potential structures of 

edge defects of the active center of a catalyst based on a non-precious metal in combination with 

graphene nanocarbon was carried out by the DFT method [79]. Based on the energies of 

formation of such FexNy centers, it was found that they thermodynamically lead to the formation 

of clusters. Moreover, depending on the synthesis conditions, the most stable Fe-containing 

defects are either 4N or 3N structures. It is assumed that both of these structures can coexist.  The 

energy between the 2N ribbon configuration is so much higher than that of the other defects 

studied that its existence is assumed to be either thermodynamically forbidden or metastable 

relative to its decay. FeN3 (Fe2N5) cluster structures appear to be capable of cleaving the zero-

barrier O2 bond and may therefore direct ORR along a dissociative pathway. This pathway is 
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expected to be more selective, without H2O2 formation, due to excess binding of ORR 

intermediates. Ab initio molecular dynamics suggest that this spontaneous reaction is unlikely to 

be affected by solvation, as the solvent does not appear to impact the stability of the edge defects 

considered. 

 

BALL-MILLED IRON-CONTAINING GRAPHENES IN THE DIRECT 

CATALYTIC CONVERSION OF BENZENE TO PHENOL 

Many properties of catalysts containing single iron atoms embedded in a graphene matrix 

with or without nitrogen atoms have been discussed above. It was assumed by default that they 

were obtained by one or another chemical method, the most popular of which is the pyrolysis of 

precursors containing nitrogen, iron, and a carbon carrier. It is clear that with this approach, it is 

impossible to create a material with only one type of nitrogen-containing catalytic centers, which 

makes it extremely difficult to determine those properties that most contribute to a specific 

reaction. On the other hand, many successful examples can be found in enzymes such as 

cytochrome P-450 [136, 137], nitrogenase [138] and methane monooxygenase [139], as well as 

in some homogeneous catalysts where organic ligands and proteins surround iron atoms, making 

them highly active, selective and stable [136, 140–142], designed to perform specific functions 

in a living organism. Therefore, in heterogeneous catalysis, the preparation of single-atom iron-

containing centers deposited on a catalyst support with a stable structure and high activity 

remains an urgent task [143–146]. 

Several studies [147–149] have demonstrated that a single metal atom, particularly iron, 

can be successfully incorporated into a graphene matrix in situ by electron beam irradiation 

using transmission electron microscopy (TEM). However, single metal atoms in G are mobile 

during irradiation [147, 148], which leads to instability of the catalyst under real conditions. 

Moreover, it isn't easy to obtain a sufficient amount of metal incorporated into the graphene 

matrix by the irradiation method for practical application. It has been proven that FeN4-type 

centers with a Fe atom in organic macrocycles exist as stable structures. In contrast, FeN4 

macrocycles on a substrate are prone to aggregation during catalytic reactions due to weak 

interactions between these macrocycles and the substrate [150]. Therefore, one of the possible 

ways to stabilize the Fe atom sites in the graphene matrix is to introduce N atoms as an “anchor”, 

since the C–N bond has been shown [151, 152] to be highly stable in N-doped G. 

Taking these factors into account, a methodology for obtaining highly dispersed isolated 

FeN4 fragments with non-coordinatively saturated Fe atoms embedded in a graphene matrix in 

large quantities was developed in [153] by high-energy ball milling of iron phthalocyanine, 

FePc, and graphene nanosheets under controlled conditions. It was demonstrated that high-

energy ball milling is a powerful method that allows breaking and creating new chemical bonds 

in materials or molecules with moderate energy costs [151, 154–156]. In [153], a series of 

FeN4(FeN4/G) catalysts with different iron contents, namely FeN4/G-1.5 (1.5% Fe), FeN4/G-2.7, 

and FeN4/G-4.0, were prepared by ball milling FePc and GN composites with appropriate energy 

selection. 

The prepared samples were examined using the HAADF-STEM (high-angle annular dark 

field) method. The results indicate that the Fe atoms are bonded with the N atoms in the 

graphene matrix environment, which is also in good agreement with the DFT simulation results. 

Note that some areas around the Fe atoms also exhibit disordered structures, indicating that 

defects in the graphene network around some iron atoms occur after high-energy ball milling.  

X-ray diffraction (XRD) and Raman spectra also show that no characteristic structural fragments 

in FePc, Fe, or FeOx are observed in the FeN4/G samples, indicating that the Fe atoms are well 

distributed in them. The TEM and HAADF-STEM results confirm this conclusion. 

To obtain more information about the atomic and electronic structure of FeN4 centers in 

the graphene matrix, LT-STM, 4 K (low-temperature scanning tunneling microscopy) was used. 
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The iron atom in the LT-STM image is resolved as a bright spot. The STM modeling of the FeN4 

center embedded in the G lattice is consistent with the STM image, indicating that the iron atom 

significantly changes the electron density of states of neighboring atoms, and the FeN4 fragment 

is in the G plane, forming stable bonds with neighboring carbon atoms. To further study the 

chemical state and coordination structure of these FeN4 centers, the XAFS method was used. 

The above results demonstrated that FeN4 fragments were successfully incorporated into 

the G matrix via high-energy ball milling of FePc and graphene. One proposed mechanism for 

their formation suggests that the outer macrocyclic structure of FePc could be disrupted during 

the milling process, leaving behind isolated FeN4 sites that interact with graphene at its defect 

sites. Carbon atoms adjacent to the FeN4 fragment can be further reduced under the action of 

high milling energy, which ultimately leads to the formation of FeN4 centers embedded in the G 

matrix. In [157], it was shown that isolated Fe atoms embedded in a silicide matrix exhibit high 

activity and long-term stability in the direct conversion of methane to ethylene and 

hydrocarbons. Thus, it is expected that such a graphene-framed single FeN4 fragment will have 

high efficiency in catalytic reactions. 

 

Fig. 9. Theoretical analysis of the FeN4/GN structure and the catalytic reaction process by DFT 

calculations. (A) The formation energies of FeN4/GN and Fe/GN structures. The formation 

energy is calculated as follows: ( )Fe embedded Fe bulk N GNE E E   , where Fe embeddedE   and Fe bulkE  are 

the total energies of FeN4/GN and the Fe/GN structure and the Fe atom in the Fe bulk, 

respectively, and ( )N GNE  is the total energy of the optimized structure of FeN4/GN or Fe/GN with 

the Fe atom removed from the system. (B) Free energy diagram of the oxidation of benzene to 

phenol on FeN4/GN. The gray, blue, light blue, red, and white balls represent C, N, Fe, O, and H 

atoms, respectively. (C) Scheme for the reaction mechanism of the oxidation of benzene to 

phenol on FeN4/GN [153] 

The obtained and characterized isolated iron atom catalysts were applied in the direct 

catalytic conversion of benzene to phenol, which is one of the most critical reactions in 

fundamental and applied research [58, 159]. Various catalysts, including Ti-containing zeolites, 
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palladium membranes, and transition metal (Fe, Cu, and V) oxides or chelates, have been 

extensively studied as catalysts for the direct conversion of benzene to phenol. This reaction is 

typically carried out at temperatures between 50 and 140 °C since it is tough to carry out at room 

temperature due to the high stability of the C–H bond in benzene [158, 159–162]. Here, FeN4/G 

samples were found to exhibit high activity and selectivity toward phenol at room temperature. 

Benzene oxidation was carried out at 25°C using hydrogen peroxide as the oxidizing agent. With 

the increase of iron content in G, the activity and yield of phenol first increased rapidly and then 

decreased. This tendency of change in efficiency with the increase of Fe content in G can be 

explained by the fact that the moderate amount of FeN4 fragments may promote both their 

dispersion in graphene and their binding to G. In contrast, a higher content of FeN 4 fragments 

leads to their agglomeration. The optimized FeN4/G-2.7 catalyst has a turnover rate of 84.7 h-1 

for benzene conversion during the first 5 min and can provide a benzene conversion of 23.4% 

and a phenol yield of 18.7% in 24 h. (As is customary in heterogeneous catalysis, the activity of 

a catalyst can also be characterized by the number of revolutions (eng. Turnover number) of a 

catalyst, which is considered to be equal to the number of reagent molecules converted by one 

catalyst molecule per second. For nucleophilic and basic catalysts under normal conditions, this 

number is 10−7 – 10−2 s−1, for acidic and electrophilic catalysts – 10−4 – 10−1 s−1, for enzymes – up 

to 106 s−1, and in the case of catalytically perfect enzymes – up to 4×107, as in the case of 

catalase. 

To gain a deeper understanding of the activity of FeN4/G in benzene oxidation, DFT 

calculations were performed in [153] to study the reaction mechanism. The model of the FeN4 

fragment embedded in G was adopted according to the experimental characteristics. As shown in 

Fig. 10a, the formation energy of the FeN4 center in the graphene matrix (FeN4/GN) is 

significantly lower than the insertion energy of a single Fe atom in pure graphene (Fe/GN). This 

suggests that N atoms can be used as anchors to enhance the stability of Fe atoms in the G 

network, which confirms the experimental results. 

The H2O2 molecule readily dissociates on the FeN4 fragment to form an Fe=O 

intermediate and release one H2O molecule, followed by dissociation of another H2O2 molecule 

on the FeN4 fragment on the other side of the G plane with Eact = 0.55 eV and the formation of 

the O=Fe=O center. The benzene molecule is adsorbed on the oxygen atoms of the O=Fe=O 

fragment, and the C–O bond with Eact is formed = 0.59 eV. For comparison, direct adsorption of 

benzene on the oxygen atom of the Fe=O group is energetically unfavorable and requires an 

additional free energy of 0.86 eV. Benzene adsorbed on the O=Fe=O fragment is converted to 

phenol through the transfer of one H atom from the adjacent C atom of the benzene molecule to 

the O atom with Eact = 0.35 eV. The Fe=O catalytic center can be regenerated in the reaction 

cycle after desorption of phenol from the iron atom. The highest energy barrier along the 

reaction pathway occurs during the adsorption of benzene on the O=Fe=O fragment, which is 

only 0.59 eV and is moderate for low-temperature reactions. The formation of Fe=O/O=Fe=O 

intermediates on the FeN4 fragment is also confirmed by the analysis of the XAFS spectra of 

FeN4/GN samples after treatment with H2O2. 

EXAFS results show that in the initial FeN4/GN samples, the average value of the 

coordination number of the Fe atom is about 4, almost the same as that in the FePc molecule, but 

less than its maximum coordination number of 6. Thus, the iron-containing sites in these 

catalysts are coordinatively unsaturated. Upon further treatment of the FeN4/G sample with 

hydrogen peroxide, the coordination number of the iron-containing site increases. These results 

confirm the DFT calculations, according to which the coordinatively unsaturated iron-containing 

center can effectively activate the H2O2 molecule to form the Fe=O group. The above 

experimental results indicate that FeN4 centers play a crucial role in the adsorption and activation 

of oxygen, which is consistent with the reaction cycles obtained in the DFT calculations. For 

comparison, the reaction path of benzene oxidation on the Fe atom of the FePc molecule was 
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also calculated. It is shown that the reaction mechanism and free energy diagram of benzene 

oxidation on FePc are similar to those on FeN4/G, but the dissociation energy of the first H2O2 

molecule to form Fe=O on FeN4/G is lower than on the FePc monomer. 

Analysis of charges according to Bader shows that the charge on the iron atom of the 

FeN4/G fragment is 0.14 at. units higher compared to FePc, as a result of which the transfer of 

electron density to the adsorbed oxygen atom is 0.10 at. units higher compared to FePc, which 

energetically favors the formation of the Fe=O bond in the FeN4/G catalyst. Thus, the increased 

activity of FeN4/G in the benzene oxidation reaction can be due to both the internal increase in 

the activity of the FeN4 fragment and the high dispersion of these centers in FeN4/G compared to 

bulk FePc. 

Thus, it was shown in [153] that the unique two-dimensional structure of the considered 

catalysts provides a well-defined model for understanding the nature of the catalytic oxidation 

reaction on FeN4/G type catalysts using experimental data and DFT calculation results. In this 

system, the FeN4 fragment is highly dispersed and well stabilized by the graphene matrix, which 

subsequently increases the activity of the benzene oxidation reaction to phenol. This reaction can 

proceed efficiently at room temperature and even at 0°C. DFT calculations show that the 

catalytic activity is due to the presence of isolated iron atoms, and the activation barriers are 

moderate enough for the reaction to proceed at room temperature, which is consistent with 

experimental data. The results obtained open the way to the creation of highly efficient catalysts 

using non-precious metals for catalytic oxidation reactions at low temperatures. 

 

ACETYLENE HYDROCHLORINATION REACTION CATALYZED BY 

GRAPHENE-FeNX CATALYSTS (x = 4, 3, 2, 1) 

In [163], the mechanism of acetylene hydrochlorination catalyzed by graphene-FeNx (x = 

4, 3, 2, 1) catalysts doped with different amounts of N atoms was investigated using the DFT 

method. Based on the activation barrier of the elementary stages of the reaction, as well as the 

activity of these catalysts, the most suitable type of catalyst without noble metals for acetylene 

hydrochlorination was determined. 

All density functional theory calculations were performed using the Gaussian09 software 

package [164] with the B3LYP exchange-correlation functional [165]. The 6-31G(d,p) basis set 

was used for hydrogen, carbon, nitrogen, and chlorine atoms, and the LANL2DZ effective basis 

set with pseudopotential was applied for Fe atoms. All relative energies along the reaction 

pathway were obtained by accounting for zero-point energy during optimization of the spatial 

structure, without any symmetry restrictions. Moreover, the DFT-D3 method was used in all 

calculations to account for the dispersion correction [166]. Harmonic vibrational frequencies 

were calculated to verify that all optimized structures correspond to energy minima (no 

imaginary frequencies) or transition states (one imaginary frequency). To confirm that each 

transition state (TS) correctly links the reaction products with the reactants, calculations along 

the internal reaction coordinate (IRC) were performed [167, 168]. The energy of individual 

adsorption of acetylene (C2H2) and hydrogen chloride (HCl) molecules, as well as the energy of 

their joint adsorption on the graphene-FeNx catalyst, was calculated using the formulas: 

Eads = Eadsstate - (EC2H2/HCl +Ecatalyst),          (15) 

Eco-ads = Eco-adsstate - (EC2H2 +EHCl +Ecatalyst),          (16) 

where Eadsstate is the total energy of the adsorption complex C2H2 or HCl on the catalyst surface, 

Eco-adsstate is the sum of the total energies of the molecules of C2H2, HCl and the catalyst, EC2H2, 

EHCl and Ecatalyst are the energies of isolated molecules of C2H2, HCl and the catalyst, 

respectively. 

The reactants used were graphene-FeN4, graphene-FeN3, graphene-FeN2, and graphene-

FeN1 catalysts, as well as free C2H2 and HCl molecules. Their equilibrium configurations are 
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shown in Fig. 11. The equilibrium configurations of the graphene-FeNx catalysts have a planar 

structure. Graphene-FeN4, graphene-FeN3, and graphene-FeN1 have only one isomer each, while 

the graphene-FeN2 catalyst exists in the form of three isomers, depending on the relative 

positions of the nitrogen atoms [169, 170]. (The subscript for the nitrogen atom is N1, extra for 

the availability of the inventory of the graphene-FeNx catalyst at other values of x). In graphene-

FeN2-Pen, two adjacent N atoms are located within one five-membered ring in the graphene-

FeN2-Oppo isomer, each of the N atoms is included in six-membered rings in the graphene-

FeN2-Hex isomer, and two adjacent N atoms are located in one six-membered ring. The 

calculated average values of the Fe-N and Fe-C bond lengths in the graphene-FeNx catalysts are 

given in Table 4. 

To further elucidate the characteristics of graphene-FeNx catalysts, density of states 

(DOS) diagrams were constructed for six catalysts [171]. In graphene-FeN4, the p orbitals of C 

and N atoms make major and minor contributions to the HOMO (highest occupied molecular 

orbital), respectively. The d- and s-orbitals of Fe atoms make major and minor contributions to 

the LUMO (lowest unoccupied molecular orbital), respectively. In graphene-FeN3, the p orbitals 

of C atoms are the major contributors to HOMO and LUMO. In graphene-FeN2 LUMO, the 

orbitals of the three catalysts are similar, namely, the p orbitals of C atoms make a significant 

contribution to LUMO. In graphene-FeN2-Pen and graphene-FeN2-Oppo, the d-orbitals of the Fe 

atom and the p orbitals of the C atoms determine the major and minor contributions to HOMO. 

In graphene-FeN2-Hex, the contributions of the d-orbitals of the Fe atom and the p orbitals of the 

C atom to HOMO are almost the same. In graphene-FeN1, the p orbital of C atoms makes a 

significant contribution to HOMO; the d orbitals of the Fe atom and the p orbitals of the C atom 

are the major and minor contributors to LUMO. The difference in the number of embedded N 

atoms has a significant impact on the HOMO and LUMO structure of graphene-FeNx catalysts. 

 

Fig. 11. Optimized structures of C2H2, HCl, graphene-FeN4 (a), graphene-FeN3 (b), graphene-

FeN2-Pen (c), graphene-FeN2-Oppo (d), graphene-FeN2-Hex (e), and graphene-FeN1 (f) [163] 

The adsorption of reactants is a critical step in the reaction (see Fig. 12). Since all 

catalysts contained only one metal atom, it was previously assumed that only the Fe atom in the 

catalyst would be the active site of the reaction. Charge distribution calculations showed that in 
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graphene-FeN4, the positive charge on the Fe atom is huge. In other catalysts, Fe atoms influence 

the negative charge distribution. Secondly, it is evident from the LUMO structure that the 

negative charge is predominantly concentrated around the Fe atoms in graphene-FeNx catalysts. 

Therefore, the Fe atom is most likely the active site. To clarify the active sites of the reaction and 

the order of adsorption by reactants, C2H2 and HCl molecules were placed above the Fe atom 

and C and N atoms around the Fe atom when constructing adsorption complexes. The structure 

of adsorbed C2H2 complexes on graphene-FeN4, graphene-FeN3, and graphene-FeN2 catalysts is 

such that the C2H2 molecule, located on the Fe atom, is in different degrees of deformation. In 

the case of graphene-FeN1, the C2H2 molecule was adsorbed not on the Fe metal atom, but on 

two carbon atoms linked to the Fe atom. This indicates that a decrease in the number of N atoms 

embedded in the graphene network changes the active center of the reaction. The adsorption 

energies of individual reactants and the corresponding energies of joint adsorption are given in 

Table 5, from which it is evident that the adsorption energy of C2H2 on the graphene-FeNx 

catalyst is higher than that of HCl, illustrating that the C2H2 molecule is adsorbed first, and HCl 

is adsorbed later, forming a coadsorption structure. Moreover, the adsorption energy of isolated 

C2H2 and HCl molecules is less than the corresponding energy of joint adsorption, which 

guarantees the possibility of the reaction. 

Table 4. Average Fe-N and Fe-C bond lengths in graphene-FeNx catalysts (x=4, 3, 2, 1) and the 

activation energies of the stages determining the rate of the acetylene hydrochlorination reaction 

Catalyst d(Fe–N), Å d(Fe–C), Å 
Activation energy  

rate-limiting stage (kcal/mol) 

Graphene-FeN4 1.92  16.80 

Graphene-FeN3 1.93 1.88 20.59 

Graphene-FeN2 -Pen 1.92 1.89 23.64 

Graphene-FeN2 -Oppo 1.98 1.90 27.71 

Graphene-FeN2 -Hex 1.97 1.88 28.52 

Graphene-FeN1 1.99 1.91 38.21 

 

Table 5. Energies of critical points (kcal/mol) along the cross-section of the multidimensional 

potential energy surface of the reaction of conversion of acetylene and hydrogen chloride to 

vinyl chloride using iron- and nitrogen-containing catalysts 
Catalyst Coadsorbtion TS1 IM1 TS2 IM2 TS3 IM3 

FeN4 -32.31 -18.79 -29.71 -19.60 -32.31 -22.28 -49.50 

FeN3 -11.59 9.00 -14.35 -2.78 -31.61 – – 

FeN2-Pen -36.34 -24.74 -56.50 -34.88 -56.34 – – 

FeN2-Oppo -35.49 -21.12 -45.60 -17.89 -57.36 – – 

FeN2-Hex -34.18 -18.93 -42.72 -19.20 -56.89 – – 

FeN1 -65.58 -27.91 -60.57 -22.36 -43.16 – – 

To better understand the bond types in the adsorption complexes, the Mayer bond orders 

of C=C in C2H2 and H–Cl bond orders of HCl in the coadsorption structures were calculated, and 

their bond types were estimated. When the Mayer bond order is close to 1.0, 2.0, and 3.0, the 

bond types are identified as single, double, and triple bonds, respectively. For the graphene-FeN4 

catalyst, two H atoms of the adsorbed C2H2 molecule are displaced from the iron atom, causing 

the deformation of the C2H2 molecule. The length of the C=C double bond of the C2H2 molecule 

increased from 1.206 to 1.233 Å, and the length of the H–Cl bond of the HCl molecule also 

increased from 1.286 to 1.293 Å. This indicates the degree of interaction between the reactants 

and the catalyst. To further study this interaction, the electron density transfer between the 

catalyst and reactants in the coadsorption complexes was estimated. Thus, the electron density 

transfer between the C2H2 and HCl molecules on the graphene-FeN4 catalyst was 0.054 and 

0.148 a.u., respectively. In the adsorption complex with the graphene-FeN3 catalyst, the C=C 

bond length of the C2H2 molecule increased to 1.253 Å, and the H–Cl bond length of the HCl 
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molecule increased to 1.297 Å with an electron density transfer from the C2H2 molecule of 0.018 

and the HCl molecule of 0.063 a.u. to the graphene-FeN3 catalyst. For the graphene-FeN2 

catalysts, the configuration of the C2H2 molecule in the adsorption complex on graphene-FeN2-

Pen was similar to that on graphene-FeN4. The bond length of the C2H2 molecule increased to 

1.238, 1.282, and 1.279 Å in graphene-FeN2-Pen, graphene-FeN2-Oppo, and graphene-FeN2-

Hex, respectively, and the electron density transfer between them was 0.150, 0.080, and 

0.043 a.u., respectively. In addition, the H–Cl bond lengths in these three coadsorption 

complexes increased to 1.318 Å, 1.308 Å, and 1.292 Å in turn, and the amount of electron 

density transferred between them was 0.104, 0.034, and 0.106 a.u., respectively. For graphene-

FeN1, the C=C bond multiplicity in the C2H2 molecule is between single and double, and the 

C2H2 molecule itself is bonded to two C atoms of the catalyst with a C=C bond length of 

1.397 Å. The electron density transfer between C2H2 and graphene-FeN1 was 0.035 a.u. The H–

Cl bond length in the HCl molecule increased to 1.303 Å, with an electron density transfer of 

0.074 a.u. between HCl and graphene-FeN1. The analysis performed showed that during 

adsorption, an interaction occurs between the reactants and the catalyst, and that the reactants are 

in different degrees of activation. 

 

Fig. 12. Stable adsorption configurations of graphene-FeN4 ⋅ C2H2 (a1), graphene-FeN4 ⋅ HCl 

(a2), graphene-FeN3 ⋅ C2H2 (b1), graphene-FeN3 ⋅ HCl (b2), graphene-FeN2-Pen ⋅ C2H2 (c1), 

graphene-FeN2-Pen ⋅ HCl (c2), graphene-FeN2-Oppo ⋅ C2H2 (d1), graphene-FeN2-Oppo ⋅ HCl 

(d2), graphene-FeN2-Hex ⋅ C2H2(e1), graphene-FeN2-Hex ⋅ HCl (e2), graphene-FeN1 ⋅ C2H2(f1), 

and graphene-FeN1⋅ HCl (f2) [163] 

The reaction of acetylene hydrochlorination, involving any of the six studied catalysts, 

begins with the formation of coadsorption structures, the energies of formation of which are 

listed in Table 5. For the graphene-FeN4 catalyst, three transition states are localized on the route 

from the coadsorption structure to the final product (see Fig. 13). For the remaining catalysts, 

there are two such states. In the hydrochlorination of acetylene catalyzed by graphene-FeN4, 

desorption of the product was the rate-controlling step of the entire reaction, with the desorption 

energy of a vinyl chloride molecule of 16.80 kcal/mol. 
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Fig. 13. Energy diagram of the optimal path for graphene-FeN4 catalyzed acetylene 

hydrochlorination [163] 

For the other studied catalysts, diagrams similar to those shown in Fig. 13 were obtained, 

and the rate-limiting stages and corresponding activation energies were determined. Thus, when 

using the graphene-FeN3 catalyst, the rate of the entire reaction is determined by the stage of 

transition from TS1 to IM1, with an Eact of 20.59 kcal/mol. For the graphene-FeN2-Pen catalyst, 

the rate-limiting stage of the entire process was the desorption of the vinyl chloride molecule 

from the surface, which required an energy of 23.70 kcal/mol. The graphene-FeN2-Oppo and 

graphene-FeN2-Hex catalysts have almost the same effect on the reaction. The rate-determining 

stage of the entire reaction was the stage of transition from IM1 to TS2, for which Eact was 27.21 

and 28.52 kcal/mol, respectively. The highest value of Eact was obtained for the graphene-FeN1 

catalyst when moving from IM1 to TS2, with Eact = 38.21 kcal/mol. 

In the catalytic reaction of acetylene hydrochlorination on the considered catalysts, the Fe 

atom was the active center of the reaction on graphene-FeN4, graphene-FeN3, and graphenes-

FeN2. In graphene-FeN1, the Fe atom and two C atoms adjacent to it were the active centers of 

the reaction. According to the results, the degressive order of their energy barrier values 

corresponds to the following dependence: graphene-FeN1 > graphene-FeN2 > graphene-FeN3 > 

graphene-FeN4. For graphenes-FeN2, the following dependence of activities was obtained: 

graphene-FeN2-Hex > graphene-FeN2-Oppo > graphene-FeN2-Pen. The lowest activation barrier 

among the catalytic reactions in the graphene-FeNx catalyst series was obtained for graphene-

FeN4 and it amounted to only 16.80 kcal/mol. Graphene-FeN4 was expected to be the most 

efficient noble metal-free catalyst for acetylene hydrochlorination. 

Moreover, the free energy change of the graphene-FeNx (x = 4, 3, 2, 1)-catalyzed 

acetylene hydrochlorination reaction at 453.15 K was calculated. The results show that at 453.15 

K, the catalyst with the lowest energy barrier is still graphene-FeN4, and the reaction energy 

barrier for it is only 16.01 kcal/mol. The trend of free energy barrier change at 453.15 K of the 

graphene-FeNx(x = 4, 3, 2, 1)-catalyzed reaction is consistent with the calculated zero-point 

energy at 298.15 K. 

A large number of spin states characterizes the Fe atom. In graphene-FeNx (x = 4, 3, 2, 1) 

catalysts, the number of electrons in graphene-FeN4 and graphene-FeN2 is even, and the spin 

multiplicity of the Fe atom was assumed to be 1, 3, and 5. In contrast, the number of electrons in 

graphene-FeN3 and graphene-FeN1 is odd, and the spin multiplicity of the Fe atom was 2, 4, and 

6. In the work [163]. The cases were considered when the Fe atom in graphene-FeN4 and 

graphene-FeN2 is in the singlet state, and graphene-FeN3 and graphene-FeN1 in the doublet state. 

The reaction conditions for other multiplets of the Fe atom in graphene-FeNx (x = 4, 3, 2, 1) were 

analyzed. It turned out that the molecules C2H2 and HCl are not adsorbed in the triplet and 

quintet states of graphene-FeN4. They are also not adsorbed in the quartet and sextet states of 
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graphene-FeN3. In the triplet states of graphene-FeN2-Pen and graphene-FeN2-Oppo, the 

adsorption energy of C2H2 and HCl molecules is very low, and the coadsorption energy is -3.11 

and -4.06 kcal/mol, respectively, which is lower than the adsorption energy of the HCl molecule 

(-5.04; -4.47 kcal/mol, respectively), so the coadsorption structure is not formed. In the quintet 

states of the catalyst, the C2H2 molecule is not adsorbed. In the triplet state of graphene-FeN2-

Hex, the adsorption of C 2 H 2 and HCl is weak, and the energy of their coadsorption is very low, 

which corresponds to physical adsorption, so a suitable transition state cannot be found. In the 

quartet state of graphene-FeN1, the adsorption energy of C2H2 is higher, and the coadsorption 

energy is also higher. Thus, the Fe atom in the catalysts considered in this work is in optimal 

spin states. 

Received in [163] The results obtained by the DFT method showed that the activity of 

graphene-FeNx (x = 4, 3, 2, 1) consistently increased with the increase in the degree of doping 

with nitrogen atoms. The following order of E act was obtained for the catalytic reaction of the 

graphene-FeNx series of catalysts: graphene-FeN1 > graphene-FeN2 > graphene-FeN3 > 

graphene-FeN4. There are three configurations of graphene-FeN2 catalysts based on the relative 

position of N atoms. For them, the order of energy barriers was as follows: graphene-FeN2-Hex 

> graphene-FeN2-Oppo > graphene-FeN2-Pen. Graphene-FeN4 demonstrated the highest activity 

in the production of vinyl chloride catalyzed by catalysts made of base metals. The results of the 

study will help develop the theory of the structure of catalysts that do not contain noble metals.  

 

EFFECT OF EXTERNAL ELECTRIC FIELD ON THE ACTIVATION OF THE 

C–H BOND IN A METHANE MOLECULE ADSORBED ON IRON-CONTAINING 

GRAPHENE  

An innovative approach to increasing the activity of an iron-containing G catalyst in the 

conversion of methane to more valuable products is proposed in [172]. This reaction allows the 

primary component of natural gas, CH4, to be converted into products such as methanol, 

formaldehyde, light olefins, and ethylene, which are of interest to the petrochemical industry 

[173–176]. The cleavage of the C–H bond in the methane molecule is considered the most 

critical stage of its further transformation, mainly due to the high dissociation energy, which is 

about ~100 kcal/mol [177]. To carry out this stage, at one time, several metal-containing 

catalysts were used, such as ionic [178, 182] complexes, specially prepared surfaces [180], 

clusters [181, 182], cluster ions [183–185], oxides [186, 187], as well as the metals themselves, 

embedded in porous materials [188–191]. To date, the most promising catalyst is considered to 

be clusters deposited on substrates, in particular on G. Several works have considered 

modifications of defect-containing G doped with metals, which have found application not only 

in catalysis, but in a wide range of applications, such as materials for storing gases, sensitization 

[192–202]. Such a diverse range of applications is explained by the combination of the electronic 

properties of the metal with a large surface area. Graphene sheets with deposited gold [202] or 

copper [198] clusters were used to activate the oxidation reaction of CO with oxygen. The 

graphene substrate allows for lower activation barriers compared to metals without a substrate 

[200, 201, 203]. 

Excellent adsorption properties of iron-containing G (FeG) concerning some small 

molecules, such as formaldehyde [204], hydrogen sulfide [205], and carbon monoxide [206], 

make it a promising material for use in gas adsorption and for the creation of gas sensors [207]. 

Iron-containing Graphenes are also used as catalysts for various reactions, such as N2O 

decomposition, CO oxidation [208], and oxygen reduction. Its advantages include the low cost of 

the catalyst and the absence of toxicity compared to noble metals. Iron-containing G is easily 

synthesized by treating graphene with structural defects with iron-containing solutions (e.g., 

FeCl3) [204 , 209]. 
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The imposed external electric field (EF) is well known as one of the effective approaches 

to modify the properties of low-dimensional systems [210–214], especially carbon materials 

such as carbon nanotubes [215, 216] and graphene sheets [216–220]. It was demonstrated in 

[212, 213] that the application of EF of appropriate direction and strength can control the 

chemoselectivity of propene oxidation catalysed by iron oxo porphyrin materials. It was also 

shown there that EF applied along the direction of electron flow from the substrate to the iron 

oxo center can reduce the activation barrier and change the reactivity and selectivity of the 

catalysts. In addition, it was found that the application of EF is an effective method to modify the 

adsorption and catalytic properties of ideal and modified G. The adsorption/desorption and 

activation of H2 and O2 molecules on metal-doped graphene were controlled by appropriate EF 

[216, 220]. EF stacking has also been proposed as an efficient method for the binding and 

decomposition of nitrous oxide (N2O) on Al-, Ga-, and Mn-doped G [218, 222]. 

In [172], a theoretical study of the effect of EF on the adsorption of the methane molecule 

and the activation of its C–H bond on Fe-doped G is carried out using density functional theory. 

The relative energies and structures of intermediate and transition states are discussed to 

understand the effect of EF on the adsorption and activation of the C–H bond. 

The calculations were performed using a finite cluster model of an infinite graphene 

lattice in the form of a regular hexagon with zigzag edges, which consisted of 112 carbon atoms. 

The dangling bonds of the boundary carbon atoms were saturated with hydrogen atoms with a 

C–H bond length of 1.14 Å. A single vacancy in graphene was created by removing one carbon 

atom in the center of the model. The iron atom was located in the center of the single vacancy of 

the defect-containing G model. All calculations were performed using the Gaussian 09 program 

[164] with the M06-L functional [223, 224]. During geometry optimization, the 6-31G(d, p) 

basis set was used for all atoms except the Fe atom, which was described by the effective 

Stuttgart-Dresden (SDD) nuclear potential [225]. In the optimization of the structure of the 

adsorption complexes, the positions of the CH4 molecule atoms and most of the graphene cluster 

model were assumed to be independent. In contrast, the peripheral hydrogen atoms in the G 

model were kept motionless to preserve the graphene topology. To confirm that the obtained 

structures correspond to transition states, the Hessian was diagonalized at the same level of 

theory. To determine the charges on the atoms of the adsorption complex, the canonical orbitals 

were transformed into natural orbitals (NBO) [226]. To describe the CH4 molecule in a strong 

electric field and to obtain more accurate interaction energies with the field, single-point 

calculations were performed using a more flexible 6-31++G(d, p) basis set for all atoms. 

Moreover, in these single-point calculations, the D3 version of the Grimme correction was also 

applied to account for van der Waals interactions [166]. The contribution of the zero-point 

energy (ZPE) was not accounted for. The external EF was applied in the direction perpendicular 

to the graphene sheet in the range from -0.015 to +0.015 au with an interval of 0.005 au. Note 

that the EF strength of 1 a.u. is created at the first Bohr orbital of the hydrogen atom, which is 

equal to ≈ 5.14 × 1011 Vm-1 [227]. The EF range from -0.015 to +0.015 au corresponds to from  

-7.17 × 109 to +7.17 × 109 Vm1. The positive direction of EF is defined as the direction from the 

graphene plane to the Fe atom and the adsorbed molecule, and the negative one is in the opposite 

direction. 

The calculations assumed that the ground electronic state of the iron-containing complex, 

FeG, is a singlet. The electronic structure of the Fe atom was [Ar]3d64s2. The binding energy of 

the iron atom on the single vacancy of the graphene sheet was -136.2 kcal/mol. The embedded 

Fe atom and nearby carbon atoms protruded from the plane of the graphene sheet. The distance 

between the Fe atom and the three nearest carbon atoms was 1.77 Å, which is comparable with 

the data of previous studies using the PBE functional [114, 205, 208]. The partial charge of the 

Fe atom at EF = 0 was +0.329 at. units of charge, indicating the transfer of electron density from 

the Fe atom to the graphene sheet. The frontal molecular orbitals (FMO) of the FeG system, both 
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HOMO and LUMO, are mainly due to the d-orbitals of the Fe atom, indicating the coordination 

unsaturation of the Fe atom, which determines its acceptor ability with respect to adsorbed 

molecules. When a perpendicular external electric field EF was applied, electron polarization of 

the FeG system was observed. For positive EF, the positive charge on the Fe atom decreased, 

and the degree of involvement of the d-orbital of the iron atom in LUMO decreased compared to 

the absence of EF. On the contrary, the external negative EF led to an increase in the positive 

charge on the Fe atom. Such a charge redistribution gave reason to believe that such a transfer of 

electron density will promote the adsorption of the methane molecule. LUMO character tended 

to increase the contribution of d-orbitals with increasing EF strength. It was expected that the Fe 

atom, being in the FeGP system, would interact better with the methane molecule when negative 

EF was imposed. 

Fig. 14 shows the equilibrium structures of the adsorption complexes of the methane 

molecule on the Fe atom of the FeG system with and without the effect of EF. In its absence, the 

methane molecule binds to the Fe atom of the FeG sheet via an η2 interaction. The interatomic Fe 

H distances in the complex were 1.99 and 2.08 Å (see Fig. 14). The carbon atom of the methane 

molecule also made a specific contribution to the binding, with the optimal interatomic Fe C 

distance equal to 2.37 Å. The calculated adsorption energy of methane was -12.9, which is 

comparable with the value of -11.6 kcal/mol obtained within the framework of superimposing 

periodic conditions with the PBE functional [2-29]. The C–H bonds of the methane molecule 

were slightly lengthened from 1.09 to 1.10 and 1.11 Å upon Fe GP interaction. Analysis of the 

charge distribution in the adsorption complex showed the presence of interaction between the  d-

orbitals of the Fe atom and the s orbital of the H atom. The charge on the methane molecule was 

+0.152 au, while the charge on the Fe atom decreased from +0.329 to +0.101 au. Upon 

imposition of positive EF, the methane molecule moved away from the active center of Fe; 

therefore, the Fe H1 and Fe C distances increased. The decrease in the positive charge on the 

methane molecule in the adsorption complex compared to the absence of EF was in the range 

from 0.020 to 0.071 au. The adsorption energies of the methane molecule on FeGP decreased to -

11.2, -10.0, and -10.3 kcal/mol for EF +0.005, +0.010, and +0.015 a.u., respectively. At negative 

EF, the opposite effect was observed, i.e., the methane molecule moved toward the Fe atom. 

 

Fig. 14. Optimized structures of adsorption 

complexes of methane over FeGP with the 

effect of applied EF. [Color figure can be 

viewed at wileyonlinelibrary.com] [172] 

These results indicate that the superposition of EF can significantly change the adsorption 

energy depending on the direction and strength of EF. Thus, the adsorption and desorption states 

of methane on the FeG adsorbent can be controlled explicitly by superposition of EF and 
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changing its strength.Activation of the adsorbed methane molecule on FeG results in the 

cleavage of the C–H bond to form a CH3 group and an H atom bound by the graphene substrate. 

This process is considered to be a key one in the conversion of methane into various products 

[230]. Without external EF, the Fe C distance in the transition state decreased from 2.37 to 1.97 

Å (see Fig. 15). At the same time, the hydrogen atom H1 of the methane molecule moves toward 

the surface of G, which results in the elongation of the C–H1 bond from 1.11 to 1.80 Å and the 

decrease in the Fe–H1 distance from 1.99 to 1.48 Å. The corresponding activation energy was 

25.7 kcal/mol, and the apparent activation energy, ΔEts (the relative energy of the transition state 

concerning the sum of the energies of the isolated methane molecule and the G sheet model), 

was 12.8 kcal/mol. This activation energy is comparable with the result of previous calculations 

using the PBE functional, which gave a value of 20.2 kcal/mol [239]. The structure of the 

transition state was confirmed by a single imaginary frequency of 770.13i cm-1, the mode of 

which corresponded to the cleavage of the C–H1 bond of methane and the transfer of the H1 

atom to the carbon atom G. 

After the C–H bond is broken, the CH3 group binds to the active Fe center, and the H 

atom is coordinated to the nearest carbon atom of the graphene sheet, forming a complex of 

reaction products. The Fe–C and C–H1 distances were 1.94 and 1.20 Å, respectively (see 

Fig. 16). The energy of formation of the final product is 5.7 kcal/mol relative to the sum of the 

energies of the isolated reactants. 

  

Fig. 15. Optimized structure of transition state 

complexes of methane activation over FeGP 

with the effect of applied EF. [Color figure can 

be viewed at wileyonlinelibrary.com] [172] 

Fig. 16. Optimized structure of product 

complexes of methane activation over FeGP 

with the effect of applied EF.  

[Color figure can be viewed at 

wileyonlinelibrary.com] [172] 

When a positive EF is imposed, the C–H distance between the atoms of the broken C–H 

bond decreases compared to that without EF. The H CGP distance tends to increase slightly with 

a more positive EF. This results in a decrease in the apparent activation energy from 22.3 (14.1), 

18.9 (9.1), and 17.5 (5.6) kcal/mol when EF strengths of +0.005, +0.010, and +0.015 au are 

imposed, respectively. The Fe–C distance in the reaction product complexes tended to increase 

from 1.95 to 1.99 Å when a positive EF was imposed, while the CG–H distance remained 

virtually unchanged. 
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At negative EF, the opposite phenomena were observed. The change in the C–H distance 

in the transition states tended to increase. For the reaction product complexes, the CH3 group 

gradually approached the Fe atom with increasing field strength. The Fe–C distances decreased 

slightly, while the activation energies increased significantly. The relative energies of the 

product complexes increased under the action of the applied negative electric field. 

Fig. 17 shows the activation energy profiles of a methane molecule on a FeGP sheet with 

and without the applied external EF. Without EF, the apparent activation energy, ΔEts, was 

12.8 kcal/mol, and the activation energy of C–H bond cleavage on the Fe atom in FeGP was 

25.7 kcal/mol. The activation energies tended to increase with the imposition of EF in the 

negative direction, while the apparent activation energies, ΔEts, did not change significantly. On 

the other hand, with the imposition of positive EF, the apparent activation energy and Eact 

decreased within 1.7–5.6 and 3.4–8.2 kcal/mol, respectively. The positive direction of EF 

resulted in the C–H bond change being earlier in the transition state. This result is consistent with 

the data of previous theoretical studies of the C–H bond dissociation of methane on zeolites 

containing Au atoms, carried out at the M06-L/6-31G** level of theory [208]. The complexation 

without EF between the coordinated CH3 group and the H atom on the Fe atom is endothermic 

with an energy of 5.7 kcal/mol. When the negative EF is imposed, this energy increases, while 

when the positive EF is imposed, it decreases. Therefore, EF can hinder or promote the C–H 

bond dissociation of the methane molecule on the FeG sheet depending on the direction of EF. 

Moreover, the C–H bond activation reaction on FeG is kinetically and thermodynamically 

allowed when the positive EF is imposed. 

 

Fig. 17. Reaction energy 

profiles for methane activation 

over FeGP include the effect of 

applied EF. Energies are in 

kcal/mol. [Color figure can be 

viewed at 

wileyonlinelibrary.com [172] 
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Thus, without an external electric field, the Fe atom with a positive partial charge 

embedded in G had catalytic activity in the methane activation reaction with an activation energy 

of 25.7 kcal/mol [172]. The stability of the adsorption complexes, transition states, and products 

changes significantly under the action of the direction and strength of the applied electric field. 

Positive EF destabilizes the adsorption complexes, while the transition state and products are 

more stable compared to the case without a field. The activation energy significantly decreased 

from 25.7 to 17.5 kcal/mol upon applying an electric field of +0.015 a.u. The results indicate that 

an applied external electric field can regulate the catalytic activity of G upon iron addition. 

 

CATALYTIC GROWTH OF ZIGZAG EDGES OF GRAPHENE SHEETS 

INDUCED BY A SINGLE IRON ATOM  

As has been noted many times, defects in G, including vacancies [231], dislocations 

[232], grain boundaries [233], and edges [234], are of interest because they offer many ways to 

modify the properties of the ideal G structure deliberately. Of great interest are also dopant 

atoms in graphene (e.g., the transition metal atoms discussed above, which substitute for carbon 

atoms in graphene sheets and have been theoretically shown to have unusual magnetic or 

catalytic properties) [235]. Single atoms or small clusters in G (e.g., N [236] and Fe [148, 237, 

238]) have been directly observed using high-resolution transmission electron microscopy 

(TEM). Doping elements such as Si have also been directly observed by scanning TEM [243]. In 

these cases, the atoms were embedded in the graphene network. In addition, single Au [240, 241] 

and Al [241] atoms have been observed (by TEM or scanning TEM) at the edges of the graphene 

sheet. The interaction between single metal atoms and the graphene edges is complex due to the 

different types of trap states at the edges [240]. Furthermore, some theoretical studies suggest 

that the atomic configurations of G faces are strongly influenced by nearby transition metal 

atoms [242, 243]. 

In [244], an experimental and theoretical study of the features of the location of 

individual Fe atoms at the edges of graphene sheets was carried out. Catalysts with a single metal 

atom embedded in the graphene network, as described above, are considered as a means of 

maximizing the catalytic efficiency [245, 246] due to the valence unsaturation of such atoms. 

Atoms at the edges of graphene sheets are of great interest given their catalytic potential, in 

particular, for understanding the catalytic growth of sp2-hybridized carbons, primarily G, under 

the action of transition metals. Using low-voltage aberration-corrected TEM (LVACTEM) [247], 

it is possible to determine the structure of a group of atoms consisting of carbon atoms and a 

single Fe atom at the edge of a graphene sheet and, in addition, to record the dynamics of the 

movement of this Fe atom. Pentagon-hexagon transitions are observed, which indicate processes 

of catalytic addition or removal of carbon atoms at the edges of the graphene sheet. These 

processes are in excellent agreement with the results of ab initio calculations and molecular 

dynamics (MD) modeling, which, in turn, are also consistent with a previously proposed model 

of the catalytic growth of carbon nanotubes [248]. 

Previous studies have shown that the two-dimensional nature of the motion of individual 

atoms above the basal plane in G exhibits Brownian motion. From this information, the two-

dimensional diffusion coefficient can be extracted, as well as the average activation energy for 

diffusion according to Arrhenius [147, 249]. 

A Gaussian distribution describes the spatial probability of finding a particle subject to 

Brownian motion. In this case, the mean square displacement (MSD) 
2 ( )R t  depends linearly 

on time, and the gradient corresponds to the diffusion coefficient ( D ) and is written as 
2 ( ) 2R t nDt (Where n -dimension) [250, 251]. Similar to previous observations of an Au 

atom at the edges of a graphene sheet [240], refined experimental data [244] show that the 

diffusion of a single Fe atom along the edge of a single-layer graphene sheet is directly related to 



41 

the atomic configuration of the sheet edge. Moreover, random one-dimensional diffusion of the 

Fe atom along the G edge does not follow Brownian motion, but exhibits anomalous diffusion 

(namely, sub- or superdiffusion). The presence of trapped configurations explains the 

phenomenon of subdiffusion. In the absence of such trapped configurations, superdiffusion 

(levitation) occurs. 

In the CVD-grown G samples used in [244], holes are occasionally found that can be 

enlarged by irradiation with the electron beam of a low-voltage aberration-corrected transmission 

electron microscope at an accelerating voltage of 80 kV. These freshly formed in situ edges of 

the enlarged holes represent an adequate (previous electron energy loss spectrum and TEM 

studies have confirmed the absence of oxygen or nitrogen at these edges [252] as well as 

hydrogen [253]) and convenient model for studying the one-dimensional motion of adsorbed Fe 

atoms. Because of the higher binding energy of the Fe atom at the exposed edges of G compared 

to the binding to the basal plane, Fe atoms are usually located at the edges. 

Fig. 18 shows the two most common configurations of a chair-armrest graphene edge 

with one Fe atom. The presence of two different configurations of such an edge involving an iron 

atom is established. Quantitative comparisons between the experimental and simulated images 

show that in the first case, the Fe atom is embedded in a five-atom ring, forming a pentagon (Fig. 

18c). In the second case (Fig. 18d), the Fe atom, when embedded in a five-atom ring, forms a 

distorted hexagon (i.e., the Fe atom replaces a carbon atom in a hexagonal lattice). The structures 

of the corresponding structures calculated by the DFT method are shown in Fig. 17c and f (top 

and side views, respectively). 

 

Fig. 18. Identification of hexagon and 

pentagon structures. (A–C) High-resolution 

TEM (HRTEM) images (false color), 

magnified regions of HRTEM with overlaps of 

the DFT-calculated atomic structures, and 

DFT-derived structures (top and side views) of 

a pentagon including an Fe atom. Gray ball, 

carbon atom; orange ball, Fe atom. (D–F) 

HRTEM images (false color), magnified 

regions of HRTEM with overlaps of the DFT-

calculated atomic structures, and DFT-derived 

structures (top and side views) of a distorted 

hexagon including an Fe atom. (Scale bars: B 

and E, 0.5 nm.) [244] 

The pentagon and hexagon structures are of particular interest because of their 

importance for the catalytic growth of sp2 carbon materials [248]. The action of an electron beam 

on adsorbed Fe atoms located at the edges of a graphene sheet results in the displacement of the 

Fe atom to different locations on the edge, which facilitates its movement along the edge of the 

graphene sheet. Figure 19a–d shows a typical movement of an Fe atom by one unit cell. The Fe 

atom moves from a pentagon (Fig. 19a) into a hexagon with its participation (Fig. 19b) and 

moves to the right. Then the monatomic motion creates the dark shadow line shown in Fig. 19c, 

which is highlighted by the red circle (i.e., the Fe atom moves during the camera exposure). It 

then stops at the adjacent position and forms a pentagon again (Fig. 19d). 
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Fig 19. One cycle of catalytic growth of the graphene edge. (a–d) A series of high-resolution 

TEM images for 4s; the Fe atom is highlighted as a red dot, whereas the nearby carbon atoms are 

highlighted as black dots. The dark shadow line, which is highlighted by the red circle in C, is 

due to the motion of the Fe atom during exposure time. (Scale bar: 0.5 nm.) (e) The 

corresponding atomic structures for a–d. (f) The combination of a–d, which shows the trace of 

the Fe atom during the one-unit cell translocation. (Scale bar: 0.5 nm.) (G) The atomic structure 

for the whole growth process (two carbon atoms are added) [244] 

In most cases, translocation of Fe atoms without the removal or addition of carbon is not 

observed. The incorporation of carbon atoms into the graphene edge via an Fe atom highlights 

the catalytic properties of Fe at the atomic level. In this process, free carbon atoms in the vicinity 

diffuse under the action of an electron beam [237, 254]. Electrons accelerated to 80 kV can 

transfer up to 16 eV to a carbon atom and 3 eV to a single Fe atom [255]. At room temperature, 

the thermal activation energy for changing the configuration of graphene edges (insertion or 

removal of a carbon atom) is insufficient. In contrast, removal or translocation of carbon atoms 

under the action of an electron beam can occur [234, 240]. In [244], it was shown that Fe atoms 

at graphene edges are capable of both removing and incorporating carbon atoms, acting as a 

catalyst determining the transition between pentagons and hexagons.Compared to the armrest-

type edges, Fe atoms on zigzag edges were sometimes able to overcome or jump large distances 

in 1. It was found that the local displacement of an Fe atom along one edge of a graphene sheet 

exhibits a one-dimensional random motion consisting of random jumps and stays in a fixed 

position. Displacements that are equal to or smaller than a single-atom distance (C–C distance) 

correspond to hexagon-pentagon transitions. 

These transitions are usually fast, e.g., within 28s. Long steady-state periods are observed 

predominantly in the pentagonal formations at the armchair edges (e.g., 42 to 58 s). Steady-state 

periods are also observed in the hexagonal formations consisting of five C atoms and an Fe atom, 

both in the armchair and zigzag edge cases. Large displacements or jumps are observed only 

along the zigzag edges (e.g., 85s). The DFT calculations yield binding energies of the Fe atom in 

different configurations at the armchair or zigzag edges, which are in good agreement with the 

experimental data, since the observed trap state is a configuration with a high binding energy 

(5.45 eV) compared to the other configurations. However, the stable state of the Fe atoms 

depends not only on the thermodynamics but also on the kinetics. Additional insight can be 

gained by estimating the residence time of individual Fe atoms at the armchair or zigzag edges of 

the graphene sheet using MSD methods, which can be characterized by a power law: 
2 ( )R t t . For dynamic motion along the armchair edge 0.7  (the linear correlation 

coefficient is 0.98), whereas for the zigzag edge 1.2   (the linear correlation coefficient is 

0.99). These values  indicate deviations from purely thermally activated normal diffusion

1.0  . In short, individual Fe atoms undergo subdiffusion ( 1.0  ) along the armchair and 

superdiffusion ( 1.0  ) along the zigzag. The probability distribution of displacements ( l ) 

between successive jumps also follows a power law 𝑃(𝑙) ∼ 𝑙−𝜇 (rather than an exponential one), 
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where 2.2  at the armchair and 1.8   on the edges of the zigzag. The law can express the 

probability distribution of the time interval between two successive jumps ( )P  ∼
 

, where 

0.9  for the armchair and 1.1   for zigzag. The deviation 
2l  at 2.0   and divergence

   at 1.0   at the time boundary, will lead to superdiffusion (levitation) and subdiffusion, 

respectively [250, 251]. In the case of diffusion of the iron atom, the competition between large 

jumps and long dwell times at a given location can lead to crossovers between different diffusion 

regimes. The relationships between ,  and   (according to the continuous time displacement 

model: 2 , 1       or 3 , 1     ) [ 250], where  and  are the parameters of the 

probability distributions can give values  in cases of displacement of the Fe atom, both along 

the armchair and along the zigzag edges. 

Moreover, changing the electron beam intensity does not change the nature of the 

anomalous diffusion of the Fe atom (see Fig. 20). The measurements of the displacement of a 

single Fe atom on the same graphene edge (a mixed edge consisting of zigzag and armchair 

regions) at three different beam intensities showed that the diffusion of a single Fe atom follows 

the superdiffusion law. The fitted exponents of the power law are 1.15, 1.10, and 1.11 (from low 

to high electron beam intensities) and are independent of the beam intensity. Although the 

exponents of the power law are quite close, the parameters of the linear fit (pre-exponential 

factors in the power law formula) differ significantly for different intensities. Based on the 

obtained formulas for the power law, one can easily derive an expression for the generalized 

diffusion coefficient K 

 by fitting the values using the MSD method to the following equation [250]: 

⟨𝑅2(𝑡)⟩ =
2𝐾𝜈

𝜇

𝛤(1+𝜈)
𝑡2+𝜈−𝜇                                                 (17) 

(in the case of superdiffusion, we can assume that 1  ). The generalized diffusion coefficient

K 

  linearly correlates with the beam intensity. A deeper analysis reveals the presence of a 

superdiffusion regime with γ = 1.25, which is similar to the experimentally obtained value γ = 1.2. 

 

Fig. 20. The MSD of the Fe atom 

on the same graphene mixed edge 

under three different beam 

intensities. The inset shows the 

power law-fitting parameters for 

the three beam intensities [244] 

Previously [231], it was shown that electrons accelerated to 80 kV are capable of 

sputtering C atoms on graphene edges in a lightning-like manner. In the presence of Fe atoms on 

the graphene edges, removal of C atoms was also observed. Still, the Fe atom always remained 

on the edge of the graphene sheet at the location from which the last C atom was removed, 

indicating the participation of the Fe atom in this process. More importantly, the Fe atom 
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sometimes participates in the insertion of carbon atoms into the graphene edge (i.e., the catalytic 

growth of sp2-carbon material is directly observed). Examples of this process are shown in 

Fig. 19. First, the Fe atom is drawn into a five-atom ring (pentagon), after which a C atom is 

inserted into it, forming a six-atom (hexagonal) ring; finally, the Fe atom leaves the hexagonal 

ring and is replaced by a C atom, creating an all-carbon hexagon. These experimental 

observations are consistent with theoretical predictions [248]. 

The experimentally observed growth cycle is shown in Fig. 21A, where the DFT-

calculated energies defining each stage of the cycle are given. For a deeper understanding, high-

temperature DFT tight-binding MD (DFTB-MD) simulations were performed [2, 56] to 

reproduce the catalytic process. In essence, DFTB-MD simulations highlight the importance of 

the chemical affinity of Fe, which allows the Fe atom to bind nearby C atoms and transfer the 

trapped C atoms to nearby growth sites. Many of the translational states (e.g., C atoms trapped 

by Fe atoms) are challenging to observe experimentally due to the time resolution of the 

instrument; however, the initial and final states, which are more stable, are well captured. The 

high-temperature DFTB-MD simulations performed here allow the process to be accelerated and 

thus make such simulations feasible. Although these simulations are not precisely equivalent to 

the electron beam-driven processes observed in experiments, they nevertheless show possible 

reaction pathways and routes at the graphene edges, and the results are consistent with the 

reduction in total energy and experimental observations that the process is initiated and 

maintained by the electron beam. 

 

Fig. 21. The catalytic and diffusion processes. (A) DFT-calculated energies for four steps in 

catalytically grown G from a single Fe atom. (B) The unzipping model for removing one layer 

from a G zigzag edge of G by a single Fe atom. The reverse process is zipping growth. (C) The 

movement of a single Fe atom at an armchair edge. The DFT-calculated energies show the 

trapping state at an armchair edge. (D) The flat energy landscape obtained on a zigzag edge is 

caused by the similarity of each saddle point [244] 

Now we can turn to the physical picture of the electron beam-induced diffusion of Fe 

atoms on the graphene edge. The beam energy is constant at 80 kV, meaning that the average 

energy transfer from high-energy electrons to the target atoms remains constant. It has already 

been shown in the literature [255] that at the TEM beam intensity, the electrons mainly interact 

with the target atoms in turns. Therefore, it is reasonable to assume that the distribution of the Fe 

atom hopping length will not depend strongly on the electron beam intensity (since the electron 

energy does not change, only the electron flux intensity changes). However, if the beam intensity 

is varied, the average waiting time τ between two hops will be inversely proportional to the beam 

intensity. 
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In the case of superdiffusion, it can be assumed that ν = 1, and from Fig. 20d, it can be 

seen that 1/τ depends linearly on the beam intensity [244], which is consistent with the electron 

beam activation model. Furthermore, without the electron beam, according to the MD 

simulation, the anomalous diffusion behaviour can still prevail. 

Finally, it was shown in [244] that, using aberration-corrected TEM, the diffusion of 

single Fe atoms at graphene edges depends on the edge type (zigzag and armchair), with 

subdiffusion occurring at armchair edge embedding and superdiffusion occurring at zigzag edge 

embedding. Theoretical calculations suggest that this difference is due to different diffusion 

barriers between the edge states. More importantly, in situ studies directly documented the 

catalytic removal and addition of carbon atoms at the sp2-hybridized edge of a graphene sheet in 

the presence of a single Fe atom under electron irradiation. Anomalous diffusion behaviour is 

expected to affect the growth/catalysis kinetics of synthetic sp2 nanomaterials grown using metal 

catalysts. The conducted in situ observations and theoretical studies (MD and DFT) provide key 

insights into the fundamental growth processes of sp2 nanostructures, such as graphene and 

carbon nanotubes, on metal catalysts. 

 

CONCLUSIONS 

The review considers the results of quantum chemical studies of the properties of 

electrocatalysts based on iron-containing carbons, primarily graphene. First, the works in which 

the assignment of N1s peaks was performed are analysed in XPS depending on the type of 

nitrogen atom state in electrocatalysts obtained by pyrolysis of a mixture of carbon-, nitrogen-, 

and iron-containing precursors. The results of catalyst tests in OOR are presented. The combined 

use of data from experimentally obtained XPS spectra and quantum-chemical calculations on 

chemically induced shifts in the energy of the N1s core levels made it possible to semi-

quantitatively determine the content of different types of nitrogen atoms in OOR electrocatalysts. 

The results showed that as the degree of nitrogen doping of graphenes-FeNx (x = 1, 2, 3, 4) 

increases, their catalytic activity in OOR increases. 

The RRDE data are consistent with the proposal that the graphite-like nitrogen-containing 

moieties produced at lower temperatures contribute significantly to the formation of hydrogen 

peroxide in ORR, while the metal coordinated to the nitrogen is critical for the complete oxygen 

reduction reaction. 

The quantitative analysis of the regions of the EXAFS and XANES spectra of FeN-C 

catalysts free or nearly free of Fe crystalline structures revealed the existence of porphyrin-like 

FeN4C12 moieties in them, which is in strong contrast to the previously proposed FeNxCy 

moieties with nitrogen atoms incorporated into six-membered rings. Electrochemical studies 

indicate that FeN4C12 moieties catalyse the four-electron reduction of O2 to water. The 

porphyrin-like moieties can be formed either in highly disordered graphene sheets or between the 

zigzag edges of graphene sheets, resulting in the formation of micropores. FeN-C catalysts 

subjected to Ar- and NH3-pyrolysis demonstrate completely different activities in ORR. The 

increase in ORR activity caused by FeN4C12 type fragments is due to the highly basic N-groups 

formed during pyrolysis with NH3. 

DFT calculations of the detailed kinetic and thermodynamic course of ORR on the FeN4-

G catalyst with all pyrrole nitrogen atoms showed that the activation energy for the dissociation 

of an adsorbed O2 molecule is very high, regardless of its adsorption type on the FeN4-G catalyst 

in the Pauling or Griffiths model configuration. The most probable sequence of stages of the 

four-electron reduction mechanism may correspond to the following order: 

O2(ads)→OOH(ads)→O(ads) +H2O(ads) (or 2OH(ads)) →OH (ads) +H2O(ads)→2H2O(ads). 

The calculated ORR free energy diagrams show that for all its elementary steps via the 

four-electron mechanism, the free energy changes (ΔG) are negative at low electrode potential 
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(up to 0.41 V). The rate-limiting step of the overall ORR is the reduction of OH (ads) to H2O(ads), 

with Eact = 1.02 eV. The product of the two-electron reduction, H2O2, can be chemisorbed on the 

catalyst surface, and the free energy diagrams show that the decrease of OOH to H2O2 occurs at 

positive free energy changes for any positive electrode potential compared to the conventional 

hydrogen electrode. The high positive ΔG value for hydrogen peroxide formation indicates that 

the two-electron ORR route is unfavourable on FeN4-G type catalysts. 

The first self-consistent comparison of the activity of several potential structures of the 

active site edge defects of iron-containing catalysts based on graphene nanocarbon has shown 

that, depending on the synthesis conditions, the most stable Fe-containing defects are structures 

with four or three nitrogen atoms. It is assumed that both of these structures can coexist. The 

energy of the interribbon configuration with two nitrogen atoms in each ribbon is so much higher 

than that of the other structures studied that its existence is assumed to be either 

thermodynamically forbidden or metastable relative to its decay. FeN3 (Fe2N5) type cluster 

structures appear to be able to cleave the O2 bond with zero activation barrier and hence can 

direct ORR along a dissociative route. This route is expected to be more selective, without H 2O2 

formation, due to excess binding of ORR intermediates. Ab initio molecular dynamics data 

suggest that this spontaneous reaction is unlikely to be affected by solvation, as the solvent does 

not appear to alter the stability of the edge defects considered. 

The results obtained by the DFT method showed that with an increase in the degree of 

doping with nitrogen atoms in graphenes-FeNx (x = 4, 3, 2, 1), their activity in the 

hydrochlorination reaction consistently increases. The following order of Eact was obtained for 

the catalytic reaction of the graphene-FeNx catalyst series: graphene-FeN1 > graphene-FeN2 > 

graphene-FeN3 > graphene-FeN4. There are three configurations of graphene-FeN2 catalysts 

based on the relative positions of N atoms. The following order of energy barriers was obtained 

for them: graphene-FeN2-Hex > graphene-FeN2-Oppo > graphene-FeN2-Pen. Graphene-FeN4 

demonstrated the highest activity in the production of vinyl chloride catalysed by catalysts made 

of base metals. 

Without applying an external electric field, the Fe atom embedded in the graphene 

network activates the methane molecule with an activation energy of 25.7 kcal/mol. The stability 

of the adsorption complexes, transition states, and products changes significantly under the 

action of the direction and strength of the applied electric field. A positive electric field 

destabilizes the adsorption complexes, while the transition state and products are more stable 

compared to the case without a field. The activation energy decreased significantly from 25.7 to 

17.5 kcal/mol when an electric field of +0.015 au was applied. The results indicate that an 

applied external electric field can regulate the catalytic activity of iron-doped graphene. 

Aberration-corrected TEM revealed that the diffusion of single Fe atoms at graphene 

edges is dependent on the edge type (zigzag and armchair), with subdiffusion occurring at 

armchair edges and superdiffusion at zigzag edges. Theoretical calculations show that this 

difference is due to different diffusion barriers between the stable states. In situ studies directly 

documented the catalytic removal or addition of carbon atoms to the sp2-hybridized edge of a 

graphene sheet in the presence of a single Fe atom when the sample was irradiated with electrons 

of the energy used in TEM experiments. It can be expected that the anomalous diffusion 

behaviour will affect the growth/catalysis kinetics of synthetic sp2 nanomaterials grown using 

metal catalysts. The conducted in situ observations and theoretical studies (MD and DFT) 

provide key insights into the fundamental growth processes of sp2 nanostructures, such as 

graphene and carbon nanotubes, on metal catalysts. 
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Огляд присвячений розгляду результатів квантовохімічних розрахунків 

властивостей електрокаталізаторів на основі залізовмісних вуглеців, переважно 

графену. Описаний спосіб віднесення піків N1s в рентгенофотоелектронних спектрах 

(РФЕС) залежно від типу стану атомів азоту в електрокаталізаторах, які отримано 

піролізом суміші вуглець-, азот- та залізовмісних прекурсорів. Спільне використання 

даних з експериментально отриманих спектрів РФЕС та результатів квантовохічних 

розрахунків щодо енергії хімічно викликаних зсувів остівних рівнів N1s дозволило 

напівкількісно визначити вміст різних типів атомів азоту в електрокаталізаторах 

реакцій відновлення кисню (РВК). 

Кількісний аналіз областей спектрів поглинання рентгенівських променів (як 

спектрів поглинання розширеної тонкої області, так і спектрів поблизу краю) 

каталізаторів FeN-C, які не містять або майже не містять кристалічних структур Fe, 

показав існування у них порфіриноподібних фрагментів FeN4C12. Електрохімічні 

дослідження показали, що фрагменти FeN4C12 каталізують чотириелектронне 

відновлення молекули кисню до молекули води. Порфіриноподібні фрагменти можуть 

формуватися або у невпорядкованих графенових шарах, або між зигзагоподібними їх 

краями, що утворюють мікропори. Каталізатори FeN-C, які попередньо піддавалися Ar- 

та NH3-піролізу, демонструють зовсім різну активність у РВК. Збільшення активності у 

РВК, яка викликана фрагментами типу FeN4C12 обумовлена високоосновними N-групами, 

що утворюються при піролізі з NH3. 

Детальний кінетичний та термодинамічний аналіз протікання РВК на 

каталізаторі типу FeN4-G з усіма пірольними атомами азоту показали, що енергія 

активації реакції дисоціації адсорбованої молекули O2 дуже висока незалежно від типу її 

адсорбції на каталізаторі FeN4-G у конфігурації моделей Полінга або Гріффіта. 

Отримані в розрахунках діаграми зміни вільної енергії у РВК показують, що для 

всіх її елементарних стадій за чотириелектронним механізмом зміни вільної енергії (ΔG) 

негативні при низькому потенціалі електрода (до 0.41 еВ). Стадія, що лімітує швидкість 

РВК, це відновлення OH(ads) до H2O(ads), з Еact = 1.02 еВ. 

Вперше проведено самоузгоджене порівняння активності ряду потенційних 

структур крайових дефектів активного центру залізовмісних каталізаторів на основі 

графенового нановуглецю та показано, що в залежності від умов синтезу, найбільш 

стабільними є структури з залізовмісними дефектами та чотирма або трьома атомами 

азоту. Передбачається, що ці структури можуть співіснувати. Кластерні структури 

типу FeN3(Fe2N5), ймовірно, здатні розщеплювати зв'язок у молекулі O2 з нульовим 

активаційним бар'єром і, отже, можуть направити РВК по дисоціативного маршруту. 

Очікується, що цей маршрут буде більш селективним, без утворення H2O2 через надмірне 

зв'язування проміжних продуктів у РВК. Дані неепіричної молекулярної динаміки 

показують, що на цю мимовільну реакцію, швидше за все, не впливає сольватація, оскільки 

розчинник, ймовірно, не змінює стійкості розглянутих крайових дефектів. 

Отримані методом теорії функціоналу густини результати показали, що в міру 

збільшення ступеня допування атомами азоту в графенах-FeNx (x = 4, 3, 2, 1) активність 

реакції їх гідрохлорування послідовно зростає. Отримано наступний порядок енергії 
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активації (Eact) для каталітичної реакції серії каталізаторів графен-FeNx: графен-FeN1 > 

графен-FeN2 > графен-FeN3 > графен-FeN4. 

Без накладання зовнішнього електричного поля впроваджений у графенову ґратку 

атом заліза активує молекулу метану з Eact 25.7 ккал/моль. Стабільність адсорбційних 

комплексів, перехідних станів та продуктів реакції істотно змінюється під дією напряму 

та напруженості прикладеного електричного поля. Позитивне електричне поле 

дестабілізує адсорбційні комплекси, тоді як перехідний стан і продукти реакції виявилися 

стабільнішими порівняно з випадком коли поле відсутнє. Енергія активації значно 

зменшилася з 25.7 до 17.5 ккал/моль при накладенні електричного поля напруженістю 

+0.015 ат.од. Отримані результати свідчать, що каталітична активність графену з 

додаванням заліза може регулюватися прикладеним зовнішнім електричним полем. 

Методом трансмісійної електронної спектроскопії з корекцією аберацій показано, 

що дифузія одиночних атомів заліза на графенових краях залежить від типу краю (зиґзаґ 

чи крісло): субдифузія проявляється при формуванні краю типу крісло, а супердифузія – 

краю типу зиґзаґ. Теоретичні розрахунки показують, що ця відмінність пов'язана з 

різними бар'єрами дифузії між стійкими станами. Очікується, що аномальна дифузійна 

поведінка вплине на кінетику росту/каталізу синтетичних sp2 наноматеріалів, вирощених 

з використанням металевих каталізаторів. Проведені спостереження in situ та 

теоретичні дослідження (метод молекулярної динаміки, метод ТФГ) дають ключове 

уявлення про фундаментальні процеси росту sp2 нанорозмірних структур, зокрема 

графену та вуглецевих нанотрубок, на металевих каталізаторах. 
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реакція відновлення кисню (РВК), чотириелектронний механізм РВК, ступінь допування 

графену азотом, аномальна дифузія. 


