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Abstract:

Metal and nitrogen doped carbon materials (denoted as M-N-C) synthesized through high-

temperature pyrolysis have been found to exhibit activity for oxygen reduction reaction (ORR) 

approaching that of Pt and electrochemical stability higher than previous MN4-containing 

macrocyclic molecular catalysts. Tremendous efforts have thus been devoted to the advancement 

of M-N-C catalysts as an economical alternative to Pt-based catalysts for proton exchange 

membrane fuel cell cathodes with a focus on simultaneously improving activity and stability. To 

this end, novel computational modeling techniques have been developed and applied to acquire 

knowledge crucial for accelerating the pace of M-N-C catalyst development. In this review, recent 

progress in computational method development, as well as the predictions of chemical structure of 

active sites, reaction pathways, ORR kinetics, and catalyst stability in electrochemical 

environments, are critically surveyed. Moreover, the crucial role of computational modeling to 

elucidate the functional mechanism of M-N-C catalysts for ORR in acid media and enable rational 

design of M-N-C catalysts is discussed with a visionary outlook for the field.      
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1. Introduction 

Oxygen reduction reaction (ORR) occurs at the cathode of proton exchange membrane fuel 

cells (PEMFCs) and rechargeable metal-air batteries, which are attractive for energy storage and 

conversion applications. PEMFCs convert the chemical energy stored in hydrogen fuels to 

electricity without producing any pollution making them particularly suitable for transportation, 

residential power generation, and portable electronic devices. A typical PEMFC operates at low 

temperature range (50 to 100C), under ambient pressure, and in highly acidic conditions. In order 

to improve the efficiency of PEMFCs, Pt-based precious metal electrocatalysts are normally used 

to promote the kinetic rate of the sluggish ORR. However, the high price and geographic scarcity 

of Pt hinders the commercialization of PEMFCs. Hence, it is of great interest to find efficient yet 

durable electrocatalysts which contain no Pt content for ORR. 

Among all the alternatives to Pt, metal, nitrogen doped carbon (denoted as M-N-C, M=Fe, Co 

or Mn) catalysts have exhibited encouraging catalytic performance and been extensively studied. 
1-14 The M-N-C catalysts are usually synthesized through high-temperature pyrolysis of the 

precursors containing transition metal M and nitrogen content, as well as carbon substrate or 

metal–organic framework. The power density of the membrane electrode assemblies (MEAs) 

containing Fe-N-C catalysts have approached approximately one third of the performance of those 

containing the state-of-the-art Pt alloy catalysts.15, 16 Such results demonstrate the promise of the 

M-N-C catalysts for future commercial PEMFCs. However, these study15, 16 also pointed out that 

the MEA with Fe-N-C catalysts suffered severe degradation at a typical operating condition of 

PEMFC. Further development of the M-N-C catalysts into a viable alternative to Pt-based catalysts 

requires fundamental understanding of the chemical nature of the active sites for ORR and the 

structure-property (i.e., activity and stability) relations of these active sites under PEMFC cathode 

conditions. 

The progresses in the design and synthesis,17, 18 activity performance,9, 19 and electrochemical 

stability20, 21 of M-N-C catalysts have been recently reviewed. These reviews mainly focus on the 

survey of experimental studies related to the electrochemical measurements of M-N-C catalysts. 

By contrast, a critical survey on the progress of computational modeling relevant to the 

chemical/functional nature of M-N-C catalysts has been largely absent. In particular, many novel, 

advanced computational methods have been developed and integrated into a cross-cutting 
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approach to gain mechanistic understanding of the structure-property relations of M-N-C catalysts 

for ORR, as shown in Figure 1. Consequently, we devote this review to reporting the progresses 

of computational methods development, and the predictions of the structure-activity and structure-

stability relations of the M-N-C active sites. Moreover, this survey aims to summarize how 

advanced computational modeling accelerates our understanding of the functional mechanisms of 

the M-N-C electrocatalysts for ORR. Specifically, the computational studies have provided critical 

knowledge on the chemical nature of active sites, the reaction pathways of ORR on these active 

sites, and the stability of the M-N-C catalysts. 

The article is organized as follows. In section 2, we describe computational modeling 

approaches commonly used in M-N-C electrocatalyst studies. In section 3, we present the progress 

of these computational approaches in identifying likely active sites in the heterogeneous, pyrolyzed 

M-N-C catalysts. In section 4 we review predictions for understanding how active site structures 

dictate ORR activity using the computational methods. In section 5, we show how related methods 

can be used to understand the electrochemical stability of atomic scale structures in M-N-C 

catalysts.  Finally, we provide a discussion of the remaining challenges and future directions in the 

field of computational design of M-N-C electrocatalysts for ORR.
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Figure 1. Schematic showing how computational modeling has been developed and applied as a 

cross-cutting approach to understand the complex relation between synthesis and catalytic 

performance of metal and nitrogen doped carbon materials. Reproduced from Ref.22, 23 with 

permission from the Royal Society of Chemistry.  

2. Computational Methods 

A. Computational hydrogen electrode method 

Electrochemical reactions, such as ORR, involve proton-coupled electron transfer steps. To 

predict the free energies of solvated protons and electrons, Nørskov et al. proposed the 

computational hydrogen electrode (CHE) method, which has been widely used in computational 

studies of the thermodynamics of electrochemical reactions.24 Within the CHE method, the free 

energy of a proton-electron pair is calculated as shown in Eq. (1)

                                   (1)𝐺(𝐻 + + 𝑒 ― ) = 0.5𝐺𝐻2 ―𝑒𝑈𝑆𝐻𝐸 ― 2.303 × 𝑘𝑏𝑇 × 𝑝𝐻 = 0.5𝐺𝐻2 ― 𝑈𝑅𝐻𝐸

where GH2 represents the calculated free energy of a hydrogen molecule in gas phase under 

standard condition, USHE and URHE represent the applied electrode potential relative to standard 

hydrogen electrode and reversible hydrogen electrode, respectively, kb is Boltzmann constant and 

T is temperature. Here, we use ORR as an example to illustrate the application of CHE for 

electrochemical reaction study. The associative ORR pathway is shown in Eq. (2).

𝑂2 +4𝐻 + +4𝑒 ― + ∗ → 
                                                                                                                      ∗ 𝑂𝑂𝐻 + 3𝐻 + + 3𝑒 ―  → ∗ 𝑂 + 2𝐻 + + 2𝑒 ― + 𝐻2𝑂→ ∗ 𝑂𝐻 + 𝐻 + + 𝑒 ― + 𝐻2𝑂→2𝐻2𝑂

(2)

Considering the relationship in Eq. (1), the free energies of the ORR intermediate states are 

defined in Eq. (3a-d) and can be expressed as a function of URHE:

 =          (3a)∆𝐺𝑂2 = 𝐺(𝑂2) +4𝐺(𝐻 + + 𝑒 ― ) ―2𝐺(𝐻2𝑂) 𝐺(𝑂2) +2𝐺(𝐻2) ―4𝑒𝑈𝑅𝐻𝐸 ―2𝐺(𝐻2𝑂)

= ∆𝐺𝑂𝑂𝐻 = 𝐺( ∗ 𝑂𝑂𝐻) +3𝐺(𝐻 + + 𝑒 ― ) ―2𝐺(𝐻2𝑂) 𝐺( ∗ 𝑂𝑂𝐻) +1.5 ∗ 𝐺(𝐻2) ―3𝑒𝑈𝑅𝐻𝐸 ―2

                                                                                                                                       (3b)𝐺(𝐻2𝑂)

=                (3c)∆𝐺𝑂 = 𝐺( ∗ 𝑂) +2𝐺(𝐻 + + 𝑒 ― ) ― 𝐺(𝐻2𝑂) 𝐺( ∗ 𝑂) +𝐺(𝐻2) ―2𝑒𝑈𝑅𝐻𝐸 ― 𝐺(𝐻2𝑂)

=  (3d)∆𝐺𝑂𝐻 = 𝐺( ∗ 𝑂𝐻) +𝐺(𝐻 + + 𝑒 ― ) ― 𝐺(𝐻2𝑂) 𝐺( ∗ 𝑂𝐻) +0.5 ∗ 𝐺(𝐻2) ―𝑒𝑈𝑅𝐻𝐸 ― 𝐺(𝐻2𝑂)
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Consequently, the CHE method offers a practical approach to correlate charge-neutral DFT 

calculations in vacuum to the potential-dependent energetics of an electrochemical reaction. So 

far, the CHE method has been successfully applied to predict the electrocatalytic activity of metal 

surfaces.25 Especially, Greeley et.al used the CHE method to predict a volcano plot of metal 

catalysts for ORR.26 They revealed a relationship between the predicted ORR activity and oxygen 

adsorption energy and thus provided guidance to the development of metal alloy catalysts for ORR.

B. Solvation models 

Electrolyte solvent is believed to play crucial role in affecting the electrochemical reaction 

pathway as well as altering the energetics and structures of reaction intermediates.27-29 

Consequently, computational solvation models are needed to capture most significant features of 

the complex solid/solvent interface in the electrocatalyst study. Several computational approaches 

have been developed to address this computational challenge. First, a fully explicit solvation model 

includes all solvent molecules in the DFT calculations. This computational approach gives 

atomistic insight into the effects of solvation and the effect of electric field on reaction energetics. 

For example, Goddard et al. have employed forty-nine explicit water molecules (about six layers) 

to model the solvation effect at the water/Cu(100) interface using quantum molecular dynamics 

sampling methodology.30 The shortcoming of the explicit solvation model is that it is 

computationally very demanding. 

In contrast, an implicit solvation model treats the solvation as a continuous media, which can 

reflect thermodynamic averages of solvation.31, 32 In the implicit solvation model33, the total free 

energy, A, of the investigated system containing solute and electrolyte, can be calculated as:

                                                                                                                                                 𝐴[𝑛(𝑟),𝜙(𝑟)] = 𝐴𝑇𝑋𝐶[𝑛(𝑟)] + ∫𝜙(𝑟)𝜌𝑠𝑑3𝑟 ― ∫𝜖(𝑟)
|∇𝜙|2

8𝜋 𝑑3𝑟 + ∫
1
2𝜙(𝑟)𝜌𝑖𝑜𝑛(𝑟)𝑑3𝑟 + 𝐴𝑐𝑎𝑣 + 𝐴𝑖𝑜𝑛

(4)

where ATXC is the kinetic and exchange-correlation energy from DFT, ϕ is the net electrostatic 

potential of the system, ρs and ρion are the total charge density of the solute and ion charge density 

of the electrolyte, respectively, ε is the permittivity, Acav is the cavitation energy and Aion is the 

free energy of mobile ion. In the implicit solvation model, the permittivity of electrolyte is used to 

compute the solvation effect instead of using explicit solvent molecules. Thus, the implicit 
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solvation model requires less computational resources. However, the implicit solvation model is 

not ideal for giving atomic level details near the interface and cannot reproduce the chemical 

interaction of the surface with explicit ions/molecules.

A hybrid solvation model includes some explicit electrolyte molecules near the solid/solvent 

interface and applies the continuum solvation model at regions far away from the interface. As a 

result, this computational method can have both accurate atomic level details near the interface 

and affordable computational cost. Liu et al used the hybrid solvation model with 72 water 

molecules (6 layers) in conjunction with implicit solution description, to explore the catalytic 

origin of single Ni-atom in N-doped graphene for CO2 reduction to CO.34 

C. Charged reactions and potential

In some cases, the CHE model fails to predict the correct chemical activity of electrocatalysts 

due to the limitation of using zero net charge to simulate a charged electrochemical interface.35 To 

address this issue of computational electrocatalysis, some efficient computational methods have 

been developed to simulate the electrochemical reactions under a constant electrode potential.  

DFT calculations, combined with a grand-canonical ensemble of electrons, have been adopted to 

predict the system energy as a function of electrode potential. 35-37

Work function has been proposed to be a good descriptor to define the electrode potential in 

DFT calculations as follow:

                                                                                                                             (5)𝑈𝑆𝐻𝐸 =
Φ ― Φ𝑆𝐻𝐸

𝑒

where USHE is the electrode potential relative to the standard hydrogen electrode (SHE), Φ is 

the calculated work function of the investigated system, e is the elementary charge, and ΦSHE is 

the work function of SHE, which can be obtained either from experimental data (~4.44 eV)38, 39 or 

theoretical calibration (~4.66 eV from CANDLE solvation model)40. It should be mentioned that 

the work function of the catalyst surface relies on the reaction coordinates due to the use of the 

finite cell size. Currently, there are three methods to tune the work function across the reaction 

coordinates, namely, cell extrapolation, charge extrapolation, and continuum charging method. In 

the cell extrapolation method, the cell size is increased to approximate the infinite cell size, at 

which the overall reaction should operate at constant potential. 41, 42 The charge extrapolation 

method uses the mean-field approximation to predict the relation between system energy and 
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potential. 43 In the continuum charging method, the number of electrons can be adjusted to maintain 

the electrochemical system at specified constant electrode potential, whereas the compensating 

counter charges were smeared throughout the whole computation cell.44 Yang et al used the 

continuum charging method to predict the ethanol oxidation activity of Pd, explaining the 

formation of various products at the different electrode potential ranges observed in the 

experimental linear sweep voltammetry curve.45

In 2019, Gauthier et.al suggested that the local potential drop between the surface and reaction 

plane (described by the effective surface charge density) is appropriate to describe the driving 

force of electrochemical reaction as compared to work function.27 The effective surface charge 

density can be computed using the Bader charge analysis46, 47 of the surface slab and adsorbates. 

Different from the work function which defines the potential of the overall system, the effective 

surface charge density gives details about the local potential drop at the interface. Moreover, the 

computation of the electrochemical interface using the effective surface charge density as a 

descriptor is independent of the employed cell size or interfacial capacitance. However, the 

implementation of this descriptor requires an explicit or hybrid solvation model, leading to more 

expensive computational cost. 

D. Microkinetic modeling

The prediction of chemical kinetics on catalysts is important in catalysis research. Following 

the power-law expression48, the kinetic rate of a reaction can be calculated as:

                                                                           (6)𝑟𝑖 = 𝑘𝑓,𝑖 ∗ ∏[𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡]𝑚 ― 𝑘𝑏,𝑖∏[𝑝𝑟𝑜𝑑𝑢𝑐𝑡]𝑛 

where ri is the kinetic rate of the ith elementary reaction, kf,i and kb,i are the forward and backward 

rate constants for the ith elementary reaction, symbols [reactant] and [product] represent the 

molar concentration of reactants and products, respectively, m and n are the corresponding 

exponents for the reactants and products. The forward reaction rate constant can be calculated as:

                                                                                                                   (7a)𝑘𝑓,𝑖 = 𝐴𝑖 exp ( ―
∆𝐺𝑎,𝑖

𝑘𝑏𝑇 )

whereas the backward reaction rate constant is calculated as:

                                                                                                          (7b)𝑘𝑏,𝑖 = 𝐴𝑖 exp ( ―
∆𝐺𝑎,𝑖 ― ∆𝐺𝑓,𝑖

𝑘𝑏𝑇 )
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where Ai is pre-exponential factor for the ith elementary reaction, kb is Boltzmann constant, T is 

temperature, ΔGa,i is the standard activation energy for the ith elementary reaction, and ΔGf,i is the 

free energy change for the ith elementary reaction. Taking 2e- ORR pathway as an example, the 

reaction rates of all elementary reactions are presented in Table 1. These reaction rates could be 

determined by solving a system of coupled ordinary differential equations (ODEs), which describe 

the relation between the time variation of the surface concentration θ of reaction intermediates and 

the reaction rate of each elementary reaction. These ODEs can be solved at steady state where the 

surface concentration of each chemical species does not change with time and the total number of 

surface sites is conserved. After the reaction rates of each elementary reaction are obtained, the 

current density j of an electrochemical reaction is computed as: , where e is the 𝑗 = 𝑒𝜌𝑇𝑂𝐹𝑒 ―

charge of electron, ρ is the surface density of active sites (a typical value of ~6.8 × 1016 sites m−2 

for M-N-C catalysts49), and TOFe- is the turnover frequency of electrons, which is equal to 

summation of the rates of all the elementary reactions involving electron transfer. Hansen et.al50  

used the microkinetic model to predict a Tafel slope of 59 mV/dec for ORR on Pt(111) surface, in 

good agreement with experimentally observed Tafel slope (60~88 mV/dec)51 of Pt catalyst. 

Table 1. Elementary reactions, expression of their reaction rates, and governing equations 

of 2e- ORR pathway.  

# 2e- ORR pathway Reaction rate ODEs

1 𝑶𝟐 +  ∗  → ∗ 𝑶𝟐 𝒓𝟏 = 𝒌𝒇,𝟏𝒙𝑶𝟐𝜽 ∗ ― 𝒌𝒃,𝟏𝜽𝑶𝟐 ∂𝜽𝑶𝟐

∂𝒕 = 𝒓𝟏 ― 𝒓𝟐

2 ∗ 𝑶𝟐 +  𝑯 + + 𝒆 ―  → ∗ 𝑶𝑶𝑯 𝒓𝟐 = 𝒌𝒇,𝟐𝜽𝑶𝟐 ― 𝒌𝒃,𝟐𝜽𝑶𝑶𝑯 ∂𝜽𝑶𝑶𝑯

∂𝒕 = 𝒓𝟐 ― 𝒓𝟑

3 ∗ 𝑶𝑶𝑯 +  𝑯 + + 𝒆 ― → ∗ 𝑯𝟐𝑶𝟐 𝒓𝟑 = 𝒌𝒇,𝟑𝜽𝑶𝑶𝑯 ― 𝒌𝒃,𝟑𝜽𝑯𝟐𝑶𝟐 ∂𝜽𝑯𝟐𝑶𝟐

∂𝒕 = 𝒓𝟑 ― 𝒓𝟒

4 ∗ 𝑯𝟐𝑶𝟐 →𝑯𝟐𝑶𝟐 +∗ 𝒓𝟒 = 𝒌𝒇,𝟒𝜽𝑯𝟐𝑶𝟐 ― 𝒌𝒃,𝟒𝒙𝑯𝟐𝑶𝟐𝜽 ∗ 𝜽 ∗ + 𝜽𝑶𝟐 + 𝜽𝑶𝑶𝑯 + 𝜽𝑯𝟐𝑶𝟐 = 𝟏

E. Computational modeling of M-N-C catalysts

The aforementioned advanced computational methods have been applied to model the activity 

and stability of varied active sites for ORR in M-N-C catalysts. Typical computational study starts 

with a proposal of the M-Nx-C atomic structure as active site for ORR, then determines the lowest 

adsorption configurations of the chemical species involved in ORR (i.e., O2, OOH, O, OH, and 

H2O) on the proposed M-Nx-C sites using DFT, and further applies the computational hydrogen 
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electrode method (Section 2.A) to predict the free energy evolution of ORR on the proposed sites. 

These types of the studies yield the thermodynamic limiting potential for ORR, a descriptor 

indicating the relationship between structure and corresponding activity. To further improve the 

accuracy and reliability of the predicted thermodynamic limiting potential for ORR, some studies 

have included solvation effects (Section 2.B) and electrode potential effect (Section 2.C) in the 

computational procedures. Integrating both thermodynamic and kinetic computational data, 

microkinetic modeling (Section 2.D) could predict the half-way potential, a parameter used in 

experiments to gauge the ORR activity of the M-N-C catalysts, from the calculated polarization 

curves. Electrochemical stability of M-N-C catalysts can also be considered using DFT methods. 

In particular, computing the free energy of a dissolution reaction within the CHE framework can 

indicate regions of (in)stability in pH-potential space. Other deactivation mechanisms such as 

poisoning can also be quantified based on relative binding energetics. Combined, similar 

methodologies based on DFT input can provide valuable insight regarding both activity and 

stability of M-N-C sites.

3. Chemical Nature of Active Sites 

Early experimental studies revealed a clear correlation between the content of FeNx moieties 

and the catalytic activity for ORR of the pyrolyzed Fe-N-C catalysts.52   However, it was difficult 

to identify the chemical nature of the active sites for ORR in M-N-C catalysts.  Complementary to 

experimental effort, the first-principles computational methods have been used to predict the ORR 

activity on various possible M-Nx moieties embedded in carbon layers. As depicted in Figure 

2(a), many M-Nx moieties with a single transition metal atom coordinated with the number of N 

atoms ranging from one to four and embedded in a graphene layer have been investigated for their 

ORR activity. It is particularly relevant to use the first-principles calculations for prediction of the 

adsorption energy of chemical species involved in ORR on the M-Nx sites with varying chemical 

structures. The adsorption energy is defined as the energy difference between the adsorbate system 

and the corresponding isolated systems. In order to be an efficient active site for ORR, the M-Nx 

sites should at least be able to adsorb reactant O2 molecule on the site to initiate the reaction and 

easily desorb product H2O from the site to complete the reaction. Table 2 summarizes the 

calculated adsorption energies of O2 and H2O gas molecules on various FeNx sites from the 

literature. 53-56 It can be found that the O2 adsorption energy are all predicted to be negative on 
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FeNx (x=1 to 4) sites, suggesting favourable O2 adsorption on these sites. However, the adsorption 

energies of H2O on FeN1, FeN2 and FeN3 sites are predicted to be strongly bound by more than -

0.4 eV, which is the solvation energy of H2O gas molecule in aqueous electrolyte57. As a result, 

product H2O from ORR would be difficult to desorb to free the sites for the next reactions. In 

contrast, the two FeN4 sites are predicted to have appropriate binding strength with O2 and H2O 

gas molecules comparable to that on Pt (111) and hence be the active sites for ORR in Fe-N-C 

catalysts from the computational studies.  

Figure 2. (a) Atomistic structures of various M-Nx moieties in a graphene layer.58 The grey, blue, 

and orange balls represent carbon, nitrogen and transition metal atoms, respectively. Notable 

experimental characterization results of ORR active sites in M-N-C catalysts from (b) HAADF-

STEM images with EEL spectrum from Ref 59. Reprinted with permission from AAAS. (c) K-

edge XANES spectrum. Adapted with permission from Ref 60. Copyright 2015 Nature.  and (d) 

room temperature Mössbauer absorption spectrum. Reproduced from Ref. 61 with permission from 

the Royal Society of Chemistry. 

Page 10 of 29Journal of Materials Chemistry A



11

Table 2. Predicted adsorption energies of O2 and H2O gas molecules on various FeNx sites 

and Pt(111). Negative value of adsorption energy indicates attractive interaction between 

O2 (or H2O) and the sites.

Ead (eV) O2 H2O reference

FeN1 - 1.94 - 0.73 53

FeN2 - 1.67 - 0.47 54

FeN3 - 2.48/-3.17 -0.90/-0.80 56,54

FeN4-S1 -0.63 -0.27 55

FeN4-S2 -0.98 -0.18 54

Pt(111) - 0.13 - 0.27 54

The computational prediction that FeN4 moieties embedded in carbon layer are active for ORR 

has been largely validated by catalyst characterization studies. As shown in Figure 2(b), Chung 

et.al employed high-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) to characterize the structure of Fe-N-C catalyst with remarkable activity and 

directly observed dispersed sites containing a single Fe atom surrounded by four N atoms in 

average in the catalysts. 59 The FeN4 moieties was further identified in Fe-N-C catalysts through 

comparing the K-edge X-ray absorption near edge structure (XANES) measured and theoretical 

spectrum calculated for a FeN4 site (Figure 2(c)) 60, 62. Recently, Jaouen  et al. distinguished two 

types of FeN4 sites in Fe-N-C catalysts with Mössbauer spectroscopy (Figure 2(d)), namely high-

spin S1 type FeN4 site and the low- or intermediate-spin S2 type FeN4 site.63 It should be noted 

that the two FeN4 sites were attributed to having different local carbon structures, as shown in Fig. 

1a. It should be noted that the computational and experimental studies also show that MnN4, CoN4 

and NiN4 moieties are the active sites for ORR in Mn-N-C, Co-N-C and Ni-N-C catalysts.3, 13, 64-

66

The same or similar M-N4 (M=Fe, Co, Mn) moieties can be found in transition metal porphyrins 

and transition metal phthalocyanines, which have also be found to promote ORR which inspired 

initial work toward heat-treated M-N-C electrocatalysts.67 The electronic structure of the central 
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transition metal in these heterocyclic macrocycle molecules have been extensively studied using 

DFT methods. As elaborated by Jean et.al, the 3dx2-y2, 4s, 4px, and 4py orbitals of the central M 

atom in the square, planar M-N4 with a D4h symmetry group would form four -type metal-

ligand bonds  with the four chelated N atoms, whereas the other orbitals including 3dxy, 3dyz, 

3dxz, and 3dz2 would transform into four non-bonding d-type molecular orbitals to interact with 

the surface adsorbates.68  As a result, the catalytic activity of the M-N4 moieties is believed to be 

strongly related to the energy level of these four non-bonding d-type molecular orbitals of the 

central metal. 69 It is conceivable that the same understanding is applicable to the M-N4 sites as 

identified in M-N-C catalysts active for ORR.

4. Activity Predictions 

On the surface of catalysts, ORR could proceed through either two- or four-electron pathway. 

Following a two-electron pathway, the oxygen adsorbed on the catalysts will be reduced to 

hydrogen peroxide without breaking the O-O bond in O2. In contrast, the oxygen adsorbed on the 

catalysts will be reduced to water following a four-electron pathway which requires a O-O bond 

scission process. For high energy conversion efficiency and membrane stability, four-electron 

ORR pathway is more desirable in PEMFCs as compared to two-electron ORR. Depending on 

how the O-O bond scission occurs, the four-electron  ORR  can be further distinguished by three 

possible pathways70: in a O2 dissociation pathway, the O–O bond scission step occurs through 

direct dissociation of the bound O2;  in a OOH dissociation pathway, the adsorbed O2 will be first 

protonated to form OOH and then the O–O bond scission step is accomplished by the dissociation 

of OOH into O and OH; and in a  hydrogen peroxide dissociation pathway, the OOH will be further 

protonated to form H2O2 and then the O–O bond scission proceeds through the dissociation of 

H2O2 into two OH. 

Many DFT computational studies have been performed to predict the molecular details and 

free energy evolution of various ORR pathways on the M-N4 sites embedded in carbon layer.71-73 

These computational studies indicate that both two-electron and four-electron ORR pathways are 

possible on a M-N4 site mainly depending on the element type of the central M, consistent with 

experimental observations of product selectivity. As shown in Figure 3(a) (blue dash line), the 

two-electron pathway for ORR on a M-N4 site initiates from the adsorption of O2 molecule on the 

central M, then the adsorbed O2 is protonated to form OOH and H2O2 sequentially on the central 
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M, and the produced H2O2 desorbs into electrolyte. In contrast, following a four-electron pathway 

for ORR in Figure 3(a) (brown dash line), the O2 molecule will first adsorb on the central M, this 

adsorbed O2 will further be reduced to form *OOH on the central M, the *OOH will dissociate 

into *O and *OH, and two H2O molecules will be produced and desorb into electrolyte. To model 

these ORR process on a M-N4 site in a computational study, the protons involved are normally 

assumed to come from the explicit solution of electrolytes and the electrons needed are from a 

conductive electrode, respectively (Figure 3(b)). 

Several computational approaches have been developed and applied to predict the activity of 

the M-N4 sites for ORR. The widely employed approach is to calculate the free energy evolution 

of ORR on thee M-N4 sites using the computational hydrogen electrode method as described in 

Section 2.74-76 The free energy evolution for ORR can be obtained by plotting the free energy of 

all the chemical species involved in ORR following their occurrence order in a given pathway as 

shown in Figure 3(a). The highest electrode potential under which all of the free energy changes 

along the ORR pathway are exergonic is thus defined as the thermodynamic limiting potential for 

ORR on the M-N4 sites. The kinetic barrier for each elementary reaction is normally considered to 

scale with the free energy change of the reaction.77 Exner et.al computationally examined both the 

thermodynamic and kinetic data of some electrochemical reactions and  found  that the predictions 

based on thermodynamic free energy evolution agreed well with those from ab initio kinetics for 

ORR on Pt(111). 78 This result suggests that the thermodynamic limiting potential should show a 

same trend with the kinetic onset potential for ORR activity. Namely, high limiting potential 

indicates high ORR activity of the catalysts.  For example, the computational results from Liu et. 

al  indicated that the S1 type FeN4 site exhibited a higher ORR limiting potential of 0.68 V than 

that (0.62 V) of  the S2 type FeN4 site (Figures 3(c) and 3(d)),55 indicating that the S1 type FeN4 

site should be more active for ORR than the S2 type FeN4 site. This computational prediction is in 

good agreement with the recent experimental finding.63 Moreover, the ORR limiting potential on 

a FeN4 site with a OH adsorbed on the other side, which is believed to occur under high electrode 

potential, was calculated to have a higher limiting potential of 0.76 V,79 even closer to 

experimentally measured ORR onset potential. In addition, MnN4 and CoN4 sites were reported to 

exhibit a high ORR activity with a limiting potential of 0.54 V and 0.67 V, respectively.3, 22 These 

predictions are consistent to the experimentally observed ORR activity trend following a 

descending order of Fe-N-C, Co-N-C, and Mn-N-C.6, 80 These DFT predictions provide good 
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explanation to experimental observation  that M-N4 (M=Fe, Co, Mn) sites (Figure 3(c)) are  active 

for ORR. In comparison, both NiN4 and CuN4 sites were predicted to have a limiting potential 

below 0.1 V, in line with the observed inferior ORR activity of Ni-N-C and Cu-N-C catalyst in 

acid media.81 It should be noted that M-N4 containing metalloporphyrin was also predicted to show 

activity for ORR.82, 83 For example, Co-porphyrin and Fe-porphyrin have been predicted to have a 

limiting potential above 0.60 V for ORR, whereas Ni-porphyrin and Cu-porphyrin are not active 

to promote ORR.82 Moreover, the catalytic activities of the transition metal macrocyclic complexes 

for ORR were proposed to be positively related with the ionization potential and the O2 binding 

ability.84

Figure 3. (a) Schematics of possible pathways for ORR on a M-N4 site embedded in a graphene 

layer. Adapted with permission from Ref. 34. Copyright 2020 American Chemical Society. (b) 

Atomistic structures of the employed calculation model including a graphene containing an in-

plane M-N4 site, adsorbed OOH, and explicit water environment. Adapted with permission from 

Ref. 34. Copyright 2020 American Chemical Society. (c) Atomistic structures of S1 type (top) and 

S2 type (bottom) M-N4 sites active for ORR (d) Calculated free energy evolution for ORR on a S1 

type and a S2 type FeN4 sites following a 4e- OOH dissociation pathway under an applied electrode 

potential of 0.68 V. Plot (d) is replotted based on the data from reference55. In the figure, the grey, 

blue, pink, red, and white balls represent C, N, metal, O, and H atoms, respectively. 
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Despite much success, some discrepancies between computational predictions and 

experimental measurements still exist. For example, Zhong et al. reported that the experimental 

half-wave potential for ORR of Fe-N-C catalyst in alkaline (i.e., 0.916 V/RHE) was significantly 

higher than that in acid (i.e., 0.748 V/RHE) and neutral media (i.e., 0.792 V/RHE), revealing 

significant pH-dependent ORR performance of the Fe-N-C catalyst.85 Failing to model the pH-

dependent activity of M-N-C catalysts, the typical CHE computational method employs a 

metal/vacuum interface at zero charge to simulate a charged electrochemical interface at a constant 

potential and thus cannot account for the variation of the adsorption energy of chemical species as 

a function of pH value.  In addition, accurate predictions of the experimental observables such as 

onset potential, half-wave potential, and Tafel slope are absent in the computational studies of M-

N-C catalysts for ORR. The experimentally measured ORR halfwave potential of Fe-N-C catalyst 

was reported to be 0.91 V86, quantitatively different from that of 0.68 V predicted from theoretical 

calculation using the CHE method.87 These discrepancies between computational predictions and 

experimental measurements are expected to be resolved by application of a constant potential 

based computational method (See Section 2C) which was developed to model the charged 

electrochemical reactions. It should be mentioned that such computational method has been 

demonstrated to be capable of revealing the pH-dependent ORR activity on Au(100) surface35,  

and giving accurate predictions on the onset potential of CO oxidation reaction on Au(111) 

surface88 and the Tafel slope of oxygen evolution reaction on IrO2(110) surface89. Consequently, 

the constant potential based computational method should be applied to model the activity of M-

N-C catalysts for electrochemical ORR. 

Furthermore, the spin state of the system, which could affect the adsorption energy of ORR 

intermediates on M-N-C catalyst 90, is not fully explored in the current literature. In an only study 

in this regard,  Duan et al.91 have applied an occupation matrix control methodology92 to tune the 

spin state of chemical adsorption on CoN4 site and predicted *OH should have a the high-spin state 

and *O have an intermediate-spin state under -0.8 to 1.2 V/SHE electrode potential,  whereas 

*OOH would have a low-spin state under -0.8 V to 0.06 V/SHE and an intermediate-spin state 

under 0.06 V to 1.2 V/SHE. Mineva et al. combined experimental approaches and DFT modeling 

to determine likely spin states of Fe in synthesized Fe-N-C systems and concluded the essence of 

low-spin Fe(II) and high-spin Fe(III) states.93 Variations were attributed to differences in local 

carbon structure. He et al. reported DFT simulations that show how a local Cu atom could impact 
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the magnetic moment of Fe in Fe-N-C which in turn modified calculated *OH binding and thus 

ORR activity.94 Sun et al. used DFT calculations to determine that Fe spin state in Fe-N-C 

complexes directly impacts not only activity but also stability against metal dissolution.95 These 

results indicate clearly that the spin state of the system should be considered for prediction of the 

ORR activity of M-N-C catalysts as a function of applied electrode potential in future modeling 

studies.

Another type of computational approach is to calculate the kinetic activation energy for O-O 

bond scission process on the M-N4 sites using the nudged elastic band (NEB) method. Due to a 

high dissociation energy of O-O bond in oxygen molecule (~500 kJ/mol at 298K) 96, the capability 

to efficiently break O-O bond plays a vital role to promote four-electron ORR. Generally speaking, 

the O-O bond scission process with an activation energy lower than 0.90 eV is kinetically feasible 

on the catalysts surface at 300K.48 As mentioned above, there are three possible non-

electrochemical ways to break the O-O bond of O2 molecule adsorbed on a M-N4 site, namely, O2 

dissociation (Figure 4(a)), OOH dissociation (Figure 4(a)) and H2O2 dissociation. Using the NEB 

computational method, Liu et al predicted that the O2 dissociation required an unsurmountable 

activation energy of 1.19 eV on an S2 type FeN4 site and 1.96 eV on an S2 type CoN4 site97, 

respectively, implying direct O2 dissociation might not be feasible on these M-N4 sites. 

Alternatively, the OOH dissociation, in which an OOH adsorbed on the central M breaks into a O 

adsorbed on M and a OH adsorbed on an adjacent active carbon (as shown in Figure 4(a)), was 

predicted to require overcoming a low energy barrier of 0.56 eV on FeN4 site and 0.37 eV on MnN4 

site, suggesting that FeN4 and MnN4 sites are able to efficiently promote four-electron ORR via 

the OOH dissociation path. These computational predictions agree well with experimental findings 

that Fe-N-C and Mn-N-C catalyst shows a high selectivity toward 4e- ORR pathway3, 16. It should 

be noted that Wang et al computationally showed that the OOH dissociation could also occur 

through a proton-coupled electron transfer pathway with the assistance of explicit water 

electrolytes. 79 Electrochemically, the activation energy for the OOH dissociation step on FeN4(OH) 

sites was predicted to be 0.17 eV (Figure 4(b)).79 Therefore,  the OOH dissociation step on FeN4 

was predicted to be kinetically facile through both non-electrochemical and electrochemical routes, 

thus enabling the desired 4e- ORR pathway in Fe-N-C catalysts. It is noted that the kinetic rate of 

the OOH dissociation depends on both the activation energy and a pre-exponential factor. As 

pointed out by Hansen et al, 50 the pre-exponential factor for non-electrochemical OOH 

Page 16 of 29Journal of Materials Chemistry A



17

dissociation reaction is significantly higher than that for electrochemical OOH dissociation 

reaction on Pt(111) surface. Therefore, a direct comparison of the values of the calculated 

activation energies from different dissociation routes (electrochemical vs. non-electrochemical) in 

M-N-C catalysts should also be avoided.  

Figure 4. Atomistic structures of the initial state, transition state, and final state for (a) non-

electrochemical O2 dissociation and OOH dissociation reaction on a FeN4 active site embedded in 

a graphene layer. Adapted with permission from Ref. 97. Copyright 2016 American Chemical 

Society., and (b) O2 protonation reaction on a FeN4 site, O2 protonation reaction on a FeN4(OH) 

site, and OOH dissociation reaction on a FeN4(OH) site in explicit water environment. Adapted 

with permission from Ref. 79. Copyright 2019 American Chemical Society. In these figures, the 

grey, blue, yellow, red, and white (or green) balls represent C, N, Fe, O, and H atoms, respectively. 

In comparison, no consensus has been achieved regarding the selectivity of Co-N-C catalyst 

for ORR. 22, 97-101  In experiments, Gao et al. reported that the Co-N-C catalyst synthesized through 

pyrolysis of melamine with L-alanine exhibited an over 90% H2O2 production (i.e., favoring 2e- 

ORR)98. By contrast, the Co-N-C catalyst derived from ZIF-8 precursors was found to show a high 

selectivity toward 4e- ORR with H2O2 yield below 7.5%22. The computational studies suggest that 

the selectivity of CoN4 sites for ORR is strongly related to the local chemical structure of the active 

sites. The activation energy for the OOH dissociation on an S2 type CoN4 site was predicted to be 

1.11 eV,97 high enough to prevent the 4e- ORR. In addition, Liu et al. compared the calculated 

activation energies for the competing OOH dissociation and OOH desorption processes on the S2 

type CoN4 site and predicted that the kinetically facile OOH desorption process would primarily 
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lead to 2e- ORR.101 As shown in Figure 3(c), the S2 type CoN4 site contains a CoN4 moiety 

embedded in an otherwise intact graphene layer. Modifying the local carbon structure, a CoN2+2 

site is hosted by micropores and bridges two adjacent armchair-like graphitic edges.22 The 

activation energy for the OOH dissociation on a CoN2+2 site was calculated to be only 0.69 eV, 

low enough to permit the 4e- ORR to occur on this site. Moreover, Jung et al reported that the 

selectivity of the S2 type CoN4 site could change from 2e- to 4e- ORR if the carbon atoms adjacent 

to nitrogen of the CoN4 moiety are oxidized.100 Similarly, the O-O bond breaking reaction was 

reported to be unfavorable on Co macrocyclic complexes leading to 2e- ORR, but favorable on Fe 

macrocyclic complexes leading to 4e- ORR.11 Sun et al attributed this trend to a higher energy 

level of eg (HOMO) orbital of Fe phthalocyanine than that of Co phthalocyanine.102

The microkinetic modeling computational method has also been employed to predict the 

activity of M-N4 sites for ORR. Specially, the microkinetic modeling for ORR considers multiple 

elementary steps, including O2 diffusion, O2 adsorption, various surface reactions, and product 

desorption. As described in Section 2D, the microkinetic modelling predicts the output current 

density of ORR as a function of applied electrode potential (i.e., polarization curve) and hence 

produces computational results that can be directly compared with the experimental measured 

linear sweep voltammetry (LSV). Using the microkinetic modeling, Liu et.al87 predicted that the 

half wave potential of ORR on a FeN4 site was about 0.02 V higher than that on a  Pt (111) surface, 

consistent with the recent finding of Fe-N-C catalysts yielding high ORR activity comparable with 

Pt in acids. 103 In another microkinetic modeling study, Wang et al79 predicted the half wave 

potential of ORR to be 0.88 V, 0.85V and 0.73 V on FeN4, CoN4, and MnN4 site, respectively. It 

appears that the computational predictions agree well with  the experimentally measured value of 

0.89 V on Fe-N-C6. 0.82 V on Co-N-C22, and 0.80 V on Mn-N-C catalysts3, 87. Moreover, 

microkinetic modeling gives information about the evolution of surface coverage of various 

chemical species involved in ORR on the catalyst surface which is a major advantage over other 

computational approaches.  In this regard, the microkinetic modeling predicted that the FeN4 sites 

would be covered by absorbate OH under the electrode potentials in the range from 0.4 to 0.8V.59 

This prediction can explain the  observed experimental redox peak near 0.7 V in cyclic 

voltammetry of Fe-N- C catalyst.104

5. Stability Predictions 
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Figure 5. Schematics of various degradation mechanisms on M-N4 site. In this figure, the grey, 

blue, orange, red, cyan and white balls represent C, N, Metal, poison, O, and H atoms, respectively.

Understanding how activity is declining during ORR, i.e., the stability of the electrocatalyst 

under even static in situ conditions, is a topic of growing importance in the platinum group metal 

(PGM)-free ORR electrocatalyst community.20, 21 It should be noted that M-N-C catalysts were 

reported to have a superior ORR durability than macrocyclic catalyst.3, 16, 105, 106 Computational 

modeling of M-N-C electrocatalyst active site stability during ORR has taken a variety of 

approaches. Early efforts focused on relative thermodynamic stability of varied active site 

structures with reference to lone-metal or bulk-metal reference states.107 While the formation 

energy values that resulted are valuable for qualitatively comparing the relative stability of possible 

sites, the ubiquitous pyrolysis steps used in synthesis that imbue higher ORR activities suggests 

that realized active sites are in fact metastable. More recent approaches for understanding stability 

focused on specific degradation mechanisms. As depicted in Figure 5,  the proposed activity loss 

mechanisms include108: dissolution of the central metal atom in the active sites under acidic 

environments such as PEMFC cathodes; local N- and C-degradation which may alter the local 

electronic structure and binding energetics and therefore impact calculated activity pathways or 

promote further degradation; local poisoning of the active site center itself or of the local C 
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environment, serving to sterically block the active site; and finally, ionomer 

degradation/repartitioning that strands given active sites, starving them of access to reactant 

protons. 

Thermodynamic stability descriptors for M-N-C catalysts are most often obtained through 

treating ORR active sites as defects in a host carbon matrix and calculating the defect formation 

energetics based on assumed reference state values using DFT method. Kattel et al. published a 

series of studies exploring formation energetics, among other attributes, of Co-Nx, Fe-Nx, and Ni-

Nx structures hosted in basal plan graphene (and armchair edge graphene for the latter).109-111  They 

predicted that the 4-fold N coordination vs. 2-fold N coordination of metal sites was energetically 

favorable and that metal reference state (lone atom vs. bulk metal) influenced the endo- vs. 

exothermic nature of the defect formation enthalpy.  The 4-fold N coordination was later confirmed 

to be the most probable by comparing the formation energy of Fe with 0, 1, 2, 3, and 4 fold N 

coordination.74 Moreover, Holby and Taylor used DFT and semi-empirical potentials to explore 

how embedded 3-fold coordinated N monovacancy-based Fe sites and 4-fold coordinated N 

divacancy-based Fe sites compared energetically with a focus on local position of the carbon with 

respect to a graphene edge.112, 113 Additionally, studies of defect clustering at the edge114 as well 

as spontaneous ligation115 were pursued by this group. Combined, these studies gave important 

input regarding likely active site structures. The relatively high thermodynamic stability of in-

plane, 4-fold N-coordinated Fe in particular remains a key aspect of most model sites considered 

today, though a more complete treatment of degradation processes is required to understand the 

chemical nature of stability.

ORR in a PEMFC cathode takes place under extreme conditions of low pH, high electrode 

potential, and elevated temperature. In such environments, bulk metal Fe is itself not stable and 

previous thermodynamic treatments with positive formation energies when a bulk Fe metal 

reference state is used suggests that Fe-N-C structures are also unlikely to be stable under low 

pH/high potential conditions. Furthermore, Fe and other proposed transition metal atoms dissolve 

to cations which thus serve as a more appropriate reference for dissolution. One study considered 

some environmental effects on active site stability116 and focused on identifying dissolution of Fe 

atoms from given atomic structures using a non-electronic-structure-based thermodynamic model. 

They predicted that for the proposed dissolution reaction, FeN4 structures were stable against 

dissolution, largely due to entropic stabilization. Using integrated DFT-derived values and 
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modified treatments of ionic dissolution products, Holby et al. 117 found that for a limited set of 

proposed dissolution reactions, passivation may help to stabilize Fe-N-C structures in PEMFC 

relevant pH and potential ranges. They proposed the use of computational Pourbaix-like diagrams 

with limited considered phases to address the dissolution of given (possibly metastable) structures. 

With additional considered reactions and varied DFT-approach, Patniboon and Hansen showed118 

that for a variety of central metal species and varied local carbon structures, such sites were in 

general not thermodynamically stable against dissolution in PEMFC relevant pH and potentials, 

though they suggest the kinetics of dissolution may aid in stabilizing sites beyond the 

thermodynamically defined limits. They further suggested a stability descriptor for dissolution 

based on the free energy of the dissolution reaction for the most stable solid phase (generally the 

*O or *OH ligated structures). Pourbaix diagrams graphically describe relative stability of various 

thermodynamic states of the M-N4 active sites as a function of pH value and electrode potential in 

electrolytes. Consequently, Pourbaix diagrams have been shown to be a valuable computationally-

accessible tool for understanding the thermodynamic conditions under which metal dissolution 

would occur in M-N-C catalysts.

Other computational studies  focused on understanding the possible metal dissolution reaction 

pathways including likely kinetic barriers.99, 119 Wang et al proposed a possible metal dissolution 

pathway for M-N4 sites could be considered as a process in which the central metal ion moves 

away from the 4-fold N coordination (active for ORR) to a 2-fold N-coordination structure 

(inactive for ORR), while the other two nitrogen are passivated by protons from electrolyte. 99, 119 

Using the calculated free energy changes for this metal dissolution pathway, they predicted that 

the adsorption of gas O2 molecule on the M-N4 (M= Fe, Co, and Mn) sites could greatly reduce 

their stability against metal dissolution. This computational prediction provides one possible 

explanation as to why M-N-C catalysts are subject to more severe metal dissolution in oxygen-

containing environment.  Moreover, from the calculated free energy changes for the assumed metal 

dissolution pathway they predicted that CoN4 sites would exhibit higher resistance to metal 

dissolution than FeN4, agreeing well with the trend observed experimentally.  Aiming to gain 

kinetic information of metal dissolution, Wang et al. further viewed the overall metal dissolution 

process on O2 ligated FeN4 sites to have three sequential steps. The two N in FeN4 site are first 

protonated, then the O2-ligated central Fe ion will move away from the N4-coordination to an 

inactive N2-coordination, and lastly the O2-ligated Fe (Fe-O2) will desorb from the catalyst surface. 
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Analyzing the calculated activation energies for these three steps, they predicted that the nitrogen 

protonation step was the rate-determining step of metal dissolution, in line with the results from 

Ab Initio molecular dynamics results120. Interestingly, these kinetic calculations predicted that the 

S2 type FeN4 site exhibited higher stability against metal dissolution than S1 type FeN4 site, 

consistent with experimental measurements. 16

In addition to the central transition metal, carbon structures that make up the support/host for 

ORR active sites in M-N-C catalysts are also not thermodynamically stable under in situ conditions 

and are known to be only kinetically stable. Despite this known instability, relatively fewer atomic 

scale modeling work has been performed to understand how the C and N atoms surrounding 

imbedded transition metal atoms impacts overall stability of the M-N4 sites. One  study121 

suggested the use of a TEM beam damage model for understanding relative C-structure stability. 

As the corrosion of C in particular is known to be kinetically limited under fuel cell relevant 

conditions, this method uses ab initio molecular dynamics to probe the input kinetic energy to 

break all bonds for given atoms in particular structures (threshold energy). This approach is being 

extended at present to include the roles of Fe-N-C structures and to explicitly include temperature 

effects. Local C-structure has a significant impact on calculated threshold energies of beam 

damage which implies that the kinetics of bond breaking of N/C in varied sites are different. This 

in turn suggests that the stability of N in particular around different sites (even so called FeN4 sites 

which can have different local carbon environments55) have varied C/N corrosion susceptibility. It 

should be noted that the previous metal dissolution and local C/N corrosion have only been applied 

to idealized structures and may be difficult to distinguish experimentally in a heterogeneous 

material. It is also possible that either initial metal corrosion leads to enhanced C/N corrosion or 

that C/N corrosion can lead to subsequent metal dissolution which further hampers experimental 

exploration of dominant activity loss mechanisms. While further work is required, probe threshold 

energy studies provide a valuable kinetic descriptor tool to evaluate C/N stability as a function of 

local atomic structure.

Finally, the poisoning of PGM-free ORR active sites may also be a degradation pathway. 

Unlike Pt surfaces, these M-N4 sites are generally more robust against small molecule poisons 

such as CO. The possibility of poisons and/or intermediates to bind on both the underside and 

topside of edge hosted or basal plane hosted structures has in fact been suggested as a strength of 

some M-N-C active sites, allowing for one side to be ligated (not poisoned, perse), leading to 
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improved activity for overbinding sites, and leaving an additional site free to perform ORR. ORR 

intermediate OH was the initially proposed ligation moiety59, 115 for Fe-N-C structures, 

highlighting another key difference between these sites and Pt-alloy nanoparticle sites which can 

be poisoned by OH. Svane et al.122 used DFT calculations to show which poisons may act as 

ligands in M-N4 systems, with a single binding, and which would double-bind, blocking two sites 

likely acting as a more classical poison. Additional studies, particularly those that aid in the 

interpretation of active site quantification through poisoning/stripping, are needed to better 

understand what environmentally relevant molecules may serve to ligate or poison active sites. 

6. Summary and Perspectives

The development and application of the first principles based computational methods for 

electrocatalysis indeed accelerate the understanding of the chemical nature of the active sites for 

ORR, the evolution of chemical species during ORR, and the structural/chemical degradation 

processes of metal, nitrogen doped carbon catalysts. Some notable computational modeling results 

include single metal M-N4 (M=Fe, Co, and Mn) sites embedded in a carbon layer are active for 

promoting ORR, especially FeN4 and MnN4 sites could promote four-electron ORR through 

efficiently breaking the O-O bond of OOH, the S1 type FeN4 has higher ORR activity but less 

stability than the S2 type FeN4, and CoN4 is predicted to be more stable than FeN4 site during 

ORR.     

Despite of much success, novel computational methods are still urgently needed to address 

some challenging questions related to the synthesis and utilization of M-N-C catalysts for PEMFCs. 

For example, no convincing computational study has ever predicted if there is a thermodynamic 

limitation on the density of M-N4 sites on the catalysts surface, how the different types (i.e., S1 

and S2) of M-N4 sites can be formed in a predictable way, and how the activity and stability of the 

M-N4 sites should be modelled in a membrane electrode assembly (MEA) with a local ionomer 

environment. 

In addition, the survey of literature reveals that the following aspects of computational 

electrocatalysis deserves further development. (1) The computational setup, procedure, and data 

format need be standardized in order to make the results from different research groups more 

readily comparable. It is particularly desirable that the uncertainties associated to the DFT methods, 

due to varied exchange-correlation functionals, K-point meshing, and choice of simulation cells, 
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could be systematically quantified. (2) Novel computational algorithm and methods are needed to 

treat the complexed electrochemical environment and integrate the catalyst activity with various 

transport processes in MEA, (3) Application of novel data informatics and machine learning 

methods to derive the relation between synthesis parameters, structures and density of active sites, 

and the performance (i.e., activity, selectivity, and durability) of the M-N-C catalysts for PEMFCs,  

(4) Future studies of M-N-C electrocatalyst stability are expected to further improve with both 

increased computational capabilities as well as more complete models of in situ thermokinetics, 

and (5) Improved understanding of how synthesis conditions lead to certain ORR active structures 

would aid in the application of electronic structure computational models to design real M-N-C 

catalyst systems.
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