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ABSTRACT: The oxygen evolution reaction (OER) is the limiting factor in an electrolyzer and the oxygen reduction 

reaction (ORR) the limiting factor in a fuel cell. In OER, water is converted to O2 and H+/e- pairs, while in 
ORR the reverse process happens to form water. Both reactions and their efficiency are important enablers of a 
hydrogen economy where hydrogen will act as a fuel or energy storage medium. OER and ORR can both be described 
assuming a 4-step electrochemical mechanism with coupled H+/e- transfers between 4 intermediates (M-*, M-OH, 
M=O, M-OOH, M = active site). Previously, it was shown that an unstable M-OOH species can equilibrate to an M-
OO species and a hydrogenated acceptor site (M-OOH/eq), enabling a bifunctional mechanism. Within OER, the 
presence of Fe within an NiOOH acceptor site was found to be beneficial to lower the required overpotential 
(Vandichel et al. Chemcatchem, 2020, 12 (5), 1436-1442). In this work, we present the first proof-of-concept study of 
various possible mechanisms (standard and bifunctional ones) for OER and ORR, i.e. we include now the active edge 
sites and hydrogen acceptor sites in the same model system. Furthermore, we consider water as solvent to describe 
the equilibration of the M-OOH species to M-OOH/eq, a crucial step that enables a bifunctional route to be operative. 
Additionally, different single Fe-dopant positions in an exfoliated NiOOH model are considered and four different 
reaction schemes are studied for OER and the reverse ORR process. The results are relevant in alkaline conditions, 
where the studied model systems are stable. Certain Fe-dopant positions result in active Ni-edge sites with very low 
overpotentials provided water is present within the model system. 

KEYWORDS:  Mixed metal-oxy-hydroxides • oxygen evolution reaction(s) (OER) • oxygen reduction reaction(s) 
(ORR) • bifunctional route • universal scaling relations  

 

INTRODUCTION 

Electrochemical reactions are most likely going to play a crucial role in the upcoming energy turnaround towards 

sustainable energy, requiring the storage of excess wind, solar or other renewable energy during peak hours in the 

form of chemical bonds to provide us with an energy buffer [1]. Splitting water into hydrogen and oxygen is a 

promising way to effectively generate hydrogen from excess electrical energy. This electrochemical hydrogen 

production also involves the oxygen evolution reaction (OER), taking place on electrocatalysts at the cathode and 

anode where H2 and O2 are produced, respectively. Within an electrochemical hydrogen production cell, the hydrogen 

evolution reaction at the cathode is efficiently catalyzed by various materials such as Pt or MoS2 [2], however, the 

oxidation of water to O2 at the anode, presents the main bottleneck due to a significant overpotential that has to be 
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paid additionally to the 1.23 eV per generated proton-electron pair [3-5]. Within a hydrogen based economy, energy 

can be generated from H2 via several types of fuel cells (Proton Exchange Membrane Fuel Cells, Mediated Fuel Cells, 

Solid Oxide Fuel Cells, etc.), in which H2 and O2 recombine to from H2O and generate electrical energy [6,7].  

Industrial OER-catalysts such as dimensionally stable anodes (DSAs) consist of a mixture of scarce and expensive 

(Ru,Ir)O2 mixed onto Ti [8,4]. This type of catalysts results in overpotentials of about 240 mV (RuO2/Ti) and 270 mV 

(IrO2/Ir) at 1mA/cm2 [9]. However, DSAs are expensive and cheaper alternatives such as metal-oxy-hydroxides of 

Co-, Ni-, Fe- and Mn-based transition metals are active for OER under alkaline conditions [10-17]. For Nickel-oxy-

hydroxide or Ni(O)(OH), the doping of Fe is widely known to promote the OER behavior [11,13], however, Ni-Fe 

oxides are still actively investigated today [18,19,16,20-23]. Experimentally, an Fe : Ni ratio of 4 yields the most 

active OER-catalyst [24]. At this ratio, the catalyst contains a high amount of highly active OER sites. Even for 

NiFeOx, the debate of the possible active sites is still ongoing with contradictory statements in computational literature 

onto the role of Ni and Fe [25,26,18,20]. Apart from these studies, the effect of doping of NiOOH on OER has been 

studied computationally on various model systems [27,28]. The broad variety of active site possibilities makes it 

seemingly difficult to calculate the OER activity computationally. Recently, the high OER-activity of Fe-NiOOH and 

other metal-oxy-hydroxide catalysts could be computationally explained by a bifunctional mechanism, for which low 

overpotentials were observed for a γ-Ni(O)(OH) edge and an Fe-doped Ni(O)(OH) acceptor [29]. For ORR on Fe-

NiOOH based systems, there is not much literature, since the oxy-hydroxides can be present during catalysis on metal 

electrodes [30,31], for which the metal-oxy-hydroxide/metal interface can also contribute to the activity [32]. 

However, here we restrict ourselves to the study of pure Fe-NiOOH systems. 

Oxygen evolution (OER) takes place via the subsequent removal of proton/electron pairs and the formation of an 

O-O bond [33,34] while during oxygen reduction (ORR) proton/electron pairs are consumed and water is formed 

[6,35]. Under alkaline OER, four HO- anions react with the formation of O2, 2H2O and 4e- with M-*, M-OH, M=O 

and M-OOH as intermediates (Figure 1). Similarly, within alkaline ORR, O2 is converted with 4e- and 2H2O into 4 -

OH (reverse catalytic cycle in Figure 1). Universal scaling relationships exist between these intermediates, meaning 

that the intermediates’ free energies are linearly dependent [36,5]. Ultimately, this means that there is a minimum 

overpotential that has to be paid for each single site oxygen evolution step [36-39,5], which can be seen from the 

universal scaling relations between M-OH and M-OOH, i.e. ΔGM-OOH - ΔGM-OH = 3.2 eV. In the case of an ideal 

OER electrocatalyst, the thermodynamic barrier is 1.23 V for each step in the standard or mononuclear mechanism.  
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Universal scaling relations are valid for the standard OER and ORR catalytic cycles, and therefore alternative 

mechanisms are necessary to avoid the universal scaling relationships. 

Beside the standard OER-mechanism and standard ORR mechanism, there are however alternative routes that might 

lead to lower overpotentials, such as the binuclear [39-41] and the bifunctional [39,42-44] mechanism. In the binuclear 

mechanism, the formation of M-OOH is replaced by a recombination of 2 M=O surface species to form a μ-peroxo 

bridge which then desorbs through replacement of the M-O bonds by water. The bifunctional mechanism on the other 

hand is mechanistically similar to the mononuclear mechanism in the sense that the O-O bond is formed through a 

nucleophilic attack of water or HO- at an M=O oxo species. In contrast to the mononuclear path, the proton is 

transferred immediately to an adjacent H-acceptor unit. In other words, within the bifunctional mechanism, the M-

OOH group is so short-lived that it does not contribute significantly to the overall thermodynamic reaction profile 

[18]. Therefore, the M-OOH intermediate can be replaced in the mechanism by an equilibrated M-OOH/eq species 

(M-OOH/eq = M-OO + Acc-H, see Figure 1); an abbreviation which has also previously been used [29]. It was 

shown by Vandichel et al. that the bifunctional mechanism, proceeding via an alternative route (M-* → M-OH → 

M=O → M-OOH/eq, Figure 1) could explain the higher activity of mixed metal-oxy-hydroxides (bi and tri-metallic) 

versus monometallic-oxy-hydroxides as within these mixed Me(O)(OH) the combination of monometallic active edge 

sites and mixed metal acceptor sites allows for low overpotential OER-catalytic cycles [29]. 

Interestingly, most of the computational electrochemistry studies do not account for the solvent (water) effect during 

the study of OER or ORR reaction pathways (for example [18,35,36,26,45-51]). To describe solvent effects within 

electrochemical reactions, implicit solvation models have been developed and applied [52-55] or explicit water 

molecules included [29,28]. Of course, it is possible to include whole water layers explicitly [56-58] and furthermore, 

the application of water droplets has been fruitful to estimate the activation barriers of certain electrochemical steps 

[59-62].  

In this paper, two monofunctional and two bifunctional OER routes are studied within Fe-doped NiOOH both with 

and without solvent varying the Fe-dopant position. Atomistic models, where active edge, acceptor site and water are 

present, facilitate interconversion between M-OOH and M-OOH/eq species and thus both mono- and bifunctional 

mechanism, respectively. Furthermore, additional OER-reaction schemes via equilibrated M=O/eq species are also 

considered in this study. Two of these reaction schemes are mononuclear (S1: M-* → M-OH → M=O → M-OOH, 

S3: M-* → M-OH → M=O/eq → M-OOH) and two are bifunctional (S2: M-* → M-OH → M=O → M-OOH/eq, 

S4: M-* → M-OH → M=O/eq → M-OOH/eq). These reaction schemes are shown in detail in Schemes S1-4, see 
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Electronic Supplementary Information. These schemes or catalytic cycles can also be reversed, representing then the 

corresponding ORR reaction cycles (e.g. S1(ORR): M-* + O2 → M-OOH → M=O → M-OH). This paper does not 

cover the 2 electron ORR pathway producing H2O2, because it is not the fully reversed process of the 4e- OER pathway. 

For this reason, we limit our study to the 4 electron ORR study. 

Summarizing, density functional theory (DFT) calculations are employed to investigate the thermodynamics of the 

Oxygen Evolution and Reduction Reactions according to various mechanisms on a single Fe-doped exfoliated NiOOH 

edge with an acceptor of the M3O type. The studied model systems are representative for stable electrocatalyst 

materials under alkaline conditions at typical anode (OER) or cathode (ORR) potentials. The influence of Fe-doping 

at different positions with respect to the active edge site is investigated and it is shown that a bifunctional mechanism 

is likely operative. Furthermore, the best Fe-doping site with respect to the considered active site is identified as well 

as the operative mechanism with and without solvent.  

 

Figure 1. Overview schemes representative for the OER catalytic cycles with active NiOOH-edge; (a) schematic 

catalytic cycle and (b) side view of the catalytic cycle with a water channel connecting the edge and acceptor sites. 

M5 represents the active site and here single-atom Fe-doping is tested on 7 different positions (M1, M2, …, M7). In the 

case of a bifunctional reaction mechanism, the unstable M-OOH species converts to M-OO and a hydrogenated 
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acceptor site of type M3O and this species is referred to as M-OOH/eq. Additionally, the M=O species can be in 

equilibrium with an M=O/eq species. 
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MODEL CHOICE AND COMPUTATIONAL METHODOLOGY 

The model construction involved cutting out an NiOOH slab, adding 2 KOH groups followed by placing explicit water 

around the slab with packmol [63] (Figure 2, Figure S1). The unit cell is represented in Figure 2a for the M-OOH 

species and schematically drawn in Figure 2b. Doped with Fe, such system is representative for an exfoliated Fe-

NiOOH catalyst that can be synthesized experimentally. Exfoliation is a process whereby a bulk layered double 

hydroxide (LDH) (also known as β-NiOOH) delaminates into single layered nanosheets with a smaller size and a 

higher number of edge sites. This delamination results in a higher electrocatalytic OER activity and lower 

overpotential in the case of various layered double hydroxides (LDHs) Fe-NiOOH, Ni-CoOOH and Co-CoOOH [64]. 

Furthermore, Pourbaix diagrams indicate that these Fe-doped systems are relevant at high pH and positive potential 

versus RHE (as is the case in ORR and OER) [65] and this can also be verified computationally [66]. Fe incorporated 

NiOOH systems are also known as Ni(Fe)OOH(++) systems, with the (++) referring to the +4 species which 

accumulate under catalytic conditions in these mixed metal systems. These are Fe-centred at higher iron 

concentrations, but Ni-centred at low Fe concentrations (≤5%),[67] which is in agreement with Ni4+ detection in XAS 

and XANES experiments on this type of catalyst [68,69]. In this paper, we are thus studying highly active Fe-doped 

NiOOH edge systems where the OER activity takes place on Ni4+ centers at the edges, in agreement with a recent 

spectroelectrochemical study [67]. With our model choice, the two potassium ions in contact with the active site M5 

ensure that the oxidation state of the nickel atoms at the edge is around +IV, and therefore our water layer contains 

also two -OH ions. The intermediates in every step stay neutral, as we assume that -OH comes in and an electron goes 

out in each of the four steps (Figure 1). 
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Figure 2. (a) NiOOH-slab surrounded by water for the M-OOH (color code: octahedra around Ni: gray, active site: 

blue, potassium: purple, oxygen: red, hydrogen: white), (b) Schematic representation of the active site model with 

explicit H2O-channel and an active edge site M5 with M-OOH species and M1M2M3O hydrogen acceptor site 

allowing for the interconversion of M-OOH to M-OOH/eq, i.e. M-OO and Acc-H a hydrogenated acceptor site in 

case of a bifunctional mechanism. 

AIMD simulations were performed with the CP2K simulation package [70] on the DFT level of theory and with 

Gaussian Plane Wave basis sets (GPW) [71,72]. CP2K was only used for quick equilibration of the generated system, 

the simulations were performed within the NPT-ensemble (P=1bar, T=298K) and was stopped after 100 time steps, 

followed by a cell optimization with VASP. The time step for integration of the equations of motion was set to 0.5 fs. 

During the NPT simulations, rapid expansion and contraction of the unit cell resulted in the presence of two H-atoms 

and one H2O2 molecule within the cell. However, as the solvent geometry is similar for all investigated model systems, 

this does not have impact on our findings. 

To study OER and ORR pathways systematically, periodic spin-polarized dispersion-corrected DFT calculations 

are performed with the Vienna Ab Initio Simulation Package (VASP 5.4.4) [73,74] with the projector augmented 
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wave approximation (PAW) [75], with Gaussian smearing [73] of 0.1 eV and with a plane wave basis set with an 

energy cut-off of 550 eV. As a gradient corrected (GGA) exchange-correlation functional, the BEEF-vdW functional 

is employed to account for van der Waals interactions for all reaction intermediates [76]. The first Brillouin zone was 

sampled using a Monkhorst-Pack [77] mesh with (3, 2, 1) subdivisions along the reciprocal lattice vectors. The 

structures in vacuum were obtained by removing the solvent and the KOH molecules from the initially relaxed 

structures. The vacuum between periodic images was extended to at least 12 Å in the directions of the slab and the 

edge normal vectors. In order to determine the spin state, a series of calculations were performed for each initially 

relaxed structure with varying spin multiplicity (from 0 up to 7 unpaired electrons). After that every structure was 

relaxed with the spin multiplicity of lowest DFT energy employing constant cell volume optimization until the residual 

forces were less than 0.01 eV/Å. A partial harmonic normal mode analysis was then performed for the adsorbed 

species in each optimized structure using a central difference of the forces with displacements of 0.005 Å whereby the 

energy was converged with a criterion of at least 10-7 eV. The normal mode frequencies were then used to prove the 

energy minimum and to compute the zero-point energy and vibrational entropy contributions to the free energy of the 

adsorbed intermediate species. The computational workflow was automated using the FireWorks workflow 

management system [78] and the Atomic Simulation Environment [79]. 

The method to compute the critical potentials in this work has been proposed previously [80-82] in the context of 

ORR and employed more recently to study ORR on metal alloy nanoparticles [48,35]. The critical (reversible) 

potential for the OER (𝑈𝑚𝑖𝑛) is defined as the minimum potential at which the anode reaction will start, i.e. for which 

𝛥𝐺(1)(𝑈𝑚𝑖𝑛)  ≥ 𝛥𝐺(2)(𝑈𝑚𝑖𝑛) ≥ 𝛥𝐺(3)(𝑈𝑚𝑖𝑛) ≥ 𝛥𝐺(4)(𝑈𝑚𝑖𝑛) ≥ 𝛥𝐺(5)(𝑈𝑚𝑖𝑛) (1) 

where 𝛥𝐺(𝑠)(𝑈) are the free energies at potential U of the intermediate states [M-* + 2H2O], [M−OH + (H+ + e₋) + 

H2O], [M=O/eq + (2H+ + 2e₋) + H2O], [M−OOH/eq + (3H+ + 3e₋)] and [M-* + O2 + (4H+ + 4e₋)] for s = 1, 2, 3, 4 

and 5, respectively. The critical (reversible) potential for the ORR reaction (𝑈𝑚𝑎𝑥) is defined as the maximum potential 

for which the cathode reaction will stop, i.e. for which 

𝛥𝐺(5)(𝑈𝑚𝑎𝑥)  ≥ 𝛥𝐺(4)(𝑈𝑚𝑎𝑥) ≥ 𝛥𝐺(3)(𝑈𝑚𝑎𝑥) ≥ 𝛥𝐺(2)(𝑈𝑚𝑎𝑥) ≥ 𝛥𝐺(1)(𝑈𝑚𝑎𝑥) (2) 

The free energies 𝛥𝐺(𝑠)(𝑈) as a function of the reversible potential U are calculated from the standard free energies 

using the equation 𝛥𝐺(𝑠)(𝑈) = 𝛥𝐺0

(𝑠)
− 𝑛𝑒𝑈, where n is the number of electrons and e is the electron charge. The 

free energies 𝛥𝐺0

(𝑠)
are calculated as 
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𝛥𝐺0

(𝑠)
= 𝛥𝐸𝐷𝐹𝑇

(𝑠)
+ 𝛥𝑍(𝑠) − 𝑇𝛥𝑆(𝑠)  (3) 

where 𝛥𝐸𝐷𝐹𝑇
(𝑠)

 is the DFT energy after the structural relaxation, 𝛥𝑍(𝑠) is the zero-point energy, 𝛥𝑆(𝑠) is the entropy, 

and 𝑇 is the temperature which was fixed to 298.15 K in this work. The free energy of the proton/electron pair at 

standard conditions is replaced with the free energy of hydrogen gas according to 𝐺0(
1

2
𝐻2) = 𝐺0(𝐻+ + 𝑒−) [80,81]. 

The free energy of liquid water was replaced by the free energy of gas-phase water at gas–liquid equilibrium pressure 

0.0312 atm for T = 298.15 K [83]. The free energy of O2 gas was calculated based on the experimental free energy of 

the reaction 2H2 + O2 → 2H2O at standard conditions, i.e. 4.92 eV. The free energies of gaseous H2 and H2O were 

calculated based on their DFT-energies. The zero-point energies of H2 and O2 gases have been taken from experimental 

data [84]. The zero-point energy of H2O and the entropies of all gaseous species were taken from the NIST Standard 

Reference Database 69: NIST Chemistry WebBook [85].  

The electrochemical processes in the studied system take place in an alkaline environment, e.g. at pH = 14. In ORR, 

the surrounding water molecules are proton donors and in the OER surrounding -OH ions are proton acceptors. 

Without loss of generality we assume an acidic environment at pH = 0 within the model. For this model it has been 

shown that the electrochemical potentials, defined relative to the reversible hydrogen electrode (RHE), are the same 

in alkaline and acidic environment and that the change in pH results only in equal shifts of the free energies [80,81]. 

  



10 

 

RESULTS AND DISCUSSION 

The four-step electrochemical OER and ORR reactions are thermodynamically equivalent because the individual 

reaction stages are reversible processes. Therefore, the OER can be regarded as reversed ORR, where the free energies 

of the intermediates will be the same and the reaction free energies of the four stages will have inverted signs. In this 

paper, four step catalytic cycles between four adsorbed intermediates have been considered. Depending on the 

involved intermediates (Figure 1), we considered four different reaction mechanisms (S1-4, see Schemes S1-4). For 

an ideal electrocatalyst, in which a proton/electron pair is generated (OER) or consumed (ORR), an electrode potential 

equal to the standard reversible potential 𝑈0 = 1.23 eV is required. However, for a non-ideal electrocatalyst, the total 

free energy of the overall OER/ORR is not partitioned uniformly over the four stages. Therefore, there is a critical 

step that determines the overpotential η, i.e. an additional bias to add to U0 in case of OER and to subtract from U0 in 

the case of ORR. The resulting critical potentials 𝑈𝑚𝑖𝑛 = 𝑈0 + 𝜂𝑂𝐸𝑅 and 𝑈𝑚𝑎𝑥 = 𝑈0 − 𝜂𝑂𝑅𝑅 characterize the 

thermodynamic conditions for which the electrochemical reactions will be possible. In the following, we will use 𝑈𝑚𝑖𝑛  

and 𝑈𝑚𝑎𝑥  as determined from Eqs. (1) and (2) relative to the reversible hydrogen electrode (RHE) which is pH 

independent. Using these quantities, we will compare the suggested reaction schemes S1, S2, S3 and S4 for OER and 

ORR on NiOOH in presence and in absence of explicit solvent and with varying the position of Fe dopant atoms. That 

the initial ORR starts in fact with a chemical adsorption of O2 on an empty site has not been considered here, as we 

model electrochemical reaction steps. However, this chemical reaction is exotherm by -0.24 eV for formation of 

NiOOH/eq state from the state without adsorbed O2. 

A. Influence of solvent, dopant and reaction mechanism 

As a measure for the thermodynamic overpotentials, we define the thermodynamic overpotential as 𝜂(OER) =

𝑈𝑚𝑖𝑛 − 𝑈0 and 𝜂(ORR) = 𝑈0 − 𝑈𝑚𝑎𝑥  for the OER and ORR, respectively, with 𝑈0 = 1.23V being the standard 

reversible potential. It is noted that this overpotential does not include any kinetic and mass transport contributions. 

Rather it is an estimator for the observed overpotential and provides a thermodynamic lower bound for both the OER 

and ORR that is sufficient for high-throughput screening of catalyst candidates and discrimination of candidates with 

high values of this estimator. Besides the pure NiOOH system, 7 additional Fe-doped NiOOH systems are calculated 

via Fe substitution on M1, M2, …, or M7 positions within the considered NiOOH model system (Figure 2b). In 

Figure 3 the thus calculated overpotentials for both OER and ORR reactions are summarized. The results show that 

all factors studied, the presence of Fe dopant, the dopant position, the specific pathway and the presence of surrounding 

water have strong effects on the computed overpotentials. It is instructive to more closely analyze the factors 
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contributing to overpotentials below a certain threshold. To this end, we define an overpotential of 0.4 V as a minimum 

requirement for an acceptable active site. This choice is also based on acceptance thresholds for the electrochemical 

potential used in previous research, for example U = 0.8 V vs. RHE for an ORR catalyst [81]. In the case of OER, one 

can find eight cases satisfying this requirement (see Table 1). Seven of them are in the presence of water and only one 

in vacuum. For ORR, we find again eight cases where 𝜂(ORR) < 0.4 V and six of them are in the presence of water. 

This supports the suggestion that water plays a crucial role especially by establishing a mechanism for low-barrier 

proton transfer from surrounding water to the reactive center. In 75% of these cases the reactions proceed via schemes 

S3 and S4, i.e. with the formation of the M=O/eq intermediate oxo species. In the case of ORR, all cases with 

overpotential 𝜂(ORR) < 0.4 V are in the presence of Fe-dopant. For the OER, two cases are dopant-free with 

𝜂(OER) < 0.4 V. Moreover, in 50% of the cases with overpotential 𝜂 < 0.4 V the dopant position is M2. Strikingly, 

the M2 dopant position is in the second layer and not directly interacting with the active site M5. A careful 

investigation of the free energies of all species across all investigated NiOOH systems shows us that M2 Fe-doping 

results in most of the cases in the thermodynamically least stable configuration.  
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Figure 3: Thermodynamic overpotential for the OER (top panels) and ORR (bottom panels) calculated for the 

models in explicit water (left panels) and in vacuum (right panels) for the non-doped NiOOH structure and for the 

doped NiOOH structure at different dopant positions. 

It is striking that all computed ORR overpotentials with Fe dopant at position M5 are high and identically equal for 

all proposed pathways S1 through S4 (see Figure 3, bottom panels). This is due to the strong stabilization of the M-

OH intermediate on the active site which is Fe dopant in this case. Because the intermediate is the same for all four 

schemes, the critical stage is always the M-OH reduction to M-* and water and therefore this effect gives rise to equal 

overpotentials. The stabilization effect of Fe on adsorbed OH is so strong that the effect of the environment (water or 

vacuum) is comparatively small yielding only 0.03 V difference. A similar M-OH stabilization effect has been found 

for the ORR on a nickel alloy catalyst when an active site atom is substituted with chromium [35]. The same effect of 

Fe dopant on M5 has completely different implications for the OER overpotential (see Figure 3, top panels).  In 

vacuum, in the case of S2 and S4 schemes the critical stage is the oxidation of M-OOH/eq, and for S3 the oxidation 

of M=O/eq, and in the S1 scheme the oxidation of M-OH. In a solvent environment, in S1 and S3 the oxidation of 

M-OOH determines the overpotential whereas in S2 and S4 these are the formation of M=O and M=O/eq 

intermediates, respectively (Table S1). However, the doping of Fe on the ‘active site’ position M5 never results in a 

good OER or ORR catalyst with an overpotential < 0.4 V (Figure 3), therefore, Fe can be ruled out as active site 

within exfoliated Fe-doped NiOOH systems [64]. 

Similarly, applying all four reaction schemes to NiOOH doped with Fe at M2 position in vacuum results in identical 

OER overpotentials. Nevertheless, the responsible stage that determines the OER overpotential for all four schemes 

is the formation of M-OH from M-* and H2O. It is noted that other pairs of schemes give rise to identical 

overpotentials as well, as it can be seen in Figure 3. These again can be explained with critical OER or ORR stages 

that are common for these schemes. 

In Figure 3 the missing data for Fe doped NiOOH in position M6 in vacuum for schemes S2 and S4 are because 

the M-OOH/eq intermediate becomes unstable during structural relaxation leading to desorption of a O2 molecule. 

This is not the case in solvent. Moreover, the same structure in explicit water gives rise to one of the lowest ORR 

overpotentials via scheme S4 (see Table 1). This underpins the importance of the explicit solvent model to describe 

the electrocatalytic OER/ORR in this system. The data set for Figure 3 is provided in more detail, including the free 

energies and the critical potentials, in Table S1 in the supporting information.  
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Summarizing Figure 3, we can see that calculated activity of OER (ORR) catalyst is not increasing for all Fe dopant 

positions, i.e. there are specific dopant positions that have the required effect. We know that such specific doping 

positions are reached experimentally at an (Fe:Ni) ratio of 1:4 [24]; in other words, we can expect the highest amount 

of active OER sites at this ratio. However, the morphology of the catalyst is highly important and a distinction should 

be made between FeOOH/NiOOH catalysts (Fe:Ni ratio of 21:79) and Fe-doped NiOOH catalysts (Fe:Ni ratio of 5:95) 

[67]. Such Fe-doped NiOOH catalysts (corresponding to our model systems) exhibit the fastest reaction kinetics but 

accumulates fewer states, resulting in a similar performance to FeOOH/NiOOH. Apart from solvent, doping positions 

and reaction mechanism, there are also other factors within mixed metal-oxy-hydroxides that alter their OER 

performance and increase the required overpotential, such as the composition dependent electric conductivity and 

reaction barriers. While reaction barriers can be computed [59,26], electric conductivity is also composition dependent 

and can be measured experimentally [86,16]. Nevertheless, the Fe-doping in the M2 position yields the lowest ORR 

overpotentials in presence of water, regardless of the operative scheme, and the lowest OER overpotential in presence 

of water for scheme S4 and is therefore discussed in more detail. 

B. Best dopant position 

In the following, the special case of OER/ORR via the S4 pathway on the Fe-doped structure on M2 position in the 

presence of water, will be discussed in more detail. This is the only case found for which both the OER and the ORR 

overpotentials can be below 0.15 V. In Figure 4, we show the change of the free energy of the OER/ORR intermediates 

along the reaction path according to scheme S4. The OER path is shown from left to right while the ORR path is 

shown from the right to the left on the same axis. For a comparison, we have plotted the free energies of the 

intermediates 𝛥𝐺0,𝑖𝑑𝑒𝑎𝑙

(𝑠)
 for a hypothetical ideal catalyst by partitioning the total reaction free energy (4.92 eV) equally 

over the reaction stages. Overall, the calculated intermediate free energies in dopant-free NiOOH catalyst model (see 

Figure 4a) are always higher than the ideal free energies. Therefore, a modification in the dopant-free NiOOH catalyst 

structure should target a moderate stabilization of the intermediates. Only the M-OOH/eq intermediate has a very 

small free energy deviation from the ideal free energy of only 0.06 eV. In contrast, the relevant deviation for the 

M=O/eq intermediate is about 0.5 eV above the ideal free energy giving rise to a barrier for M-OOH/eq reduction in 

the ORR route at 𝑈 > 𝑈𝑚𝑎𝑥 = 0.77 V (RHE). Regarding the OER, a mismatch of the M-OH free energy of 0.3 eV 

results in a barrier for the M-OH formation at anode potentials below 𝑈𝑚𝑖𝑛  = 1.56 V (RHE). This shows that this 

simple model makes a clear difference in the critical stage for OER and ORR although the intermediates are the same 



14 

 

and the reaction routes are only reversed. Accordingly, the model suggests different overpotentials for the two opposite 

processes, 𝜂(OER) = 0.33 V and 𝜂(ORR) = 0.46 V owing to the different critical reaction stages.  

In presence of an Fe-dopant at position M2, the overall match between the computed and the ideal free energies of 

the intermediates is very small and much smaller than in the case without dopant (see Figure 4b). The largest deviations 

of -0.11 eV are found for the M-OH and M=O/eq intermediates. Exactly these two intermediates determine the critical 

potentials for OER/ORR. The critical stage for the OER is the oxidation of M=O/eq to M-OOH/eq resulting in an 

overpotential of 0.14 V. The critical stage for the ORR is the reduction of M-OH to water and an M-* vacancy with 

overpotential of only 0.11 V. In contrast to the non-doped NiOOH structure, the free energies of M-OH and M=O/eq 

intermediates are lower than the ideal free energies in the presence of M2 Fe dopant, i.e. the dopant stabilizes these 

two adsorbate species. Because the OER and ORR overpotentials of are very close to each other, this structure is 

prototypical for a catalyst that is nearly equally suited for both OER and ORR. Nevertheless, the underlying free 

energy relations determining the critical reaction stages are complex and different for the OER and ORR.  

 

Table 1: Selected cases for which the calculated OER and ORR overpotentials are below a threshold of 0.4 V. 

 

 

𝜂 < 0.4V Environment Fe doping site Scheme 𝜂(OER) 𝜂(ORR) 

OER explicit water M2 S4 0.14 0.11 

explicit water M6 S4 0.19 0.31 

vacuum M6 S3 0.22 0.16 

explicit water M2 S3 0.32 0.22 

explicit water None S4 0.33 0.46 

explicit water None S3 0.33 0.85 

explicit water M2 S2 0.38 0.24 

explicit water M2 S1 0.38 0.22 

ORR explicit water M2 S4 0.14 0.11 

vacuum M6 S3 0.22 0.16 

explicit water M2 S3 0.32 0.22 

explicit water M2 S1 0.38 0.22 

explicit water M2 S2 0.38 0.24 

vacuum M4 S3 0.43 0.30 

explicit water M6 S4 0.19 0.31 

explicit water M4 S4 0.49 0.35 
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Figure 4. Free energy change along the reaction path in presence of water via the S4 scheme in absence (a) and in 

presence (b) of Fe dopant at position M2. The state (1) = [M-* + 2H2O] has been used as reference, i.e. 𝛥𝐺0

(1)
= 0 

eV and 𝛥𝐺0

(5)
= 4.92 eV. The free energy diagram of the OER/ORR processes at the M5 edge site is shown for the 

ideal catalyst (empty bars), the case with zero bias (green bars) and the cases with OER and ORR biases (red and blue 

bars, respectively). 

CONCLUSIONS  

Dependent on the reaction scheme, presence of solvent and Fe-dopant position, exfoliated Fe-doped NiOOH may 

enable OER and ORR catalytic cycles resulting in lower overpotentials and thus higher activity compared to NiOOH. 

In this study, four suggested reaction schemes (S1, S2, S3 and S4) and 7 Fe-dopant positions are simulated within an 

explicitly solvated NiOOH slab model. Water is found to play a crucial role to achieve low overpotential reaction 

pathways especially by establishing a bifunctional mechanism (schemes S2 and S4) allowing the low-barrier proton 

transfer of a M-OOH species via surrounding water to form an equilibrated M-OOH/eq species, in which an acceptor 
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site gets hydrogenated. For example, for the pure NiOOH, the calculated overpotentials are 𝜂(OER) = 0.33 V and 

𝜂(ORR) = 0.46 V, while for Fe-doped NiOOH with Fe-doping in the M2 position (i.e. in the second layer, and the 

only indirectly connected to the active site), both 𝜂(OER) and 𝜂(ORR) are lower than 0.15 V when the respective 

reactions proceeded through Scheme S4. This work illustrates the importance of explicit solvent, Fe-dopant position 

and reaction scheme during electrochemical OER and ORR reactions taking place on Fe-doped NiOOH systems. 

Summarizing, the co-catalytic role an Fe dopant in the second layer of an active NiOOH-edge system manifests 

itself in a high critical potential for ORR or a low critical potential for OER if the right Fe substitution types, that 

lower the respective overpotentials, are present.  

 

ELECTRONIC SUPPLEMENTARY INFORMATION 
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Supplementary Information.  
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