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Distribution of high valence Fe sites in nickel-iron hydroxide 
catalysts for water oxidation  

Peijia Dinga, Qi Hu*a,b, Ziwei Chaic, Hong-Bo Zhoua, Guang-Hong Lua, Gilberto Teobaldid, 

Annabella Selloni*e and Li-Min Liu*a 

Nickel-iron (Ni-Fe) hydroxides have received much attention as abundant and efficient electrocatalysts for the oxygen 

evolution reaction (OER) under alkaline conditions. However, the behavior of Fe dopants during the reaction is still 

under debate. Herein, we use first-principles calculations to investigate the dehydrogenation of the basal (0001) 

surface of 25% Fe-doped Ni hydroxide from Ni3/4Fe1/4(OH)2 to Ni3/4Fe1/4OOH, which is generally considered to be the 

active phase. Our calculations show that the high valence Fe ions tend to form domains by undergoing double-exchange 

processes with the neighboring Ni ions, while the oxidation states of the Ni ions do not increase steadily but fluctuate 

between Ni2+ and Ni3+ during the dehydrogenation. The boundaries of domains between high-valence Fe3+ and Fe4+ 

ions are the most reactive sites for the OER, with overpotentials as low as 0.36 V. This finding not only suggests that 

the abundant (0001) facet, often considered catalytically inactive in previous studies, can actually make an important 

contribution to the catalytic performance of nickel-iron hydroxides, but is also relevant to the design of more effective 

and efficient catalysts for the OER.

1. Introduction 

 
Electrocatalytic water splitting has a central role in the 

conversion of renewable electricity to chemical fuels and the 

mitigation of current energy and environmental crises. 

Electrochemical water splitting involves both the reduction and 

oxidation of water into molecular hydrogen (H2) and oxygen (O2), 

where the kinetically slow oxygen evolution reaction (OER) – 2H2O → 

4H+ + O2 +4e− (acidic conditions) or 4OH− → 2H2O + O2 + 4e− (alkaline 

conditions) – is the bottleneck of the overall process based on the 

existing catalysts.1 The development of improved low-cost and high 

activity OER catalysts is thus of utmost importance. Under acidic 

conditions, Ir-based2,3 compounds possess excellent OER 

performance. However, these catalysts suffer from low abundance 

and high cost. Encouragingly, it has been reported that the catalytic 

activity of nickel hydroxide can be significantly enhanced by 

modifying it with other transition metals such as iron.4–6 It has also 

been shown that the intrinsic catalytic activity of nickel-iron 

hydroxide in alkaline media is significantly higher than that of 

iridium-based catalysts.7 This material can thus be an effective 

alternative catalyst that is both available in large quantities and 

relatively inexpensive. 

 Nickel-iron hydroxides have been investigated by various 

experimental techniques and computational methods.8–14 The 

compositions,4–6,9,15–17 active sites,6,8,13,14,18–23 and mechanisms10,24–

36 have been widely examined and discussed. The most challenging 

and yet unsolved question remains the atomistic origin of the 

excellent performance reported in the experiments. For instance, 

Friebel et al. observed a 500-fold activity enhancement by replacing 

pure nickel hydroxide with mixed (Ni, Fe) oxyhydroxides 

(Ni1−xFexOOH). They further theoretically estimated overpotentials of 

0.56 V for pure Ni and 0.43 V for Fe-doped γ-NiOOH (0112) surfaces, 

and thus concluded that iron ions are the active sites.19 A 

computational study by Li and Selloni suggested γ-NiOOH (1011) and 

β-NiOOH (0115) to be the reactive surfaces in experiments, with an 

overpotential of only 0.26 V for β-NiOOH (0115).10 Martirez et al. 

computed the overpotentials of the four-fold coordinated metal sites 

of β-NiOOH (1211) and obtained values of 0.48 V and 0.14 V for the 

pure and Fe doped surfaces, respectively.13 Goddard III et al. 

considered γ-NiO2(H2O)0.66K0.33Hx, and suggested that a synergy 

effect between high-valent iron and nickel ions as well as the 

electrolyte ions are crucial for the high OER activity.37 Li et al. found 

that the electrodeposition of Ni2+ (aq) in a borate-containing 

electrolyte exhibits much higher OER activity than other NiOx-based 

materials, and proposed that four-coordinated Ni cations are the 

active sites.38 Zhang et al. reported a family of structurally well-

defined heterobimetallic complexes, and they found that NiFe 
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catalyst could display significant high catalytic performance.39 Liu et 

al. examined the incorporation of weakly bonded ligands into 3d-

metal (hydro)oxides,40 and they found that ferrum-molybdenum 

dual incorporated cobalt oxides could  improve the performance of 

OER.41  

In contrast to the high activity of nickel-iron hydroxide found in 

experiments, previous theoretical work reported that the 

overpotentials on the basal (0001) surface of Fe-doped β-NiOOH are 

in the range of 0.50-0.70 V and do not show any significant decrease 

relative to the overpotential for the undoped surface.12,43 Previous 

theoretical studies of Fe doped NiOOH mostly tend to use high index 

surfaces rather than the basal plane to explain the experiment, such 

as β-NiOOH (1211)13 (0.14 V), Fe-doped γ-NiOOH (0112)19 (0.43 V), 

and β-NiOOH (0115) (0.26 V)10, respectively. However, based on the 

layered structure of NiOOH, the (0001) surface is the lowest 

energy11,43,44 and most abundant crystallographic facet of this 

material45,46 and should thus contribute significantly to the overall 

activity of Fe-doped NiOOH. It is therefore unclear why the 

calculated overpotential on this abundant facet is largely unaffected 

by Fe doping. A better understanding of the OER mechanism on the 

(0001) plane is needed in order to clarify this question and resolve 

the apparent discrepancy between theory and experiments.  

It is widely accepted that the OER activity is closely related to the 

electronic structure of the active center. It was also found that the 

hydrogen distribution in the nickel-iron hydroxides can affect the 

valence state of the Ni and Fe ions. Specifically, Goldsmith et al. 

studied the electronic structure of pure Ni and mixed NiFe 

oxyhydroxide with different hydrogen distributions, and concluded 

that the Ni and Fe oxidation states are functions of the applied 

potential.18 In addition, Tkalych et al. and Hu et al. considered pure 

β-NiOOH models with different hydrogen distributions and found 

that the computed OER overpotential depended strongly on such 

distribution.11,35 However, most of the theoretical studies of Fe-Ni 

hydroxides used models constructed by simply doping Fe into nickel 

hydroxide without considering the hydrogen distribution.10,13,19,47 

Thus the role of the hydrogen distribution in the OER activity of these 

materials remains poorly understood.  

 In this work, we aim to obtain insights into the OER mechanism 

on nickel-iron hydroxide by investigating the dehydrogenation (i.e., 

proton-coupled oxidation) of Ni3/4Fe1/4(OH)2 to Ni3/4Fe1/4OOH via 

first-principles calculations. Our results indicate that the co-existence 

of neighboring Fe3+ and Fe4+ ions in partially dehydrogenated 

samples reduces significantly the OER overpotential to values as low 

as 0.36 V, which is close to the estimated theoretical limit for the 

OER. Our finding that the dehydrogenation has a crucial role in the 

high activity of nickel-iron hydroxides can be used to establish new 

guidelines for the development of more efficient nickel-iron 

hydroxide catalysts for the OER. 

2. Computational methods 
 

Density Functional Theory (DFT) calculations were performed 

using the projector augmented wave potentials (PAW),48,49 as 

implemented in the Vienna Ab Initio Simulation Package (VASP)50. A 

plane wave kinetic energy cutoff of 500 eV was used. The generalized 

gradient approximation of Perdew, Burke and Ernzerhof (GGA-PBE) 

was chosen for the exchange-correlation (XC) functional.51 The 

DFT+U method was used to correct the 3d electronic states of Ni and 

Fe using effective U-J terms of 5.5 and 4.3 eV obtained from linear 

response calculations.52 In all calculations, van der Waals (vdW) 

interactions were accounted for at the D3 level.53,54 The convergence 

criterion for the electronic self-consistency was 10−6 eV. 

Because of the large number of investigated structures, a monolayer 

Ni-Fe hydroxide slab model was used to accelerate the analysis. This 

simplification (also used in previous studies, see, e.g., ref.18) has a 

negligible influence on the electronic structure due to the absence of 

covalent bonds between the hydroxide layers. The Ni:Fe ratio of 3:1 

experimentally demonstrated superior catalytic performance,4  and 

a 2 × 4 × 1 orthogonal supercell with 12 Ni atoms and 4 Fe atoms 

(Ni3/4Fe1/4(OH)2) was employed to mimic the experimental condition.  

K-space was sampled using a 2 × 2 × 1 Monkhorst-Pack (MP) grid.55  

The lattice parameters of the Ni3/4Fe1/4(OH)2 supercell were a=10.96 

Å, b=12.64 Å, and c=20.35 Å; a 15 Å vacuum region was used to avoid 

the interaction between periodically repeated slabs. The symmetry 

was switched off during structural relaxation. The unit cell of the 

Ni3/4Fe1/4(OH)2 during the dehydrogenation was fully optimized to 

release the residual stress. The structure was relaxed until the force 

on each atom was less than 0.01 eV/Å.  

The hydrogen desorption energy, 𝐸𝐻, was calculated as： 

𝐸𝐻 = 𝐸𝑠𝑢𝑏−𝑑𝑒𝐻+ 
1

2
𝐸𝐻2

− 𝐸𝑠𝑢𝑏       (1) 

where 𝐸𝑠𝑢𝑏−𝑑𝑒𝐻  is the total energy of the structure after 

dehydrogenation, 𝐸𝑠𝑢𝑏 is the energy of the system before 

dehydrogenation, and 𝐸𝐻2  is the total energy of one H2 molecule in 

vacuum. Here we simply consider energies instead of free energies 

because we are only interested in relative values. 

As in most studies of the OER on 3d metal-based (oxy) hydroxide 

catalysts in alkaline media, we assumed the OER to proceed through 

the adsorbate evolving mechanism (AEM). This consists of the 

following four elementary steps:10  

       * + OH− → *OH + e−         (2) 

           *OH + OH−  → *O + H2O(l) + e−       (3) 
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        *O + OH−  →  *OOH + e−        (4) 

 

*OOH + OH− → * + O2(g) + H2O(l) + e−     (5) 

 

where * represents an active site on the catalyst surface, H2O(l) and 

O2(g) denote a liquid water molecule and a gas-phase oxygen 

molecule, and *OH, *O, and *OOH are the adsorbed intermediates. 

The Gibbs free energy changes for the four steps were calculated as:58 

 

∆𝐺1 =  ∆𝐺∗𝑂𝐻          (6) 

    

     ∆𝐺2 =  ∆𝐺∗𝑂 − ∆𝐺∗𝑂𝐻       (7) 

     

∆𝐺3 =  ∆𝐺∗𝑂𝑂𝐻 − ∆𝐺∗𝑂       (8) 

 

∆𝐺4 =  4.92 𝑒𝑉 − ∆𝐺∗𝑂𝑂𝐻       (9) 

 

where 4.92 eV is the energy cost of splitting two water molecules 

into one O2 and two H2 molecules. The free energy differences ∆𝐺𝑖 

and the theoretical OER overpotential (𝜂) were determined using the 

computational standard hydrogen electrode scheme56, with 

       ∆𝐺𝑖 =  ∆𝐸𝑖 + ∆𝑍𝑃𝐸𝑖 − 𝑇∆𝑆𝑖      (10) 

   𝜂 =
1

𝑒
max(∆𝐺1, ∆𝐺2, ∆𝐺3, ∆𝐺4) − 1.23 [𝑉]   (11) 

In Eq. (10) △Ei, △ZPEi and △Si are the differences in adsorption 

energy, zero-point vibrational energy and vibrational entropy, 

respectively, and the temperature T was set at 298.15 K. The 

computed Gibbs free energy differences of the intermediates are 

listed in Table S3, where the energy differences ΔEi are calculated 

with respect to H2O and H2 at potential U=0 and pH=0. The 

theoretical overpotential 𝜂  is defined as the lowest potential at 

which all reaction steps are thermodynamically downhill. Further 

details of the OER calculations can be found in Table S5.  

 

3. Results and discussion 

3.1 Desorption patterns in the dehydrogenation of 

Ni3/4Fe1/4(OH)2 to Ni3/4Fe1/4OOH         

To identify the energetically favored pathways for the 

dehydrogenation of Ni3/4Fe1/4(OH)2 to Ni3/4Fe1/4OOH, at each 

hydrogenation level we calculated the H desorption energy from all 

the inequivalent oxygen sites. We then chose the energetically 

favored structure at every given dehydrogenation step as the starting 

structure for the next step. By repeating this process, the final 

configuration was found. The results show that the process of H 

desorption from Ni3/4Fe1/4(OH)2 to Ni3/4Fe1/4OOH exhibits a four-

stage and two-mode pathway (Fig. 1a-d).  

Fig. 1. Hydrogen desorption patterns in Ni3/4Fe1/4(OH)2. (a-d) Atomic configurations and desorption paths in the 

dehydrogenation of Ni3/4Fe1/4(OH)2 to Ni3/4Fe1/4OOH. A (2×4) supercell is considered, with the positions of the Fe dopant 

obtained as periodic replica of the position in the primitive cell (see Fig. S2). The grey, white, brown and red balls represent the 

Ni, H, Fe and O atoms, respectively. The brown and pale blue shaded areas highlight the zigzag and paired hydrogen desorption 

modes. The blue dots and green dots with dashed circles indicate the dehydrogenation sites at previous stages and present 

stage, respectively. (e) Hydrogen desorption energy (EH) as a function of the number of desorbed H atoms in the step-by-step 

dehydrogenation process. (f) EH as a function of the number and site of desorbed H atoms.  
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The first stage of dehydrogenation (n=1-4, where n indicates the 

number of desorbed hydrogen atoms) takes place around the four 

equivalent Fe positions in the supercell, resulting in a zigzag 

arrangement of the desorption sites (Fig. 1a). The first H desorption 

(n=1) tends to preferentially occur around the Fe rather than the Ni 

ions, with EH of 1.12 eV and 2.51 eV, respectively (Fig. 1f). A similar 

pattern is observed for the second to fourth (n=2-4) H-desorption 

events, as depicted in Fig. 1a and Fig. S3, S5.  

The second stage of dehydrogenation (n=5-8) occurs 

preferentially near the first-stage desorption sites (Fig. 1b and Fig. 

S5, S6). For example, the lowest energy desorption site for n=5 is 

closest to the n=1 one, with the n=1 and n=5 sites forming a pair. This 

pattern is replicated also for the following desorption events from 

n=6 to 8, with all new desorption sites paired to the previous (n=2 to 

4) ones.  

For the third stage of dehydrogenation (n=9-12), H exhibits a 

preferential desorption mode with a zigzag pattern similar to the first 

stage (n=1-4) (Fig. 1c and Fig. S7, S8, S9). In the final stage (n=13-16), 

the H desorption pattern follows the same trend as in the second 

stage (n=5-8), with pairing of the n=13-16 and n=9-12 desorption 

sites being energetically favored (Fig. 1d and Fig. S10, S11).  

As shown in Fig. 1e, the value of the lowest EH for each step from 

n=1 to 16 changes as a function of the dehydrogenation stage. For 

the first stage (n=1-4), EH is in the 1.12-1.28 eV range. The hydrogen 

desorption takes place from the hydroxyl around the Fe ions, and the 

final configuration results in a zigzag pattern. For the second stage, 

the calculated EH is in the 1.79-1.98 eV range, which is about 0.60-

0.70 eV larger than for the first stage. The third stage also proceeds 

preferentially along a zigzag pattern, resulting in EH in the range 2.00-

2.05 eV for n=9-12. The final stage presents a large fluctuation in EH 

for the different n’s, with values varying from 1.79 eV for n=13 to 

1.40 eV for n=16. After this four-stage dehydrogenation process, 

Ni3/4Fe1/4OOH with an energetically favorable hydrogen distribution 

is eventually obtained. 

3.2 Evolution of the electronic structure during the 

dehydrogenation of Ni3/4Fe1/4(OH)2 to Ni3/4Fe1/4OOH   

To better characterize the four-stage dehydrogenation 

process, we performed a detailed analysis of the electronic 

structure during the evolution of Ni3/4Fe1/4(OH)2 to Ni3/4Fe1/4OOH. 

In the first stage, H-desorption leads to the oxidation of Fe2+ to 

Fe3+ (Fig. 2b, f and h). Indeed, we found that the energy-cost of 

the oxidation of Fe2+ into Fe3+ (1.17 eV) is significantly lower than 

that required for the oxidation of Ni2+ into Ni3+ (2.50 eV; see Fig. 

1f). This may be attributed to the fact that the formation of Ni3+ 

(d7) gives rise to a Jahn-Teller distortion whereas Fe3+ (d5) does 

not. Thus, H desorption from the Ni site is more difficult than from 

the Fe site, resulting in the initial oxidation of Fe2+ rather than Ni2+. 

To determine whether the low energy cost of the oxidation 

of Fe2+ is a general characteristic of layered double hydroxides 

(LDH) or just a special feature of Ni-Fe hydroxides, the 

dehydrogenation from X(OH)2 to XOOH (X=Fe, Ni, Co) was also 

examined. Our results show that the calculated EH and associated 

transition from Fe2+ to Fe3+, Ni2+ to Ni3+ and Co2+ to Co3+ are 1.09 

eV, 1.96 eV and 1.71 eV, respectively (Fig. S1 and Table S1). The 

0.26 eV difference between Co2+ and Ni2+ is substantially smaller 

than that (0.88 eV) between Fe2+ and Ni2+. These results suggest 

that the Fe doping-induced decrease of the energy cost for the 

first stage of the dehydrogenation is a general feature of LDHs, 

which is crucial for the H redistribution and appearance of Fe3+ in 

the material. It should also be noted that while the hydrogen 

desorption pattern and associated electronic structure may be 

somewhat different for different Fe doping concentrations and 

distributions, the general trends of the dehydrogenation process 

should remain largely similar. 

During the second stage of the H-desorption (n=5-8), 

oxidation of Ni2+ to Ni3+ occurs since all the Fe2+ ions have 

previously converted into Fe3+. As shown in Fig. 2c, g and j, each 

Ni3+ possesses three Ni-O bonds and three Ni-OH bonds, 

Fig. 2. Evolution of the structure and electron d orbital occupation during the dehydrogenation of Ni3/4Fe1/4(OH)2 to 

Ni3/4Fe1/4OOH. At the top, n indicates the number of desorbed hydrogen atoms, where n=0 and n=16 correspond to 

Ni3/4Fe1/4(OH)2 and Ni3/4Fe1/4OOH, respectively. (a-e) Top views for distribution of different Ni and Fe ions at each stage of 

the dehydrogenation process (only the upper side can be seen). (f-j) Octahedral crystal field and electron configuration of 

the inequivalent metal ions in (a-e).  
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distributed along a zigzag pattern. The electronic structure of Ni3+ 

features a singly occupied dz2, with the long axis of the octahedra 

along the zigzag direction. In contrast, Fe3+ is coordinated with 

either one Fe-O and five Fe-OH bonds, or two Fe-O and four Fe-

OH bonds, although the electronic configuration for the two 

structures is always t2g
3 eg

2. 

In the third stage (n=9-12), the oxidation of Fe3+ is favored 

over that of Ni3+ and the residual Ni2+ in the systems. Thus, all the 

Fe3+ ions transform into Fe4+, leaving the Ni3+ unchanged. The Fe4+ 

(d4) ions exhibit high spin occupation with a shortening of Fe-O 

bonds in the x-y plane from 2.11 Å to 1.86 Å. Fe4+ is connected 

with three Ni-O bonds and three Ni-OH bonds (Fig. 2i). The energy 

cost of the oxidation of Fe3+ to Fe4+ is 0.44 eV lower than that of 

Ni3+ to Ni4+ (Fig. S8), indicating that Fe4+ is more stable than Ni4+. 

In a previous study, Dionigi et al. suggested that Fe4+ is easier to 

form than Ni4+ (by about 0.22 eV) when considering bridging OH 

deprotonation in γ-NiOOH/γ-NiFe LDH.20 Although there are no 

iron-oxides with Fe4+ ions, Fe4+ has been suggested by Mössbauer 

spectroscopy14,57 and DFT calculations13,37. For instance, 

Mössbauer spectroscopy experiments by Chen et al. detected Fe4+ 

species in a 3:1 Ni:Fe layered hydroxide catalyst during steady-

state water oxidation.57 Mehmood et al. examined bimetallic 

Fe(0.38):V(0.62) nanosheets, and observed the existence of Fe4+ 

during the OER by in situ X-ray absorption spectroscopy and Fe 

Mössbauer spectroscopy.14 Likewise, DFT calculations by Xiao et 

al. suggested that high-spin Fe4+ could lead to efficient formation 

of an active O radical intermediate in the active γ-phase of (Ni, 

Fe)OOH catalysts, with chemical formula K1/3(H2O)2/3(Ni, Fe)O2.37 

Using hybrid functional calculations, Martirez et al. found a 

pathway involving Fe4+-oxo species (Fe4+=O) in Fe-doped β-NiOOH 

(1̅21̅1).13 To match the crystal field of high spin Fe4+ ions (t2g
3eg

1) 

and minimize the residual stress induced by Jahn-Teller distortion, 

the remaining Ni2+ is energetically difficult to be oxidized into Ni3+. 

(Fig. S8 and Table S4). Thus, the appearance of Fe4+ agrees with 

available experimental and theoretical studies.  

The evolution of the valence state for each transition metal ion 

during the dehydrogenation process is plotted in Fig. 3a. According 

to the trends observed for the change of valence for n=1-12, the 

remaining Ni2+ ions would be expected to become oxidized to Ni3+ 

during the final stage of the dehydrogenation (n=13-16). Instead, a 

complex interplay of different valence states of Fe and Ni ions is 

observed for n=13: three Ni2+ ions are oxidized to Ni3+, and two Fe4+ 

ions are reduced to Fe3+ (Fig. 3a). As illustrated in Fig. 3b, one 

oxidation from Ni2+ to Ni3+ is due to the dehydrogenation from n=12 

to n=13, while the other two originate from the parallel reduction of 

two Fe4+ ions to Fe3+ (in the areas marked by the blue dashed lines). 

Fig. 3. Electronic structure of the transition metal ions during the dehydrogenation. (a) Evolution of the valence states 

distribution in Ni3/4Fe1/4(OH)2 during the dehydrogenation process. The color-coded regions moving from left to right 

represent the different (n=1-4, n=5-8, n=9-12, and n=13-16) dehydrogenation stages; the vertical dashed blue lines 

highlight the special electronic structures observed for n=13 and n=15. (b-d) Evolution of the valence state distribution 

in Ni3/4Fe1/4(OH)2 due to the double-exchange mechanism (n=13-15). The rectangles within the dashed blue lines in (b) 

and (d) are the areas where the double exchange has occurred. The black dashed line in panel (c) indicates the Ni3+ ions 

between Fe3+ and Fe4+. (e) Schematic diagram of the double-exchange between the Fe and Ni ions. The color code for 

the different types of surface ions is given in Fig. 2. 
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In the step from n=13 to n=14, the usual behavior is recovered, 

i.e., the oxidation of Ni2+ to Ni3+ occurs with no involvement of Fe4+ 

ions. This results in a domain boundary between the Fe3+ and Fe4+ 

ions, with each Ni3+ ion being bordered by one Fe3+ and one Fe4+ (Fig. 

3c). With further dehydrogenation to n=15, the oxidation of two Fe3+ 

to Fe4+ is accompanied by the reduction of two Ni3+ ions to Ni2+, 

leading to the disappearance of the border between Fe3+ and Fe4+ 

ions. In the last step from n=15 to n=16, one Ni2+ is oxidized to Ni3+, 

resulting in a final pattern with uniformly distributed Ni2+, Ni3+ and 

Fe4+ (Fig. 2e). To match the crystal field of high spin Fe4+ ions (t2g3eg2) 

and minimize the residual stress induced by Jahn-Teller distortion, 

the remaining Ni2+ is energetically difficult to be oxidized into Ni3+. 

The observed fluctuation in EH at the final stage could be attributed 

to different electron structures. The double exchange processes 

occur for n=13 and 15, while an oxidation of Ni²⁺ to Ni³⁺ proceeds for 

n=14. As for Ni3/4Fe1/4OOH (n=16), the distribution of H has a high 

symmetry, with the EH of 1.40 eV. 

Further insight into the oxidation processes occurring at n=13 

and n=15 is obtained through analysis of the d orbital occupancies of 

Fe and Ni ions. As shown in Fig. 3e, the eg orbitals of Fe and Ni are 

partially occupied in a high spin configuration as prescribed by 

Hund's rules. Direct electron hopping between the d-orbitals of 

adjacent Fe and Ni ions is unlikely because the distance between the 

two metal ions is too large. However, an indirect exchange process 

can occur through the 2p orbitals of the O anion in the Fe-O-Ni 

complex. Such a double exchange mechanism has also been found in 

previous studies of nickel-based oxyhydroxides.25  

The step-by-step dehydrogenation of Ni3/4Fe1/4(OH)2 to form 

Ni3/4Fe1/4OOH results in the appearance of three oxidation states of 

the transition metals in the material: Fe4+, Ni3+, and Ni2+ (Fig. 3a), 

which is different from what found for pure NiOOH11. The 

coexistence of multiple valence states of Ni has been experimentally 

reported.60 In order to verify the stability of the obtained 

Ni3/4Fe1/4OOH structure, another Ni3/4Fe1/4OOH model was 

constructed by directly doping Fe into pure β-NiOOH, so that Fe-

doped β-NiOOH maintained the same H distributions of pure β-

NiOOH. As reported in Table S2, our results show that the triple 

valence mixed Ni3/4Fe1/4OOH configuration derived above by step-

by-step dehydrogenation of Ni3/4Fe1/4(OH)2 is 0.34 eV more stable 

than the one obtained by direct Fe doping of β-NiOOH.11 This 

highlights the importance of the hydrogen distribution for Fe-doping 

of β-NiOOH. 

3.3    The effect of the H distribution on the OER  
 
As discussed above, the specific hydrogen distribution affects 

the local oxidation states of the material, which in turn results in a 

unique distribution of valence states at the surface of the Fe-doped 

Fig. 4. OER in Ni12Fe4O32H32-n (n=5-16). (a) Computed overpotential as a function of the adsorption Gibbs free energy difference 

△G*O–△G*OH for various reactive sites during the dehydrogenation of Ni3/4Fe1/4(OH)2; black triangles correspond to VOH
4 reactive 

sites in Ni12Fe4O32H32-n (n=5-16). (b) Locations of the five (four border and one non-border) reaction sites in Ni12Fe4O32H18 (n=14) 

that are at the top of the volcano plot (blue-shaded area); the corresponding free energy profiles are shown in Fig. S12. Locations 

of other investigated reaction sites in Ni12Fe4O32H18 (n=14) are shown in Fig. S13, and the free energies of their OER 

intermediates are reported in Table S4. (c-f) Oxidation-state distributions for the four intermediates of the OER at the VOH
3 site 

with the best OER performance in Ni12Fe4O32H18 (n=14). 
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material. To provide a more precise characterization of how Fe 

doping impacts the catalytic activity, we investigated the energetics 

of the OER on Ni12Fe4O32H32-n during the dehydrogenation of 

Ni3/4Fe1/4(OH)2. It should be noted that lattice oxygen mechanism 

(LOM) and intramolecular oxygen coupling (IMOC) may also paly the 

vital role for the OER as suggested by the previous work.39 To check 

this, the O-O coupling was also considered based on LOM and IMOC. 

The calculated free energies for O-O coupling are about 1.58 eV and 

1.44 eV for LOM and IMOC, respectively, which prohibit the O-O 

coupling on the NiFe system. Thus, we considered the AEM 

mechanism with one hydroxyl vacancy58 for surface configurations 

along the most favorable dehydrogenation pathway. Since 

experiments show that low valence states are unfavorable for the 

OER,4 we examined the OER starting from the appearance of Ni3+ in 

n=5-16. As shown in Fig. 4a (black triangles, representing the VOH
4 

sites in n=5-16), most of the calculated overpotentials are between 

0.71 V – 0.83 V and are situated on the right side of the volcano plot, 

with the reaction step from *OH to *O being rate-limiting. However, 

the calculated overpotential drops substantially to ~ 0.4 V at n=14, 

where the rate-limiting step becomes the O-O coupling from *O to 

*OOH.  

To better characterize the relationship between hydrogen 

distribution, electronic structure and OER activity, we examined 

various possible reaction sites for n=14 (Fig. 4a-b, Fig. S12, S13 and 

Table S5). As shown in Fig. 4a and 4b, nearly all sites at the 

boundaries of domains between Fe3+ and Fe4+ exhibit overpotentials 

below 0.42 V. In particular, the site at the corner of the border region 

(VOH
3) exhibits an overpotential of only 0.36 V, which is the smallest 

for all the reaction sites considered and close to the estimated 

theoretical limit for the AEM.59 In contrast, the overpotentials of 

other regions are typically over 0.48 V (blue stars), For comparison, 

OER overpotentials of 0.57 V and 0.50 V on the basal plane of pure 

and Fe-doped NiOOH were obtained in a previous computational 

study that did not consider the hydrogen distribution.43 Moreover, 

our calculated overpotential increased to 0.55 V and 0.74 V for n=15 

and n=16, as the boundaries separating Fe3+ and Fe4+ start to 

disappear (at n=15) and completely disappear (at n=16). Considering 

the high energy cost, 0.74V, of the rate-limiting *OH → *O step for 

n=16, it is plausible that the border sites found at n=14 are the actual 

active sites for the OER in Ni-Fe hydroxides. These results clearly 

indicate that the special atomic and electronic structure at the 

border region between Fe3+ and Fe4+ is beneficial for decreasing the 

OER overpotential, that is, for increasing the OER activity. 

 

The oxidation-state distributions for the four intermediates of 

the OER at the most favorable VOH
3 site in Ni12Fe4O32H18 (n=14) are 

shown in Fig. 4c-f. First, the occurrence of an OH vacancy (VOH) leads 

to the reduction of one Ni3+ to Ni2+. Second, following *OH formation, 

one Ni2+ is oxidized back to Ni3+. Third, upon *O formation, one Fe4+ 

is oxidized to Fe5+, Here we note that while the formation of the high 

valence Fe5+ state was previously suggested by Martirez et al. for the 

OER on β-NiOOH (1211),13 our results indicate that Fe5+ can not only 

form at the edge site, but also on the basal plane during the OER.  

Fourth, the Fe5+ is reduced back to Fe4+ upon *OOH formation. Both 

iron and nickel have an effect on OER. The high-valence Fe 

participates in the OER reaction as the reaction center during *O and 

*OOH formation. Ni is mainly related with the double exchange 

process of Fe-O-Ni. These findings agree with in situ X-ray absorption 

spectroscopy and Fe Mössbauer spectroscopy results, which indicate 

that Fe4+ is the highly active species for OER.14 Thus, the high-valent 

Fe in the domain, generated by dehydrogenation of the samples, is 

shown to play a unique role in facilitating hydroxide oxidation and 

boosting the OER activity. These results reduce the overpotential of 

basal surface and make up the shortcomings of the previous work. 

4. Conclusions 

We have employed first-principles calculations to investigate 

the OER on the basal (0001) surface of Ni-Fe hydroxides during the 

proton-coupled oxidation of the surface under operating conditions. 

Interestingly, our findings show that the catalytic activity at the often 

considered inert basal (0001) facet is enhanced significantly by the 

concerted action of high-valence Fe ions, induced by double-

exchange mechanism with neighboring Ni atoms. At the same time, 

the valence states of the Ni ions fluctuate during the 

dehydrogenation process, leading to distinct boundaries between 

regions populated with Fe3+ and Fe4+ ions. Considering the high 

valence state Fe should be the active site as we discussed above, the 

number of active sites may be changed with the doping ratio of Fe, 

while the active sites should be not be affected. Our results show 

that OER sites located near these domain boundaries exhibit 

remarkably low overpotential values, with the most favorable site 

reaching an overpotential of only 0.36 V. These findings indicate that 

also the basal (0001) surface of Ni-Fe hydroxides contributes to the 

catalytic activity of the material, providing a new perspective of the 

OER mechanisms on Ni-Fe catalysts. 
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