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ABSTRACT: NiOOH and its doped species are widely used as electrocatalysts for the oxygen
evolution reaction (OER) in alkaline media. In this work, we carried out comprehensive density
functional theory (DFT) simulations of Ni-based electrocatalysts for the OER by applying
suitable dopants in β-NiOOH. A range of Fe and Co atoms (%) are employed as doping agents
to increase the overall catalytic ability, stability, and feasibility of NiOOH. Our simulations
indicate that Ni88%Fe6%Co6%OOH is efficient, stable, and provides more catalytic sites at the
surface of resulting catalysts for water adsorption and dissociation, which facilitate the OER. The
lower overpotential for the OER is estimated from the higher adsorption energy of water
molecule over the surface of Ni88%Fe6%Co6%OOH, followed by other electronic properties such
as band structure, electrostatic potential, the density of states, and surface formation energy.

1. INTRODUCTION

Electrochemical water splitting is a combination of two half-
reactions, where the oxygen evolution reaction (OER) occurs
at the anode and hydrogen evolution reaction (HER) at the
cathode.1,2 Of the two half-reactions, the OER requires four-
electron transfers per oxygen molecule, which makes it more
complex compared to HER where a two-electron transfer is
required and subsequently reduces the efficiency of electrolyzer
devices.3−5 At present, the proton exchange membrane (PEM)
electrolyzer, operated in acidic media, is quite successful, and
commonly Ir- and Ru-based catalysts have high activity and
stability for the OER.6,7 However, these catalyst materials and
proton exchange membranes are very expensive and can be an
obstacle to the large-scale hydrogen production. To avoid this
dependency on expensive and precious metal catalysts and
membranes, efficient and low-cost OER catalysts need to be
developed. A wide range of catalyst materials can work in
alkaline media, especially the first-row transition metal oxides
that have shown promising activity for the OER.3−5,8,9

The interest in the nickel hydroxide and nickel oxyhydroxide
(Ni(OH)2/NiOOH) redox couple dates back to the first
decade of the 20th century, where Ni(OH)2/NiOOH was used
as cathodes for alkaline batteries such as Ni−Cd, Ni−Fe, Ni−
Zn, and Ni−MH batteries.10,11 To reduce the overpotential of
the OER, various groups have reported using the mixed nickel
oxides, where Fe, Cr, Co, Ce, and Mo are employed as doping
agents.12−16 In these reports, nickel-based materials have been
proved as efficient and stable catalysts for the OER in alkaline
media, the overpotentials of the OER of mixed nickel oxides
are reduced by a factor of up to ∼100 to 200 mV.12−14

Prior to the design and development of new electrocatalysts
with desirable performance, it is important to understand the
structural and electronic properties of catalyst materials. Nickel
oxide and hydroxide exist in different polymorphs such as
alpha, beta, and gamma Ni(OH)2/NiOOH, as shown in
Scheme 1.17 Bode et al. demonstrated the redox reaction
between the different polymorphs of Ni(OH)2−Ni(II)/
NiOOH−Ni(III).17 The α−γ transformation may involve
more than one electron transfer per Ni atom (up to 1.6−1.67
electrons) due to the nonintegral average oxidation states of
the α and γ phases that occur because of the presence of anions
(e.g., NO3

−, CO3
2−, SO4

2−, Cl−, etc.) and cations (e.g., Li+,
Na+, K+, etc.) in the water layers in α-Ni(OH)2 and γ-NiOOH,
respectively.18,19 Among all of these polymorphs, β-Ni(OH)2
and β-NiOOH are the most active and stable species for the
OER.18−26 On the other hand, γ-NiOOH and α-Ni(OH)2 are
highly efficient but unstable due to large interlamellar space as
a result of the insertion of an extra layer of water and cations or
anions between the two Ni-containing sheets (see the
modeling in Scheme 1).19 In addition, α-Ni(OH)2 was
found to be unstable and will convert to β-Ni(OH)2 through
a slow aging process.19

In the present work, a reduced β-Ni(OH)2 and its oxidized
β-NiOOH are selected as parent material for the development
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of the proposed catalysts. We computationally investigate a
feasible and efficient termination of β-NiOOH, followed by
appropriate doping with Fe and Co, to reduce the oxygen
overpotential and thus improve the OER efficiency. Solid-state
density functional theory (DFT) is employed for the
computational simulations. The lower overpotential for the
OER is estimated from the higher adsorption energy of water
molecule over the surface of the catalyst, followed by other
electronic properties such as band structure, electrostatic
potential, density of states, and surface formation energy.

2. RESULTS AND DISCUSSION
2.1. Selection of an Appropriate Slab and Water

Interaction. Geometries of the unit cell, supercell, and slabs
are optimized prior to their electronic properties’ simulations.
The optimized crystal structure of the unit cell is compared
with the available crystallographic parameters of β-NiOOH.20

As discussed in our previous reports,21,22 Perdew−Burke−
Ernzerhof/generalized gradient approximation (PBE/GGA)
accurately reproduces the experimental geometric data. In
addition, the per-atom cohesive formation energy of Ni, Fe,
Co, and O are simulated to validate our computational method
(see Table S1).
The simulated cohesive formation energy of Ni is 5.88 eV/

atom at GGA/PBE, using HGH pseudopotential with a tier 4
basis set, which is comparable with the experimentally reported
value (4.44 eV/atom).23 In addition, the calculated cohesive
formation energy of other atoms such as Fe, Co, and O are
6.80, 5.56, and 3.7 eV/atom, while their experimental values
are 4.28, 4.39, and 2.60 eV/atom, respectively.23 The
difference between theoretical and experimental cohesive
formation energy is due to the choice of basis set in ab initio
simulations. For the selection of an appropriate slab (model),
the formation energy and electrostatic potential of these four
different slabs are calculated and listed in Table S2.
Comparative analysis of the data in Table S2 shows that
NiOOH along the [010] plane is the most stable with the
highest surface formation energy of 0.60 eV/Å2 as compared to
the other phases of NiOOH. This has therefore been selected
as the parent species for Fe and Co doping (vide infra). In
addition, all of these surfaces are constructed without any
dipole. The surface formation energy of these slabs, Esurf, was
calculated with the help of the eq 1

= −E
A

E NE
1

2
( )surf slab bulk (1)

where Eslab is the total energy of the slab, Ebulk is the energy per
atom of the bulk, N denotes the number of atoms in the
surface slab, and A is the cross-sectional area of the surface slab
unit cell.24−26

The electrostatic potential map of NiOOH (010) and its
water interacted species are given in Figure 1, where the

electrostatic potentials in the vacuum level are zero that further
confirms their stability. Upon interaction with water molecules,
a slight increase in the work function (Φ) demonstrates good
interaction between the catalyst (NiOOH) and water
molecules.
To investigate the catalytic activity, water molecules interact

at the surface of our proposed catalyst (NiOOH). As discussed
earlier, the most stable phase of NiOOH along [010] is chosen
as a model catalyst for Fe and Co dopants, followed by
interaction with water molecules. Four water molecules are
placed on the surface of NiOOH(010), at an appropriate
distance, and the system was allowed to be relaxed, using the
mentioned method (vide supra). Hereafter, the NiOOH(010)
will be represented as NiOOH. All of the four water molecules
are strongly adsorbed over the surface of NiOOH with an
average interbond distance of 2.31 Å, as can be seen from
Figure 2a. The water adsorption energies were calculated by
subtracting the energies of the optimized water molecule and
adsorbent bare slab (Esurface), from the optimized water-slab
complex (surface@H2O), using the equation

Δ = − +E E E E( )ad surface@H O H O surface2 2 (2)

The smaller interatomic distance between water (O atoms of
H2O) and NiOOH (Ni of NiOOH) can lead to adsorption
energy of −48 kcal/mol, as listed in Table 1. This strong
interaction is responsible for the dissociation of water
molecules. This finding has good correlation with the already
reported work.18,27

We systematically doped NiOOH with an equal amount of
Fe and Co atoms (from 3 to 16%), and their model optimized
structures along with water molecules are given in Figure 2.

Scheme 1. Schematic (Left) and Modeling (Right) Representation of Bode’s Diagram for Ni(OH)2−NiOOH Redox
Transformations19

Figure 1. Electrostatic potential map of NiOOH (a) and NiOOH@
H2O (b) along the Z-direction.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c02679
ACS Omega 2020, 5, 20517−20524

20518

http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02679/suppl_file/ao0c02679_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02679/suppl_file/ao0c02679_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02679/suppl_file/ao0c02679_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02679?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02679?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02679?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02679?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02679?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02679?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c02679?ref=pdf


The surface formation energy of 3% Fe- and 3% Co-doped
NiOOH (Ni94%Fe3%Co3%OOH) is 0.61 eV/Å2, which is 0.01
eV/Å2 higher than that of undoped NiOOH. So, with the
incorporation of 3% Fe and 3% Co atoms, the stability of
NiOOH increased, which is also consistent with the previous
results.28 However, the interaction energy of water molecules
with Ni94%Fe3%Co3%OOH is lower (−38 kcal/mol) than that
of the pristine surface, as can be seen from Figure 2b and Table
1. Moreover, the average interbond distance between the
atoms of water and surface atoms of Ni94%Fe3%Co3%OOH is
about 2.52 Å. In the case of the Ni88%Fe6%Co6%NiOOH@H2O
system, the absolute adsorption energy per water molecule is
about −62 kcal/mol, which is higher than that of pristine
NiOOH@H2O and Ni94%Fe3%Co3%OOH@H2O systems. The

reason behind this is that the proper amount of Co and Fe
atoms as dopant is responsible for higher stability and
r e a c t i v i t y . Th e r e l a x e d c r y s t a l s t r u c t u r e o f
Ni88%Fe6%Co6%OOH@H2O is shown in Figure 2c, where the
geometry does not change upon the incorporation of these
atoms. So an equal amount of Co and Fe can easily replace Ni
and does not distort the parental geometry of NiOOH. The
surface stability of Ni88%Fe6%Co6%OOH is 0.63 eV/Å2, as can
be seen from Table 1.
Furthermore, we increased the doping amount of Fe and Co

u p t o 1 6 % s u c h a s N i 8 2 % F e 9 % C o 9 % OOH ,
Ni76%Fe12%Co12%OOH, and Ni68%Fe16%Co16%OOH, and their
results are given in Table 1 and Figure 2. To determine the
stability and successful interaction of water molecules,

Figure 2. Optimized structures of (a) NiOOH@H2O, (b) Ni94%Fe3%Co3%OOH@H2O, (c) Ni88%Fe6%Co6%OOH@H2O, (d)
Ni82%Fe9%Co9%OOH@H2O, (e) Ni76%Fe12%Co12%OOH@H2O, and (f) Ni68%Fe16%Co16%OOH@H2O system.

Table 1. Calculated Fermi Energy Level, VB, CB, Band Gap (vs Vacuum and Spin-Up States Only in a Unit of eV), Surface
Formation Energies (eV/Å2), Adsorption Energy Ead (kcal/mol) of per Water Molecule Over the [010] Terminated Surface of
NiOOH and Its Fe- and Co-Doped Speciesa

species Fermi energy VB CB me*/m0 (me) mh*/m0 (me) band gap (eV) formation energy Ead

NiOOH −6.40 1.05 4.76 0.69 2.26 3.71 0.60
NiOOH@H2O −6.49 1.11 4.49 0.68 2.20 3.38 −48
Ni94%Fe3%Co3%OOH −6.36 1.08 4.75 0.70 2.25 3.67 0.61
Ni94Fe3%Co3%OOH@H2O −4.74 1 3.79 0.70 4.22 2.79 −38
Ni88%Fe6%Co6%OOH −6.45 0.86 4.17 0.65 3.16 3.31 0.63
Ni88%Fe6%Co6%OOH@H2O −5.68 1.00 3.69 0.74 7.83 2.69 −62
Ni82%Fe9%Co9%OOH −5.67 0.99 4.28 0.66 6.06 3.27 0.69
Ni82%Fe9%Co9%OOH@H2O −5.70 0.99 3.69 0.75 8.70 2.70 −54
Ni76%Fe12%Co12%OOH −5.65 0.95 4.15 0.70 7.51 3.20 0.67
Ni76Fe12Co12OOH@H2O −6.45 0.82 4.24 0.70 3.85 3.42 −36
Ni68%Fe16%Co16%OOH −5.69 0.89 4.19 0.70 8.62 3.30 0.68
Ni68%Fe16%Co16%OOH@H2O −6.47 0.71 4.23 0.69 7.84 3.52 −32

aEffective masses of photogenerated electrons and holes are estimated from the calculated band structure along a suitable direction.
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electrostatic potential maps of all of these species are
s imula ted . The elect rosta t ic potent ia l maps of
Ni88%Fe6%Co6%OOH and its water interacted system are
given in Figure 3, while that of the remaining systems is
shown in Figures S1−S4 of the Supporting Information.

In the case of the Ni82%Fe9%Co9%OOH system, the surface
stability is 0.69 eV/Å2, which is higher than that of
Ni88%Fe6%Co6%OOH and support the 9% doping of Fe and
9% Co atoms. However, the water adsorption energy is lower
(−54 kcal/mol), which is responsible for higher oxygen
overpotential. The stability of remaining catalyst models such
as Ni76%Fe12%Co12%OOH and Ni68%Fe16%Co16%OOH are 0.67
and 0.68 eV/Å2, while their per water molecule adsorption
energies are −36 and −32 kcal/mol, respectively. The average
interbond distance between the water molecules and the
catalyst surface of NiOOH, Ni94%Fe3%Co3%OOH,
N i 8 8 % F e 6 % C o 6 % O OH , N i 8 2 % F e 9 % C o 9 % O OH ,
Ni76%Fe12%Co12%OOH, and Ni68%Fe16%Co16%OOH are 2.31,
2.52, 2.17, 2.32, 2.65, and 2.35 Å, respectively. The simulated
surface formation energy and electrostatic potential maps of all
of these species equally predict their feasibility. However, the
per water molecule adsorption energy initially increases up to
6% Fe and 6% Co doping and then decreases along with the
increase of these doping agents, as can be seen from Table 1.
So, mild doping of NiOOH with an equal amount of Fe and
Co atoms can significantly enhance the OER.
In addition, the higher the absolute water adsorption energy,

the higher the catalytic activity and the lower the oxygen
overpotential will be. Among all of these catalysts,
Ni88%Fe6%Co6%OOH has the highest absolute water adsorption
energy, where the average interbond distance of water with the
surface is also minimum. So, these dopants increase the overall
charge density of Ni atoms, which consequently boost the
OER activity (vide infra). In summary, the addition of 6% Fe
and 6% Co dopants to pristine NiOOH is expected to improve
both the stabi l i ty and the catalyt ic activ i ty of
Ni88%Fe6%Co6%OOH OER catalysts, through increased surface
formation energies and water adsorption energies, respectively.
The synergistic effect of 6% Fe and 6% Co dopants produces a
greater effect, resulting in a formation energy of 0.63 eV/Å2

and water adsorption energy of −62 kcal/mol.
2.2. Electronic Properties. The conduction band (CB)

and valance band (VB) edge positions along with proper band
gap are crucial for overall water electrolysis. In the case of OER
catalysts, the VB must be well below the redox potential of

water (∼−5.80 eV at vacuum level), to efficiently oxidize
water. The CB, VB, and band gap values of bulk NiOOH are
simulated from the projected density of states (PDOS), as
given in Figure 4.

The VB of NiOOH is composed of hybridized bonding
orbitals of O and Ni atoms; however, the 2p orbitals of O are
dominant as can be seen from Figure S5. On the other hand,
the CB is constituted from the hybridized antibonding orbitals
of Ni and O, where Ni 3d orbitals are dominant.
The band structure and PDOS of all of these species are

simulated to find out the effect of dopants and water
interaction on the resultant band gap and edge positions of
NiOOH and its doped species. The PDOS and band structure
(spin up only) of NiOOH are shown in Figure 5, where VB is
composed of O 2p bonding orbitals and Ni 3d antibonding
orbitals constitute the CB. The surface of NiOOH has a
narrow band gap of 3.71 eV, where the VB and CB result in
holes and electrons with effective masses of 2.26 and 0.69 me
(see Table 1), respectively. Upon interaction with water, the
overall band gap decreases from 3.71 to 3.38 eV, and water
constitutes the bottom level of VB (Figure 5d).
The incorporation of Fe and Co atoms has significantly

changed the electronic properties of pristine NiOOH, as can
be seen from Table 1, Figures 6, and S6−S9 of the Supporting
Information. The Fermi energy of all of these species changes,
upon interaction with water, as can be seen from Table 1. The
3% Fe - a nd 3% Co -dop ed N iOOH su ch a s
Ni94%Fe3%Co3%OOH has a similar band gap (3.67 eV)
compared to the pristine species, but the effective masses of
their charge carriers are heavier. Moreover, the adsorption
energy of water is −38 kcal/mol, which is also lower than that
of pristine NiOOH. It means that 3% doping of Fe and 3% Co
atoms lower down the electronic propert ies of
Ni94%Fe3%Co3%OOH. The effect of 6% Fe and 6% Co doping
on NiOOH (Ni88%Fe6%Co6%OOH) is crucial as can be seen
from its small band gap (3.31 eV), lighter effective masses of
electrons (0.65 me) and holes (3.16 me), and decrease in Fermi
energy level (−6.45 eV). This narrow band gap is due to extra
bands, raised from the hybridized orbitals of Co and O atoms
that occupy the CB and VB, see Figure 6.
Furthermore, the crystal structure of Ni88%Fe6%Co6%OOH

remains constant; however, its electronic properties such as
band gap and effective masses of charge carriers are
significantly improved. Its band gap reduces to 3.31 eV,
while Fe and Co produce some flat bands in its band structure,

Figure 3 . Averaged e lec t ro s t a t i c po ten t i a l map o f
Ni88%Fe6%Co6%OOH (a) and Ni88%Fe6%Co6%OOH@H2O (b) along
the Z-direction.

Figure 4. PDOS of NiOOH bulk; Fermi energy is set to zero.
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as can be seen from Figure 6. These flat bands near the VB are
responsible for stationary charge carriers (heavy mass of hole),
which increase the difference between electron and hole,
resulting in separation of charge carriers. Upon interaction with
water molecules, the band gap of Ni88%Fe6%Co6%OOH@H2O
reduces to 2.69 eV, which predicts that H2O molecules are
dissociated into its constituents. So, the holes at VB can easily
oxidize water upon external bias and consequently enhance the
OER efficiency of the catalyst (vide infra).
A similar but less prominent situation is observed in the case

of the Ni82%Fe9%Co9%OOH system as can be seen from Table
1. With the increase in the doping amount of Fe and Co above
9%, the band gap of resulting catalysts increases, which led us
to predict those water molecules are not dissociated. Instead,
water may exist in the form of stable molecules. These
statements also corroborate and confirm the lower adsorption
interaction of these species. Comparative analysis of the data of
Table 1 led us to conclude that the VB energy level of all of the
p r i s t i n e N iOOH , N i 9 4 % F e 3 % C o 3 %OOH , a n d
Ni88%Fe6%Co6%OOH systems are well below the redox
potential of water (∼−5.80 eV vs vacuum) and can easily
perform the OER. On the other hand, VB of 9, 12, and 16%
Fe- and Co-doped species are not below the redox potential of
water, so high overpotential is required for the OER.
The charge analysis of all doped species is simulated from

electron density difference (EDD), and their comparative two-
dimensional (2D) EDD plots along the Z-direction are given in
Figures 7 and S10−S13 of the Supporting Information. In
Figure 7, the green- and blue-shaded areas represent charge
accumulation and depletion, respectively. It can be observed
that Fe and Co atoms have nicely shared their electronic cloud
density with the host atom Ni and confirm the successful

incorporation of these doping agents in NiOOH. Moreover,
this type of charge sharing results in a strong hybridization
among the orbitals of Ni, Fe, and Co atoms, which
consequently improves the stability and catalytic activity in
terms of more active sites (Ni, Fe, and Co).

3. CONCLUSIONS

Comprehensive DFT simulations have been carried out to
investigate an efficient and highly stable Ni-based electro-
catalyst for the OER in alkaline media. Initially, the β-NiOOH
crystal structure was used as a primary simulating model for
the Fe and Co dopants. A range of Fe and Co atoms (%) are
employed as doping agents to increase the overall catalytic
ability and stability of NiOOH. Our simulations indicate that
mild doping of β-NiOOH (6% Fe and 6% Co atoms) increase
surface formation energy, water adsorption energy, and change
band gap and are therefore expected to improve catalyst
stability, activity, and electronic properties, respectively.
Moreover, Ni88%Fe6%Co6%OOH is stable and provides more
catalytic sites at the surface of resulting catalysts for water
adsorption and dissociation, which facilitate the OER. Besides,
the Fe and Co dopants were found to play an important role in
the resulting catalyst, by serving as catalytic sites for water
adsorption and dissociation, making it stable and facilitating
the OER. Finally, we propose that our theoretical procedure
may provide guidelines for the design of other promising OER
electrocatalysts.

Figure 5. PDOS (spin up and down) of (a) NiOOH and (b) NiOOH@H2O along with their band structures (spin up only) of (c) NiOOH and
(d) NiOOH@H2O.
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4. COMPUTATIONAL METHODOLOGY
The overall cell reaction of a water electrolyzer is expressed in
eq 3. In alkaline media, the corresponding cathode and anode
reactions are shown in eqs 4 and 5, respectively.

→ +2H O 2H O2 2(g) 2(g) (3)

+ → +− −4H O 4e 2H (g) 4OH2 2 (4)

+ → +− −4OH 4e O 2H O2(g) 2 (5)

→ * + +− − −4OH OH 3OH e (6)

* + → * + + +− − −OH 3OH O H O 2OH e2 (7)

* + + → * + + +− − −O H O 2OH OOH H O OH e2 2
(8)

* + + → + +− −OOH H O OH O 2H O e2 2(g) 2 (9)

For the OER at the anode, generally, there are four steps
involved as shown in reactions 6−9, where reaction 6 is the
rate-determining step.29,30 So, if the OH* adsorption energy is
stronger at the surface of the proposed catalyst, then it means
the overpotential will be lower.30

The oxygen overpotential can also be predicted from the
adsorption of water molecules over the surface of the catalyst.
The stronger the water molecule interaction is, the lower the
oxygen overpotential will be.31,32 Periodic DFT calculations
have been performed on Quantum-ATK,33 and the results are
visualized on Virtual NanoLab Version 2019.12.33 Both Ni and
Fe have ferromagnetic behavior, so the SGGA + U method is
employed that can accurately reproduce their electronic
properties, especially band structure, etc. Thus, for the band-
structure calculations, the U value is set to accurately represent
the experimental data. Different Hubbard parameters are
employed, where the (U − J) value is selected for Ni. Recently,
a U value of 4 eV has been reported by Toroker and co-
worker,34 5.5 eV by Selloni et al.,35 and 6.6 eV by Nørskov et
al.36 To fit the experimental data, these high (U − J) values are
required.18 As explained previously, the β-NiOOH is highly
stable among the various NiOOH phases. Its space group is

Figure 6. PDOS (spin up and down) of (a) Ni88%Fe6%Co6%OOH and (b) Ni88%Fe6%Co6%OOH@H2O, along with their band structures (spin up
only) of (c) Ni88%Fe6%Co6%OOH and (d) Ni88%Fe6%Co6%OOH@H2O.

Figure 7. Average electron density difference (Δρ) along the Z-
direction for Ni88%Fe6%Co6%OOH (red line) along with pristine
NiOOH (black line). The green- and blue-shaded areas indicate
electron accumulation and donation, respectively.
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P3m1 (brucite),20 and lattice parameters are a = b = 3.12 Å
and c = 4.66 Å. After optimizing the lattice parameters of the
bulk unit cell, a supercell (2 × 2 × 2) is constructed, from
which different low-index phases such as (001), (101), (100),
and (010) NiOOH are built, as shown in Figure S14. The
stability of these different slabs is confirmed from their positive
surface formation energy and electrostatic potential. A range of
the equal amount of Fe and Co atoms (%) are employed as
doping agents to the most stable and efficient phase of
NiOOH. Generalized gradient approximation (GGA) with the
Perdew−Burke−Ernzerhof (PBE) exchange−correlation func-
tional and pseudopotential of Hartwigsen Goedecker−Hutter
(HGH) with tier 4 basis is employed for the structural and
energy optimization, due to its superiority over other
pseudopotentials.37 In this work, we used a linear combination
of atomic orbitals (LCAO) for Ni, Fe, Co, H, and O atoms.38

A 5 × 5 × 5 Monkhorst−Pack k-grid with an energy cutoff of
1500 eV is used for the unit cell, while a 5 × 5 × 1 k-point
mesh is used for the slabs. High-energy cutoff of 1500 eV is
employed due to the LCAO calculator. In this calculator, one
sets real-space density mesh cutoff, which is of an order of 70−
200 Ha (2000−5000 eV) to that of the plane wave (PW)
calculator. The density of states (DOS), partial density of
states (PDOS), band structure, effective potential, electron
density difference (EDD), and electron localization functional
(ELF) calculations are performed with spin-polarized SGGA +
U, where U values of 5 and 5.5 eV are selected for Ni and Fe
atoms, respectively. The spin-polarized GGA + U method has
been used due to the ferromagnetic nature of Fe and Ni.
Moreover, this method can accurately reproduce the
experimental values of Ni, Fe, and other related materials.
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