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The secret behind the success of doping nickel
oxyhydroxide with iron†

Vicky Fidelskya and Maytal Caspary Toroker*b

Discovering better catalysts for water splitting is the holy grail of the renewable energy field. One of the

most successful water oxidation catalysts is nickel oxyhydroxide (NiOOH), which is chemically active

only as a result of doping with Fe. In order to shed light on how Fe improves efficiency, we perform

Density Functional Theory +U (DFT+U) calculations of water oxidation reaction intermediates of Fe

substitutional doped NiOOH. The results are analyzed while considering the presence of vacancies that

we use as probes to test the effect of adding charge to the surface. We find that the smaller

electronegativity of the Fe dopant relative to Ni allows the dopant to have several possible oxidation

states with less energy penalty. As a result, the presence of vacancies which alters local oxidation states

does not affect the low overpotential of Fe-doped NiOOH. We conclude that the secret to the success

of doping NiOOH with iron is the ability of iron to easily change oxidation states, which is critical during

the chemical reaction of water oxidation.

1. Introduction

The constant usage of fossil fuels for generating electricity is
harming our environment. One of the alternatives for generating
energy is electrochemical water splitting, where catalytic materials
are used to cleave water into oxygen gas and clean hydrogen
fuel.1–3 In this context, there have been many studies attempting
to understand what controls water splitting catalysis with the aim
of developing better materials for splitting water.4,5

NiOOH is one of the best catalysts for the oxygen evolution
reaction (OER) under alkaline conditions.6 However, recently
there has been evidence that the high efficiency of NiOOH is
due to Fe contaminants.7,8 As a result, the interest in Fe-doped
NiOOH is growing, where experimental studies have analyzed
the performance of this catalyst.9–11 In addition, several electro-
chemical devices have adapted NiOOH into their architectures,
such as covering Fe2O3 with an NiOOH overlayer.12

Furthermore, a number of theoretical studies have been
devoted to modeling the catalytic activity of NiOOH.13,14 In
agreement with experiments, the calculated overpotential for
water oxidation with Fe-doping was found to be smaller than
that in the pure case.15,16 According to these calculations, there

is a general agreement that the active site responsible for this
activity is the iron dopant.16 However, aside from reporting
the calculated overpotential, there has been no explanation for
why Fe improves catalytic efficiency.

In our own previous theoretical work, we have obtained a
typical ‘‘volcano’’ curve which shows that the binding energy of
reactants is optimal for Fe doping of NiOOH in comparison
to other first-row transition metal dopants.17 Furthermore, we
found that late transition metals, including Fe, Co, Cu, and Zn,
should be more catalytically active than early transition metals,
such as Ti, due to the larger bonding ionicity of the latter.18

However, these studies do not pin-point the reason for why Fe
is exceptional.

Since the Fe atom can acquire several oxidation states in
various systems and this property has been demonstrated to be
useful for catalysis in other systems,19 we chose to investigate
how Fe changes in the complex environment of NiOOH. The
NiOOH system is challenging since Ni itself acquires several
oxidation states and since the surface charging state can change
during operating conditions.

In order to shed light on the origin of the success of doping
NiOOH with Fe, we perform Density Functional Theory +U
(DFT+U) calculations of water oxidation on the NiOOH surface,
while it is doped with Fe. We note that in this work we focus on
the b phase of NiOOH which does not include the option of a
penetrating electrolyte in order to simplify the analysis and
since we wish to compare to previous theoretical work that
studied this phase.15,17 We also consider H and OH vacancies
which is instructive for modeling the reactivity of doped NiOOH
since they show how well the material can donate or accept
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electrons, respectively. We find that the low overpotential of
Fe-doped NiOOH does not change as a result of vacancies
that affect local oxidation states, indicating that Fe can obtain
several possible oxidation states in NiOOH with a small energy
penalty.

2. Methods and calculation details

The VASP program was used to perform spin-polarized Density
Functional Theory (DFT) calculations.20,21 The Perdew–Burke–
Ernzerhof (PBE)22 functional with the DFT+U formalism from
the study of Duradev et al.23 was used. The effective U–J term
was taken to be 5.5 eV and 3.3 eV for Ni and Fe, respectively, as
previously done for modeling catalysis of doped NiOOH.15,24–27

In our previous work, we found that the free energies of water
oxidation catalysis for doped b-NiOOH are dependent on the
choice of U values,17 as presented for a variety of systems in
ref. 28, and that only these values reproduce reliable results in
comparison with experiments. Projected-augmented wave (PAW)
potentials replaced the core electrons of Ni 1s2s2p3s3p, Fe
1s2s2p3s3p, and O 1s.29,30

The unit cell of b-NiOOH15,31–34 was cleaved at the (0%15) plane
for two reasons. First, this facet was interpreted to be chemically
active.15 Second, this surface was studied in previous literature
and we wanted to compare it with previous results.15 Hence, the
same slab sizes were built as in ref. 15 for comparison.26 The
dependence of the slab size for various electronic properties,
such as band edge positions and reaction free energies, was
tested in our previous studies on b-NiOOH(0 %15).17,26 Doping
was considered at a substitutional site of the active site since
previous models as well as some experimental evidence suggest
that the dopant is the active site.15,16 Vacancies were added to
each reaction intermediate slab model at the site closest to the
active site in order to have the maximal effect of the vacancy
(see Fig. 1). We considered H vacancies since these are expected
to appear at large bias and pH. We also modeled OH vacancies
since these are expected to provide an additional understanding
of the effect of charging the surface with an excess electron.35

Overall, we use both defects as probes to test how the material
reactivity changes in response to the addition of charge carriers.
The energy cutoff of 600 eV and the k-point Gamma-centered
grid of 2 � 2 � 1 were converged to within o1 meV. The ion
positions were converged until the force components on all the
ions were less than 0.03 eV Å�1. The optimized unit cells are
given in the ESI.†

We considered the following four-step mechanism that has
been studied in ref. 15, for comparison, and under alkaline
conditions carries the following form:

A + h+ + OH� - B + H2O (1)

B + h+ + OH� - C (2)

C + h+ + OH� - D + H2O (3)

D + h+ + OH� - A + O2 (4)

where intermediate ‘‘A’’ is a slab with a monolayer of adsorbed
water molecules and intermediate ‘‘B’’ has one hydroxyl group
termination. Intermediate ‘‘C’’ has a monolayer of adsorbed
water molecules and an additional oxygen atom penetrating the
surface. Intermediate ‘‘D’’ has one hydroxyl group termination
and an additional oxygen atom penetrating the surface. The slab
models for each intermediate are shown in Fig. 2. The free
energy for the reactions was calculated by subtracting the total
energy of reactants and products and adding the previously
reported Zero Point Energy (ZPE) corrections and entropic con-
tributions of pure b-NiOOH since these additions were shown to
be stable with variations in composition.15,36 The free energies
were calculated at 1 Volts and pH = 14 which are the known
operating conditions for the OER with NiOOH. The applied
voltage is considered by adding a constant energy �eU to the
free energy of each reaction. The pH is considered by adding the
term �kBT�ln 10�pH, where kB is the Boltzmann constant and
T is the temperature, 298.15 K. The overpotential is defined as
the voltage that needs to be added to the calculated electro-
chemical potential so that all reaction free energies are negative.

The calculated results were analyzed in terms of atomic
oxidation states. The oxidation states of Ni atoms were inferred
from the atomic magnetizations. The +2, +3, and +4 oxidation
states can be related to two, one, and no singly occupied orbitals,
respectively. These oxidation states roughly correspond to the
calculated magnetizations of B1.7, 1.2, and 0.2 Bohr magneton,
respectively. Similarly, the oxidation states of Fe atoms are +2,
+3, +4, +5, and +6 which are related to four, five, four, three, and
two singly occupied states in the high spin state. These oxidation
states roughly correspond to the calculated magnetizations
of B3.4, 4.0, 3.4, 2.8, and 2.1 Bohr magneton for an electronic
configuration of t4

2ge2
g, t3

2ge2
g, t3

2ge1
g, t3

2g, and t2
2g, respectively.

Fig. 1 Surface unit cells showing the location of H and OH vacancies as
well as the Fe dopant at the active site. Red, blue, and white spheres
represent the oxygen, nickel, and hydrogen atoms, respectively. Yellow
and green spheres represent the vacancy and the Fe dopant, respectively.
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Note that these are tentative assignments, since there is some
uncertainty in the oxidation states due to several possible spin states
that may exist (high spin and low spin states). In fact, magnetization
of 2.2 could also correspond to the lower spin states: t4

2g and t5
2ge1

g,
i.e. oxidation states +4 and +2, respectively. Hence, the oxidation
states are assigned based on comparison between different reaction
intermediates with several stoichiometries and by analogy with
the magnetization in other oxide materials.37

3. Results

In this section, we present free energy calculations of the water
oxidation reaction for Fe-doped and non-stoichiometric NiOOH.
First, we compare the free energies for water oxidation on pure
NiOOH with those of Fe-doped NiOOH. Next, we consider the
effect of H and OH vacancies on the doped case and find that
they have little effect.

The overpotential for water oxidation with NiOOH reduces
significantly upon Fe-doping at the active site (see Table 1). The
Fe dopant is located at the active site at a substitutional site,

since previous theoretical and experimental studies showed
that this is the preferred and chemically active location.16 The
free energies of the first two reactions are the same (B�0.4 eV)
for the case of Fe-doping. This is ideal for catalysis: the spread
of the free energies equally upon several reaction steps reduces
the overpotential.38 Similar free energies for the first deproto-
nation reactions indicate that Fe can change between oxidation
states with a similar energy requirement. Specifically, as seen in
Fig. 3, for example, the oxidation state of Fe changes from +4 to
+5 during the first deprotonation reaction (see the table of
atomic magnetization in the ESI†). During this reaction of
deprotonating the adsorbed water molecule, the magnetic
moment on Ni atoms does not change, while iron is only
affected. The oxidation state of the active site is expected to
be the same in intermediates A and C that have an adsorbed
water molecule (and in intermediates B and D that have an
adsorbed hydroxyl group), but the remarkable result shown in
Fig. 3 demonstrates that Fe can have a variety of stable oxida-
tion states. Therefore, Fe is an effective dopant for NiOOH.

In contrast to Fe-doped NiOOH, the energy required for the
first step is higher for pure NiOOH (�0.11 eV in Table 1). The
first step of increasing the oxidation state is easier for Fe relative
to Ni since Fe is a less electronegative transition metal. Hence, Fe
can exist in several oxidation states. We note that our results are
in excellent agreement with previous theoretical studies for the
doped case with no added vacancies15,36 (free energies without
potential and pH corrections are given in the ESI†).

The efficiency of OER largely depends on the ability of the
active site transition metal to change its oxidation state. In the
first reaction step, a transition metal at the active site is oxidized
and increases in oxidation state, while in the second reaction

Fig. 2 The water oxidation reaction for Fe-doped NiOOH with a H deficiency. The geometries are fully optimized.

Table 1 Free energies and overpotentials for pure and Fe-doped NiOOH
at pH = 14 and V = 1 Volts. The values for pure NiOOH are adapted from
ref. 39

Reaction Pure NiOOH Fe-Doped NiOOH

A to B �0.11 �0.41
B to C �0.71 �0.36
C to D �0.40 �0.56
D to A �1.58 �1.48
Overpotential 0.61 0.36
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step the transition metal reduces. During the first deprotona-
tion reaction, the oxidation state of Ni changes from +3 to +4 for
pure NiOOH39 and the oxidation state of Fe changes from +4 to
+5 for Fe-doped NiOOH. In the second reaction where water is
adsorbed again on the active site, the oxidation state of Ni and
Fe changes to +3 for both pure and Fe-doped NiOOH, respec-
tively. In pure NiOOH, although Ni can exist in a few oxidation
states, the preferred one is +3, which is the oxidation state for
the majority of Ni atoms in NiOOH,15,39 in agreement with the
average experimentally observed oxidation state.40 Hence, for
pure NiOOH, the free energy of the first reaction step is larger
than the second (in Table 1, for pure NiOOH, the free energy for
the first reaction, �0.11 eV, is larger than the free energy of the
second reaction, �0.71 eV). In contrast, for Fe-doped NiOOH,
the free energy of the first and second reactions is similar due
to the ability of Fe to change between several oxidation states.

Since the ability to change the oxidation state is a key ingredient,
we add vacancies as probes since they change the local oxidation
states. The change in the oxidation state may arise either due to
the deprotonation chemical reactions or due to the addition of
vacancies. Vacancies induce excess charge: H and OH vacancies
contribute an excess hole and electron, respectively.

The effect of vacancies on the water oxidation overpotential
with Fe-doped NiOOH is small. We chose the locations of the
vacancies to be in proximity to the active site so that they can give
the maximal effect. As seen in Table 2, for Fe doping, the addition
of either an H or OH vacancy does not change significantly
the free energy of the reaction with the highest overpotential.
For Fe-doped NiOOH, the second reaction denoted ‘‘B to C’’ has
a free energy of around B(�0.4)–(�0.2) eV with or without
vacancies. Some variations are also seen in other reactions, but
these are not affecting the overpotential.

The small effect of vacancies on the overpotential of Fe-doped
NiOOH can be visualized by observing the cumulative free energies.

As seen in Fig. 4, the steps representing the cumulative free
energies have some similarities. The general distribution of free
energies among the reaction steps is generally the same in
many cases, especially the rise from B to C. There is a slight
increase in the overpotential when an OH vacancy is present for
Fe-doped NiOOH, since this type of vacancy tends to decrease
the energy required for the first deprotonation (and increase
the free energy for the second deprotonation) due to the excess
charge that neutralizes and stabilizes intermediate B. We note
that the presence of H vacancies is more probable than OH
vacancies under realistic operating conditions of large bias
and pH.

In our previous paper,39 we observed that for non-stoichiometric
and undoped NiOOH, the formal charge of oxygen near a H
vacancy changed from �2 to �1 and the formal charge on Ni as
the active site was +2.5 when there was an OH vacancy. Each one
of these vacancies destabilized the surface, reduced the free
energy of reaction A to B, and resulted in a significant decrease
in overpotential, in agreement with a recent experiment that
demonstrates enhanced OER activity upon deprotonation.41

However, we find that in the Fe doped case, the addition of
the H vacancy does not change the oxidation state of the oxygen
atom close to the vacancy. Instead, Ni has a higher +3 oxidation
state (Fig. 5). In the presence of a H vacancy, the oxidation state
of Fe is +4 in intermediates A and C, and turns into +5 in

Fig. 3 Sketch of the changes in atomic formal charges during the water oxidation reaction for the Fe-doped NiOOH material. Only the topmost layer is
presented for clarity.

Table 2 Free energies and overpotentials for Fe-doped NiOOH with or
without H or OH vacancies at pH = 14 and V = 1 Volts

Reaction
Pure
NiOOH

Fe-Doped
NiOOH

Fe-Doped NiOOH
with H vacancy

Fe-Doped NiOOH
with OH vacancy

A to B �0.11 �0.41 �0.81 �0.64
B to C �0.71 �0.36 �0.39 �0.18
C to D �0.40 �0.56 �0.62 �0.97
D to A �1.58 �1.48 �0.98 �1.01
Overpotential 0.61 0.36 0.33 0.54

Fig. 4 Cumulative free energies for water oxidation reaction for Fe-
doped NiOOH in the pure, H vacancy, and OH vacancy case.
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intermediates B and D after elementary deprotonation reac-
tions. Furthermore, the addition of an OH vacancy changes the
oxidation state of Fe from +4 to +3 in intermediate A (Fig. 5). In
the presence of an OH vacancy, the oxidation state of Fe is +3 in
intermediates A and C, and turns into +4 in intermediates B
and D after elementary deprotonation reactions. These changes
have little effect on the overpotential. Similar to the pure case,
the vacancies destabilize intermediate A and reduce the free
energy required for reaction A to B. As we explain below, the
charging effect of the vacancies has little effect on the free
energy required for reaction B to C, which determines the
overpotential for Fe-doped NiOOH.

An instructive criterion to analyze surface reactivity is to
correlate the type of excess charge generated by the vacancy with
the free energies. In our previous work on the surface reactivity of
Fe2O3,35,37,42 we found that defects that generate excess holes such
as iron vacancies increase the free energy of early deprotonation
steps. Since the Fe2O3 surface is already charged with holes as a
result of Fe vacancies, taking more electrons out during deproto-
nation is difficult from the beginning. Similarly, defects that
generate excess electrons such as n-type dopants increase the free
energies of later reaction steps. Hence, we found a rule correlating
the type and the amount of charge with the free energy changes.

Our rule is useful for the pure and Fe-doped NiOOH system.
Intermediate A is stable for both the pure and doped case since
Fe doping does not change the sum of overall oxidation states;
Fe is not an n-type or a p-type dopant.18 Without any vacancy,
the neutral intermediate is A. The H vacancy introduces a hole
to the surface, and earlier intermediate D is neutral and stable.
Hence, reactions that involve intermediate D are affected:
the free energy for reaction D to A increases, while the free
energy for reaction C to D is reduced as a result of H vacancy
addition. In addition, since intermediate A is now not neutral
and hence less stable, reactions that involve intermediate A are
also affected: the free energy for reaction A to B decreases, while
the free energy for reaction D to A again increases. As seen in
Table 2, for Fe-doped NiOOH as an example, the free energies
of reactions A to B, D to A, and C to D are �0.41, �1.48, and
�0.56 eV before H addition and �0.81, �0.98, and �0.62 eV
after H addition.

An important consequence of Fe doping is that a H vacancy
does not change the relative stability of intermediates B and C
significantly, since Fe at the active site can more readily change
oxidation states (as seen in Table 2, the free energy is �0.4 eV
with or without a H vacancy). In contrast, for pure NiOOH, the
stability of intermediate B is affected due to the H addition that
alters an oxygen’s oxidation state.39 Hence, the free energy of
reaction B to C as well as the overpotential is not influenced by
a H vacancy for Fe-doped NiOOH.

In contrast, with an OH vacancy there is an excess electron
and intermediate B is more stable. Reactions that involve
intermediate B are affected: the free energy for reaction A to
B decreases, while the free energy for reaction B to C increases as
a result of OH vacancy addition. Similarly, since intermediate A
is now not neutral and hence less stable, reactions that involve
intermediate A are also affected: the free energy for reaction A to
B decreases, while the free energy for reaction D to A again
increases. This explains the small rise in the overpotential due to
OH addition for Fe-doped NiOOH.

4. Conclusions

The effect of Fe-doping NiOOH on the OER activity was inves-
tigated by analyzing the changes in atomic oxidation states. We
conclude that Fe is a successful dopant since it can possess
several oxidation states. Specifically, a similar free energy is
needed for the transition of Fe(IIII) to Fe(V) and Fe(V) to Fe(III) in
the first two deprotonation steps of the OER for Fe-doped
NiOOH. In contrast, pure NiOOH requires a large free energy
for the first deprotonation for the transition of Ni(III) to Ni(IV).
Ni itself has three oxidation states in NiOOH, but Ni(III) is most
common and any deviation from this state is less favorable.

We added vacancies to the models as a ‘‘test bed’’ for
evaluating how well the surface catalyzes in the presence of
excess charge; an H vacancy introduces an excess hole, while an
OH vacancy induces an excess electron. We used vacancies to
introduce excess charge since a key factor determining OER
reactivity is the ability of the surface to accept charge during
electrochemical operation.

In order to rationalize our results, we used a rule we derived
earlier that correlates overpotential with surface charging.35,37,42

The addition of vacancies charges and destabilizes intermediate
A, and decreases the free energy of reaction (1) in both the doped
and undoped cases. Since Fe is able to switch back and forth
between the oxidation states in the first two reactions, in the
presence of vacancies reaction (1) has a smaller free energy, but
reaction (2) still has the same free energy. Hence, the over-
potential does not change significantly in the presence of
vacancies for Fe-doped NiOOH.

We note that efficient heterogeneous catalysis depends not
only on low free energies of the reaction, but also on good
charge transport abilities of the catalyst. The electronic con-
ductivity of the catalysts is important for driving charge carriers
to the surface for participating in a chemical reaction. It has
been hypothesized43 that Fe-doped NiOOH is a good catalyst

Fig. 5 Sketch of the changes in atomic formal charges upon vacancy
formation for intermediate A in the water oxidation reaction with Fe-
doped NiOOH. Left: Intermediate A with no vacancy, center: intermediate
A with a H vacancy, and right: intermediate A with an OH vacancy.
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since it has both high catalytic performance and high electronic
conductivity since it may have a band-like mechanism for
charge transport. In our previous work,44 we demonstrated
that nickel hydroxide indeed has delocalized states even after
Fe-doping. Here we provide direct proof that Fe has good
catalytic performance in the environment of NiOOH. This study
contributes to unlocking the puzzle behind the success of
Fe-doped NiOOH.
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