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ABSTRACT: The NiOOH catalyst as obtained dynamically from electro-
deposition of Ni2+(aq) in the borate-containing electrolyte was observed to
exhibit much higher oxygen evolution activity at a near-neutral pH range (7−9)
compared to other NiOx-based materials. Here, we demonstrate that this intriguing
high activity is owing to the high concentration of Ni cationic vacancy on the
nascent ultra-small NiOOH particles (<3 nm). By using first-principles
calculations, we compute the thermodynamics of Ni dissolution and clarify the
mechanism of oxygen evolution reaction (OER) on the γ-NiOOH surface. We
show that (i) ∼4% Ni cations on the surface of γ-NiOOH dissolve at pH = 7 and
1.73 V versus reversible hydrogen electrode; (ii) on the pristine γ-NiOOH surface,
OER proceeds via the “lattice peroxide” mechanism (*H2O → *OH → *O−OlattH* → O−Olatt → O2) with an overpotential of
0.70 V; (iii) in the presence of Ni cationic vacancies, OER proceeds via the “hydroperoxide” mechanism (*OH + *H2O→ *2OH→
*OOH → O2) with an overpotential of 0.40 V. Our electronic structure and geometrical structure analyses demonstrate that the
structural flexibility at the four-coordinated Ni site nearby Ni vacancy, featuring the ability to bind two terminal oxo species, is key to
boost the activity. Considering the presence of the active OOH intermediate, our theory thus implies that the ultra-small oxide
nanoclusters with ample cation vacancies could be a paradigm in catalyst design for oxidation reactions.
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1. INTRODUCTION

Catalytic water splitting is an appealing and sustainable
strategy to utilize electric (and solar) energy, where the
development of robust and efficient catalysts for oxygen
evolution reaction (OER) is a key obstacle. Among the
candidates examined so far, nickel oxyhydroxide1−6 (NiOOH)
is perhaps one of the most popular materials because this
nonprecious material (with appropriate synthetic modifications
and at optimal reaction conditions) can approach high OER
activity comparable to the industrial noble metal oxides, RuOx
and IrOx.

3−6 For instance, under electrochemically cyclic
voltammetry conditions, Pt-doped NiOOH exhibits a pro-
gressively increased OER activity as the number of cycle
increases, and finally reaches an overpotential of 358 mV at 10
mA/cm2.7 Besides, the Fe-doped NiOOH is reported as
another promising active anode for OER with a low
overpotential of 280 mV at 10 mA/cm2.3−6,8

Despite these advances, one of the key problems for the Ni-
based catalyst remains: NiOOH can be stable and active only
under a strong alkaline condition, pH ≈ 14,8 which makes it
difficult to couple with the hydrogen evolution reaction on the
cathode that achieves the highest activity only under neutral or
acidic conditions.9−11 Recently, Bediako et al.12 reported that
the electrodeposited NiOx obtained from Ni2+(aq) solution
containing the borate electrolyte (denoted as NiBi) can be a
good OER catalyst down to the near-neutral pH (7−9) that

has a low overpotential of ∼425 mV at a current density of 1
mA/cm2.13 X-ray absorption spectroscopy reveals that the as-
deposited NiBi has a β-NiOOH structure, which appears to
transform further into γ-NiOOH at the anodized potential (>1
V vs NHE), and the γ-NiOOH phase is believed as the true
active phase for OER.12,14 Paradoxically, NiOOH synthesized
by mixing Ni(NO3)2·6H2O and KOH shows no OER activity
when pH < 11.15 NiBi is different from the conventional
NiOOH in the so-called “self-healing” ability, that is, the
dissolved Ni2+(aq) can redeposit onto the NiOOH surface
dynamically with the assistance of borate.15,16 It implies that
the self-healing process not only recovers the catalyst but
should also play important roles in the activity of NiBi under
near-neutral conditions. Furthermore, not limited to Ni, the
enhanced OER activity has also been reported in electro-
deposited CoOOH obtained from Co2+(aq) solution contain-
ing a phosphate electrolyte (CoPi),

17 suggesting the general
significance for understanding the relationship between the
self-healing process and the OER activity.
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Considering the mechanism of the self-healing process, we
may expect that the enhanced OER activity should be related
to the Ni cationic vacancies on the NiOOH surface. Indeed,
some evidence emerges from the experiment recently. Zhao et
al. reported that Ni vacancy in the ultrafine NiO nanosheets is
essential for OER activity.18 The increase of the Ni vacancy
concentration in α-Ni(OH)2 can reduce the OER over-
potential by up to 0.31 V.19

The specific active site for OER on NiOOH is still under
debate. It is generally believed that the active site for OER on
NiOOH is the five-coordinated Ni sites on the {011̅N} family
(N represents any numbers)20−24 because the set of surfaces
contain unsaturated Ni sites and have the lowest surface energy
apart from {0001} surfaces.25 However, four-coordinated Ni
sites have also been recently suggested to be the likely OER
active site for NiOOH by experiments.26 The four-coordinated
Ni can be produced either at the edges of NiOOH particles or
around the surface cationic vacancy. Therefore, evaluating the
OER activity on the defective NiOOH surface is highly
intriguing.
In this work, we aim to provide insights into the self-healing

enhanced OER activity over the Ni-based catalyst. By using
first-principles calculations, we first explore the energetics of
OER on the pristine γ-NiOOH. Next, we evaluate the
formation free energy of Ni vacancy at various sites. The
OER activity around the most stable Ni vacancy is then
estimated. For completeness of the understanding of OER on
NiOOH, we also investigate the OER profiles on β-NiOOH
because it is the precursor of γ-NiOOH and may also
participate in the OER. Based on the results of both β-NiOOH
and γ-NiOOH, the origin of the self-healing enhanced OER
activity is revealed.

2. METHODOLOGY
2.1. Computational Models. β-NiOOH is a layered

structure consisting of NiO2 layers and intercalated protons.
The average oxidation state (OS) of Ni ions in β-NiOOH is
+3. On the other hand, the precise structure of γ-NiOOH is
not well known because of the poor quality of X-ray diffraction
data.1−6 It is known that γ-NiOOH comprises NiO2 layers,
where protons, water molecules, and alkali cations are
intercalated between the layers, but the configuration of the
intercalated species has not been determined yet. The
intercalated species modulate the average OS of Ni to around
+3.66.1

To model the structure of the γ-NiOOH bulk phase, we use
a deprotonating β-NiOOH structure to represent γ-NiOOH.
In this model, 3/4 protons in the β-NiOOH are removed, and
the average OS for Ni is +3.75. This model captures the known
OSs and the local binding environment of Ni sites but neglects
the role of intercalated species that have not been well
characterized experimentally. A similar model has been used by
Friebel et al. in the study of Fe-doped γ-NiOOH,1 and their
results show that the calculations based on the simplified
model can yield the overpotential comparable with the
experimental data.1 Because the NiO2 sublattice has a
symmetry group of R3̅m, in the following, we will use
Bravais−Miller indices and Weber indices to denote the
orientations of lattice planes and lattice directions for both γ-
NiOOH and β-NiOOH.
We utilized a slab model of the (2 × 1) supercell (∼4.84 Å ×

12.06 Å) to simulate the (011̅2) surface of γ-NiOOH and β-
NiOOH. The slab model of γ-NiOOH is shown in Figure 1,

while the model of β-NiOOH can be found in the Supporting
Information. The top surface in a unit cell exposes four five-
coordinated Ni cations, four bridging O anions, and four three-
coordinated O anions (as indicated by Ni5c, Obr, and O3c in the
inset of Figure 1a). We label the four reactive Ni sites in the
unit cell as α, β, γ, and δ, respectively. On both γ-NiOOH and
β-NiOOH surfaces, the Obr anions prefer to be protonated to
form *ObrH at the electrode potential (U) < 2.3 V versus
reversible hydrogen electrode (RHE). The whole slab consists
of seven Ni layers, and each Ni layer is defined as a horizontal
Ni chain in Figure 1. The bottom two Ni layers together with
the connected lattice O and H atoms are fixed in their bulk
positions.

2.2. Calculation Details. All density functional theory
(DFT) calculations were carried out within the periodic plane
wave framework as implemented in Vienna Ab initio
Simulation Package.27 The electron−ion interaction was
represented by the projector augmented wave, and the kinetic
energy cutoff of the plane wave was set as 400 eV. The k-point
mesh utilized was up to (4 × 4 × 4) for bulk and (3 × 1 × 1)
for slab models in the Monkhorst−Pack scheme, which was
verified to be accurate enough for these systems. The geometry
convergence criterion was set as 0.08 eV/Å for the maximal
component of force. Transition states of the O−O coupling
were determined using the Dimer method.28,29

The previous studies have shown that the Hubbard term
corrected DFT functional, PBE + U,34,35 is sufficient to
generate reliable geometry and OS of NiOOH,36 but not
accurate in describing the electronic structure, in particular for
the band structures. The hybrid functional, such as HSE06, can
improve the description of the electronic structure for
NiOOH.36 Following the recent studies,36,37 both PBE + U
and HSE06 (with PBE + U structures) calculations were
performed in this work for computing the OER energy profile,
and we show that a consistent picture for self-healing enhanced
OER activity can be achieved, not sensitive to the DFT
functional utilized. The effective value for Hubbard terms
(Ueff) were set as 5.5 eV for Ni according to the linear response
approach.20,38,39 For all systems, the spin-polarization has been

Figure 1. Atomic structures of (a) pristine and (b) defective γ-
NiOOH (011̅2) surfaces viewed from γ-NiOOH [2110]. The black
dotted cycle highlights the cationic vacancy in the first Ni layer. We
label the four reactive Ni sites in the unit cell as α, β, γ, and δ,
respectively. The inset in (a) is a side view of the surface. The
solvation effect was modeled by a periodic continuum solvation model
with modified Poisson−Boltzmann equation (CM-MPB),30−33 as
schematically shown in figures by the azury shading in the vacuum
region above the surface. Ni5c represents five-coordinated Ni cation;
Obr the bridging O anion; and O3c the three-coordinated O anion.
Indigo balls: Ni; red balls: O; and white balls: H.
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considered to identify the true ground state electronic
configuration. For the γ-NiOOH/β-NiOOH bulk, the spin
ordering in the ground state is ferromagnetic within the NiO2
sheets but antiferromagnetic between them, consistent with
our previous studies.20,40

The solvation effect due to the long-range electrostatic
interaction was modeled by a periodic continuum solvation
model with modified Poisson−Boltzmann equation (CM-
MPB).32,41,42 The computational hydrogen electrode (CHE)
approach is utilized to assess the thermodynamics of OER on
both γ-NiOOH and β-NiOOH surfaces, which estimates the
electrochemical potential of H+ and e− pair via the electro-
chemical equilibrium in standard hydrogen electrode (SHE),
which is

μ μ[ ] + [ ] = °[ ]+ − GH e 1/2 HSHE
2 (1)

μ[H+] is the electrochemical potential of a proton; G°[H2]
the standard Gibbs free energies of hydrogen; μSHE[e−] the
electrochemical potential of an electron in SHE. The detailed
description of the CHE approach can be found in the
Supporting Information and our previous papers.43

All the reported free energy changes in OER refer to the
electrode potential (U) at 1.23 V versus RHE. With RHE
metric, the effect of pH on the energetic profiles of OER
vanishes.

3. RESULTS
In this section, we explore the thermodynamics of Ni
dissolution and the influence of Ni vacancy on the OER
activity. We have computed the OER profiles on both γ-
NiOOH and β-NiOOH surfaces, and the results show that the
trends of OER activity on both surfaces are the same. In this
section, we will focus on the OER on the γ-NiOOH, while the
results on β-NiOOH are listed in the Supporting Information
and will be discussed in Section 4.1.
3.1. Surface Structures of γ-NiOOH in Aqueous

Surroundings. It is known that the applied electrode
potential will determine the surface status (species and
coverage), which will then affect OER activity. In this regard,
we need to first resolve the active surface for the electrode in
the potential region of OER. We have constructed the surface
Pourbaix diagram from the first-principles thermodynamics, as
shown in Figure 2, and the calculation procedure is detailed in
the following.
We first investigate the configuration of H2O adsorption on

the pristine γ-NiOOH surface without applied potential. Our
results show that the H2O molecules prefer to adsorb on the
surface molecularly, which is at least 0.05 eV more stable than
the dissociated configuration on all possible coverages.
Hereinafter, we only consider the molecular adsorption
configuration of H2O.
For *H2O coverage, it can be estimated from the free energy

change of the following reaction

+ * → * +n nH O(aq) H O ( 1)H O2 2 2 (2)

and

Δ = * + − * −G G n G n G( ( 1)H O) ( H O) (H O(aq))2 2 2
(3)

H2O(aq) represents a H2O molecule in aqueous solution, *
represents the Ni5c site, and n is the number of H2O molecules
in the unit cell. Because each unit cell involves four reactive

Ni5c sites in our model (see Figure 1a), *4H2O, *3H2O,
*2H2O, and *1H2O correspond to 1 monolayer (ML), 3/4
ML, 1/2 ML, and 1/4 ML *H2O coverages, respectively. From
our calculations, the 1 ML *H2O covered surface is the most
stable phase in aqueous solution for γ-NiOOH. For example,
on the 3/4 ML *H2O-covered surface, it is exothermal by 0.24
eV if adsorbing further H2O molecules to reach 1 ML *H2O.
Once H2O coverage is 1 ML, the additional H2O adsorption
becomes thermodynamically unfavorable, endothermic by 0.39
eV at 1.25 ML.
With an applied potential, *H2O may decompose to *OH,

by the reaction *H2O→*OH + H+(aq) + e−. According to the
CHE approach, the free energy change is defined as

Δ = [* ] + [ ] − [* ] − *

− | |

G G G G

e U

OH 1/2 H H O 0.059 pH2 2

(4)

where U is the electrode potential relative to SHE, and the
term −0.059*pH is the effect of pH on the ΔG at a pH
different from 0. The Pourbaix diagram can finally be
determined by the minimization of the Gibbs free energy
among a set of surface configurations relevant for OER, which
reveals the thermodynamically most stable structure of the
catalyst surface for a given electrode potential and pH values.
The calculated Pourbaix diagram of γ-NiOOH (011̅2) in

Figure 2 shows that the surface status varies from 1 ML *H2O
to 1/4 ML to 1/2 ML to 3/4 ML to 1 ML *OH progressively
as the electrode potential increases. At pH = 7 and U = 0.82 V
(the reversible potential of OER at pH = 7), we found that the
most stable phase is 1/4 ML *OH. Therefore, we will use 1/4
ML *OH as the initial state for OER on the pristine γ-NiOOH.

3.2. Mechanism and Activities of OER on γ-NiOOH.
Now, we are at the position to compare the OER activities on
γ-NiOOH with and without cationic vacancy, which is critical
to understand the origin for the self-healing enhanced OER
activity. Toward this goal, we start by investigating the activity
of OER on the pristine γ-NiOOH. Here, we consider three
likely reaction pathways, namely, the “lattice peroxide” path:30

*H2O → *OH → *O−OlattH → *O−Olatt → O2, the
“hydroperoxide” path:44 *OH + *H2O→ *2OH → *OOH→
O2, and the “electrochemical metal peroxide” path:44,45 *H2O

Figure 2. Surface Pourbaix diagram for the pristine γ-NiOOH (011̅2).
U is the electrode potential relative to SHE. The oblique dashed line
represents the reversible potential of OER.
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→ *OH → *O → *OOH → O2. The elementary reactions
involved are depicted in the following.
The “lattice peroxide” path

* + * → * + * + ++ −H O O H OH O H H (aq) e2
latt latt

(5)

* + * → * − + ++ −OH O H O O H H (aq) elatt latt
(6)

* − → * − + ++ −O O H O O H (aq) elatt latt
(7)

* − +

→ * + * + + ++ −

O O 2H O(l)

H O O H O (g) H (aq) e

latt
2

2
latt

2 (8)

The “hydroperoxide” path

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

* → * + ++ −2OH OOH H (aq) e (10)

* + → * + + ++ −OOH 2H O(l) 2H O O (g) H (aq) e2 2 2
(11)

* → * + * + ++ −2H O OH H O H (aq) e2 2 (12)

The “electrochemical metal peroxide” path

* → * + ++ −H O OH H (aq) e2 (13)

* → * + ++ −OH O H (aq) e (14)

* + → * + ++ −O H O(l) OOH H (aq) e2 (15)

* + → * + + ++ −OOH H O(l) H O O (g) H (aq) e2 2 2
(16)

In the equations, the Olatt indicates the lattice O, defined as
the O atom bond with at least two Ni ions, for example,, Obr

and O3c in Figure 1. All mechanisms comprise four successive
proton-coupled electron transfer (PCET) steps. By following
the above mechanisms, we have explored the lowest energy
pathways on the (defected) NiOOH catalyst. For each
intermediate state, we have considered several possible
configurations to ensure that the most stable configuration is
identified.
3.3. OER on the Pristine γ-NiOOH. The lowest energy

pathway on pristine γ-NiOOH follows the “lattice peroxide”
mechanism. The reaction network for OER on the pristine γ-
NiOOH is shown in Figure 3. The key reacting species (i.e.,
proton and *ObrO) that will be released from the surface in the
subsequent step are highlighted using green and yellow cycles.
The formula of the elementary steps, as well as the
corresponding free energy changes, is listed in Table 1. The
elementary steps involving electrons (e−) indicate that this step
is an electrochemical step, in which the free energy change
depends on the electrode potential.
At the initial state (state 1, Figure 3), the γ-NiOOH surface

is covered by 1/4 ML *OH, where Ni5c at the δ site is covered
by OH and other three Ni5c ions are covered by three H2O
molecules in each unit cell. Because the OS of Ni ions may
vary among Ni(II), Ni(III), and Ni(VI) in oxides, it is
intriguing for us first to investigate the OS of Ni5c ions. To this
end, we take a close look at the onsite spins of these Ni5c ions
in state 1, which can represent their OS. Our results show that
Niα and Niγ have magnetic moments of 1.59 μB and 1.44 μB,
while Niβ and Niδ have lower magnetic moments of 1.11 μB

and 0.10 μB, respectively. From the electronic configuration of
Ni(2+n)+, that is, t2g

6 eg
2−n in the octahedral ligand field, Ni(IV)

has zero net spin, and only the OS within Ni(II) to Ni(III) are
spin-polarized with a net magnetic moment.37 (cf. 1.22 μB for
Ni(III) in bulk β-NiOOH and 1.77 μB for Ni(II) in bulk β-
Ni(OH)2 by PBE + U). With the onsite spins, we can derive
that the OS of Niα and Niγ are between Ni(II) and Ni(III)
states [denoted as Ni(II/III)], while Niβ is Ni(III) and Niδ is
Ni(IV). In agreement with the OS difference, we noticed that
Niβ exhibits a Jahn−Teller effect with the axial Ni−O bond
lengthened to 2.06 Å, longer than the four equatorial Ni−O
bonds (1.90 Å).
In the first PCET step, a proton of the adsorbed *H2O

molecule atop the reactive Niβ ion is released into the solution
(see 1 → 2), leading to an *OH (*OtH). This step is
exothermic by 0.70 eV.
In the second PCET step, the *OtH reacts with an adjacent

bridging OH (*ObrH), which generates an *ObrOH by
releasing the proton of ObrH to the solution (see 2 → 3).
This step is endothermic by 0.43 eV. *ObrOH in state 3
belongs to O2

2− peroxide in the lattice, as seen from a bond
distance of 1.45 Å (a typical bond length for peroxide) and the
zero magnetic moment. This reaction involves two elementary
steps. First, the *OtH bonds with *ObrH to form an *Obr−O
bond, and meanwhile, the proton of *ObrH passes to the
nearby *O3c. This reaction is exothermic by 0.06 eV (see 2 →
2A), with a reaction barrier of 0.37 eV (see 2 → TS). Second,
the proton of *O3cH is removed from the surface (see 2A →
3), which is endothermic by 0.49 eV.
In the third PCET step, the proton of the *ObrOH is

released into the solution (see 3→ 4). The generated *ObrO is
superoxide, evident from a O−O distance of 1.32 Å and a
magnetic moment of ∼1 μB. This step is exothermic by 0.60
eV.

Figure 3. Reaction network for OER on pristine γ-NiOOH (011̅2).
The solid path denotes the mechanism of OER, where state 1 is the
initial state. The end-on dashed path indicates this pathway is blocked
because of the high free energy cost. The small green or yellow cycles
highlight the proton or O2 that would be released from the surface in
the subsequent step. The translucent atoms belong to the adjacent
NiOOH layer. The energy beside each arrow represents the
corresponding free energy change by PBE + U. The bold free energy
change indicates that this step is rate-determining. The local
environment of the reactive Ni5c site is highlighted in the center of
the figure. Indigo balls: Ni; red balls: O; white balls: H.
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Finally, in the fourth PCET step, *ObrO desorbs from the
lattice site and the surface recovers initial state 1 (see 4 → 1).
This reaction is exothermic by 0.53 eV and consists of two
elementary steps. First, *ObrO desorbs from the lattice to
generate an O2 molecule. At the same time, a H2O molecule
dissociates on the lattice site previously occupied by *ObrO,
producing a new *ObrH and an *O3cH (see 4 → 4A). This
step is exothermic by 0.76 eV. Second, the proton of *O3cH is
released into the solution, and another H2O molecule attaches
on top of bare Ni5c to recover initial state 1 (see 4A → 1).
This reaction is endothermic by 0.23 eV. Altogether, our
calculations show that the rate-determining step is the first
PCET step (1→ 2), which requires an overpotential of 0.70 V.
For comparison, we compute the energetic profiles of the

first three elemental steps (i.e., 1 → 2 → 2A → 3) by HSE06
functional, and the results are listed in Table 1. We note that
the free energy difference up to 0.32 eV may exist in a single
elementary step (e.g., 2A → 3) between PBE + U and HSE06
functionals. We have carefully examined the setup of our
calculations, and confirm that this difference is indeed caused
by the different functionals we used. HSE06 functional results
yield the rate-determining step at 2A → 3, with a higher
overpotential of 0.81 V. The experimental overpotential of
NiOOH being around 0.5−0.6 V8 suggests that the over-
potential obtained from PBE + U is in better agreement with
the experiment than HSE06.
3.4. Location of Ni Vacancy. Before we investigate the

OER on the defective γ-NiOOH surface, we need to determine
the location of Ni vacancy. It is known that under neutral pH
conditions, NiOOH is not stable thermodynamically: the Ni
cation of the oxide can dissolve as Ni2+(aq) leaving from the
surface.46 The possible reactions for treating the surface Ni
dissolution equilibrium can be described as eqs 17−20

* + + → *□‐ ++ − +(oxide) 3H (aq) e 3H(oxide) Ni (aq)2

(17)

* + → *□‐ ++ +(oxide) 2H (aq) 2H(oxide) Ni (aq)2

(18)

* + → *□‐ + ++ + −(oxide) H (aq) H(oxide) Ni (aq) e2

(19)

* → *□ + ++ −(oxide) (oxide) Ni (aq) 2e2
(20)

where *(oxide) represents the pristine γ-NiOOH surface and
*□ represents the cationic vacancy. In the reactions (17−19),
protons in the solution adsorb [3H+(aq), 2H+(aq), and
1H+(aq)] on the dangling O species around the vacancy to
stabilize the remaining γ-NiOOH slab. In our simulation, we
have considered all the possible surface compositions with and
without Ni vacancy, including 1 ML *H2O, 1/4 ML *OH (on
the pristine γ-NiOOH surface), *□-3H, *□-2H, *□-H, and
*□ (on the defective γ-NiOOH surface). For instance, Figure
4 shows the thermodynamics phase diagram for a surface Ni

vacancy. The result shows that the *□-3H surface phase is the
most stable under OER conditions (<1.65 V vs RHE),
indicating that the dangling O atoms (after Ni dissolution) are
unstable at the potentials and can capture protons from the
electrolyte. The same conclusion can also be derived for
subsurface Ni vacancies. As a result, eq 17, an overall reduction
reaction, occurs at the OER condition. The formation free
energy of the Ni vacancy (ΔGvac) is then defined as

μ

μ μ

Δ = [ ] + *□‐ − *

− [ ] − [ ]

+

+ −

G G GNi (aq) ( 3H) ( )

3 H (aq) e
vac

2

(21)

Table 1. Free Energy Changes (ΔG, in eV) of Each Elementary Step by PBE + U and HSE06 Functionals

elementary step ΔGPBE+U (ΔGHSE06) ΔEPBE+U
b

Pristine
1 → 2: *H2O → *OtH + H+(aq) + e− 0.70(0.65)a 2.30
2 → 2A: *OHt + *ObrH + *O3c → *ObrOH + *O3cH −0.06(0.16) −0.13
2 → TS: *OHt + *ObrH + *O3c → TS 0.37(0.18) 0.37
2A → 3: *O3cH → *O3c + H+(aq) + e− 0.49(0.81) 2.07
3 → 4: *ObrOH → *ObrO + H+(aq) + e− −0.60 1.09
4 → 4A: *ObrO + H2O(l) + *O3c → O2(g) + *ObrH + *O3cH −0.76 −1.58
4A → 1: *O3cH + H2O(l) → *H2O + *O3c + H+(aq) + e− 0.23 1.83

w. vac.
1 → 2: *H2O

t + *OH → *OtH + *OH + H+(aq) + e− 0.40(0.43) 2.00
2 → 2A: *OtH + *OH + *Obr → *OOH + *ObrH −0.20(−0.20) 0.23
2 → TS: *OtH + *OH + *Obr → TS 0.54(0.25) 0.54
2A → 3: *ObrH → *Obr + H+(aq) + e− 0.28(0.00) 1.86
3 → 4: *OOH → *OO + H+(aq) + e− −0.42 1.18
4 → 4A: *OO + 2H2O → O2(g) + *2H2O 0.04 −0.78
4A → 1: *2H2O → *H2O

t + *OH + H+(aq) + e− −0.11 1.49
aThe bold free energy change indicates this step is rate-determining. bΔE is the total energy change directly from DFT calculations at U = 0 V.

Figure 4. Phase diagram of 1/4 ML *OH (black line), 1 ML *H2O
(blue line) on the pristine γ-NiOOH surface, and *□-3H (red line),
*□-2H (purple line), *□-H (yellow line), and *□ (green line) on the
defective γ-NiOOH surface with a surface Ni vacancy at pH = 7.
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To estimate ΔGvac, we set pH = 7 and U = 1.32 V relative to
SHE (corresponding to an overpotential of 0.5 V at pH = 7).
To simplify the ΔGvac computation, we have recoursed to

the standard half-electrode potential E°(Ni(s)/Ni2+) and
standard molar Gibbs energy of formation ΔfG°(Ni(OH)2(s))
for computing the electrochemical potential of Ni2+(aq) in
solution μ[Ni2+(aq)] (which requires a statistical sampling for
the ion in solution and thus is computationally extensive). The
detailed description of this approach can be found in the
Supporting Information. We set the concentration of Ni2+

(c[Ni2+]) as 1 × 10−6 mol/L, a moderate concentration for a
hydrated cation in solution.46 The energetics of Ni(OH)2
oxide (Brucite structure, P3̅m1) is computed from PBE + U
straightforwardly.46

Using eq 21, we investigate all the likely Ni cationic
vacancies on the γ-NiOOH surface and subsurface, that is, the
positions at the first, second, and third Ni layers in Figure 1.
The favorable location for Ni vacancy is identified by
comparing the ΔGvac. On the surface, our results show that
ΔGvac at the Ni(II/III) site (i.e., Niα/Niγ) is 0.09 eV, while
ΔGvac at the Ni(III) site (i.e., Niβ) is 0.23 eV. As to the
subsurface sites, ΔGvac at the second and third Ni layers are
larger than 0.80 eV. Therefore, at the ambient condition, the
formation of Ni vacancies occurs mostly at the surface Ni(II/
III) sites. From thermodynamics, we can estimate that around
4.3% of surface Ni sites are dissolved into the solution.
3.5. OER on the Defective γ-NiOOH. In this section, we

evaluate the OER activity on γ-NiOOH with a surface Ni(II/
III) vacancy at the site α (see Figure 1b), the most stable
configuration for Ni vacancy. On the defective surface, there
are three possible reactive sites for OER, namely, Niβ, Niγ, and
Niδ (see Figure 1b). Both Niβ and Niδ are the analogous four-
coordinated Ni (Ni4c) site that bonds with four lattice O
(lattice O is defined as that bonds with at least two Ni ions)
and an equatorial terminal *OH; Niγ is a Ni5c site. In the
presence of Ni vacancy, the onsite spins on Niβ/Niδ and Niγ

are 0.98 μB and 1.05 μB, respectively. We can, therefore, assign
the formal OS of Niβ, Niγ, and Niδ as Ni(III).
We have searched the lowest energy pathway for OER on

Niβ/Niδ and Niγ. The Niβ/Niδ is often regarded as molecule-
like site, due to the structural similarity to homogeneous
Ni2+(aq) ions. Our results show that the Niβ/Niδ site is more
active than Niγ. In the following, we will focus on the OER on
Niβ. The lowest energy pathway on Niβ follows the
“hydroperoxide” mechanism, and the reaction network is
shown in Figure 5.
In initial state 1, three H2O molecules adsorb atop the Niβ,

Niγ, and Niδ sites, respectively. The OER begins with a PCET
step of *H2O atop Niβ (*H2O

t), leading to an *OH standing
on Niβ (*OtH, see 1 → 2). This step is endothermic by 0.40
eV.
In the second PCET step, *OtH reacts with the equatorial

*OH to generate an *OOH (see 2 → 3). This step is
endothermic by 0.08 eV. The generated *OOH is peroxide, as
seen from the bond length (1.44 Å) and zero magnetic
moment. This step comprises two elementary steps: first, the
*OtH bonds with the equatorial *OH to form a hydroperoxide
*OOH by passing the proton of *OH to a lattice *Obr. This
step is exothermic by 0.20 eV (see 2 → 2A), with a reaction
barrier of 0.54 eV (see 2 → TS). Subsequently, the proton of
*ObrH is released into the solution (see 2A → 3), which is
endothermic by 0.28 eV.

In the third PCET step, the proton of *OOH removes from
the surface (see 3 → 4), leaving an *OO on Niβ. The O−O
bond length is 1.26 Å and the magnetic moment on *OO is 1.3
μB. This step is exothermic by 0.42 eV. In the fourth PCET
step, an O2 molecule desorbs from the surface, and initial state
1 is recovered (see 4 → 1). This step is exothermic by 0.07 eV
and comprises two elementary steps: first, an O2 molecule
desorbs from the surface, and two H2O molecules adsorb on
the Niβ site. This step is endothermic by 0.04 eV. Second, the
proton of the equatorial *H2O releases into the solution, with a
free energy change of −0.11 eV.
Overall, the first proton releasing step (step 1 → 2) is the

rate-determining step on the defective γ-NiOOH surface,
requiring an overpotential of 0.40 V. By comparing the OER
energetic profiles between the defective and pristine γ-
NiOOH, we show that the presence of Ni vacancy reduces
the overpotential by 0.30 V (also see Table 1). Therefore, the
surface Ni vacancy can promote OER on γ-NiOOH.
To ensure our conclusion, we use the hybrid HSE06

functional to recalculate the energetics of the first three
elemental steps on the defective γ-NiOOH, and the results are
listed in Table 1. The rate-determining step determined by the
HSE06 functional is step 1 → 2, consistent with the result
from PBE + U. Furthermore, HSE06 predicts that the
overpotential decreases from 0.81 to 0.43 V after introducing
a surface Ni vacancy, which is also in agreement with the trend
in PBE + U. Both PBE + U and HSE06 functionals thus
demonstrate that the presence of Ni vacancy can improve the
OER activity of γ-NiOOH.

Figure 5. Reaction network for OER on the defective γ-NiOOH. The
solid path denotes the mechanism of OER on the defective γ-
NiOOH, where state 1 is the initial state. The end-on dashed path
indicates that this pathway is blocked because of the high free energy
cost. The small green and yellow cycles highlight the proton or O2
that would release from the surface in the subsequent step. The
translucent atoms belong to the adjacent NiOOH layer. The chemical
formula and the energy beside the arrow represent the variation of the
chemical composition and the corresponding free energy change by
PBE + U. The bold free energy change indicates that this step is rate-
determining. The local environment of the reactive Ni4c is highlighted
in the center of the figure. Indigo balls: Ni; red balls: O; and white
balls: H.
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4. DISCUSSIONS

4.1. Influence of the Active Phase of γ-NiOOH or β-
NiOOH on the OER Activity. The X-ray absorption
spectroscopy provides evidence that the as-deposited NiBi
has a β-NiOOH structure, which appears to transform further
to γ-NiOOH in bulk under OER conditions.12,14 However,
whether the surface is a mixed phase with both β-NiOOH and
γ-NiOOH remains unclear.
To clarify the puzzle, in this work, we have investigated the

OER profiles on the β-NiOOH surface using the same
theoretical approach reported above for γ-NiOOH. The results
have been detailed in Figures S5 and S6. Here, we briefly
overview the results. On the pristine β-NiOOH surface, the
active site is Ni5c, and OER proceeds via the “lattice peroxide”
mechanism. The rate-determining step is the second PCET of
*OtH + *ObrH→ *ObrOH + H+(aq) + e−, with overpotentials
of 0.63 V (with PBE + U) and 0.93 (with HSE06). While for
the defective β-NiOOH (with surface Ni vacancy), the active
site is Ni4c, and the reaction occurs via the “hydroperoxide”
mechanism. The rate-determining step is the first PCET of
*H2O

t + *OH → *OtH + *OH + H+(aq) + e−, with
overpotentials of 0.30 V (with PBE + U) and 0.61 (with
HSE06). Therefore, the presence of Ni vacancy on the β-
NiOOH surface also benefits the OER activity.
Because β-NiOOH and γ-NiOOH results are similar, it is

wondering why the activities on both phases are comparable.
We show that both β-NiOOH and γ-NiOOH phases share a
similar layered structure comprising NiO2 sheets. The major
structural difference between the two phases is the intercalated
species that modulate the OS of Ni: In the β-NiOOH phase,
the NiO2 layers are intercalated with proton, while in the γ-
NiOOH phase, NiO2 layers are intercalated with protons,
water molecules, and alkali cations. In our study, we always first
consider the thermodynamics phase diagram for the surface. It
turns out that at U = 1.23 V, β-NiOOH will be covered by 1
ML *H2O (see Figure S4), while γ-NiOOH is covered by 1/4
ML *OH. The electronic structures show that on the β-
NiOOH surface, Niα, Niβ, and Niγ have the magnetic moments
of 1.62, 1.09, and 1.62 μB, which are quite similar to their
counterparts, that is, 1.59, 1.11, and 1.44 μB, on γ-NiOOH.
Therefore, we conclude that the difference in bulk between β-
and γ-phases diminishes to the surface under the OER
condition (i.e., above 1.23 V vs RHE), where the dynamics
of adsorbed surface species bring to the similar OS of the
exposed surface sites. This result, in fact, indicates that the
surface states of the β-phase convert to those of γ-phases early,
while the full conversion of the bulk phase to γ-phases should
be much slower because of kinetics.
Based on the above calculations, we can conclude that: (i)

the local structure of surface Ni ions is critical for OER. The
active phase on the surface should be Ni4c; (ii) for the
investigation of an electrochemical process, it is critical to
explore the thermodynamics phase diagram of the surface,
which largely determines the local structure.
4.2. Origin of the Self-Healing Enhanced OER

Activity. At this point, we have shown that the presence of
surface cationic vacancy can promote the OER activity of both
NiOOH phases, it is natural to wonder why. To clarify the
origin of the different energetic profiles between the pristine
and defective γ-NiOOH, we plot the total and projected
density of states (TDOS and PDOS) of both surfaces in Figure
6. The TDOS shows that both pristine and defective γ-

NiOOH have similar profiles. In particular, both surfaces have
no band gap in the majority spin and a wide band gap (∼2 eV)
in the minority spin. Besides, the PDOS of the reactive Niβ

shows that the distributions of the states are comparable on
both surfaces. For instance, the band centers of the unoccupied
states on the pristine γ-NiOOH are 2.2 eV (in majority spin)
and 3.6 eV (in minority spin) relative to the Fermi level, while
they are 2.3 and 3.5 eV on the defective γ-NiOOH. Therefore,
the reactive Niβ sites on both surfaces share similar electronic
structures.
By ruling out the contribution from the electronic structures,

we believe that the enhanced OER activity on the defective γ-
NiOOH can be traced back to the local geometry of the
reactive Niβ sites. Specifically, on the pristine γ-NiOOH, the
reactive Niβ site bonds with five lattice O atoms (Ni5c), and
can only bond with one terminal oxo species (see *OtH state
in Figure 3). While on the defective γ-NiOOH, the reactive Niβ

site coordinates with four lattice O atoms (Ni4c) and thus is
able to adsorb two terminal oxo species (see *OtH + *OH
state in Figure 5). The different structural flexibilities between
Ni5c and Ni4c may be the key to the different OER activities
between pristine and defective γ-NiOOH.
In fact, the high activity of Ni4c revealed from theory should

be the direct cause for the experimental finding that NiOx
nanoparticles with smaller sizes exhibit higher OER activity
than the bulk counterpart.47 We note that the average particle
size of active NiOOH in the NiBi system is small, around 2 to
3 nm.13,14,48,49 In contrast, the inactive NiOOH synthesized via
a chemical approach (e.g., mixing Ni(NO3)2·6H2O and KOH)
has a larger particle size (>10 nm).5

We can now analyze the Ni4c concentrations for γ-NiOOH
particles from thermodynamics. Figure 7 illustrates the
population of Ni4c (Npopu) against the particle size (D, where

π= ×D V2 3 /43 and V is the volume of the NiOOH
nanoparticle) grows from 1 to 10 nm. Npopu is evaluated by eq
22

=N N N/popu 4c tot (22)

Figure 6. Electronic structures of γ-NiOOH surfaces (in state 1) by
using the HSE06 functional. (a) Pristine γ-NiOOH and (b) defective
γ-NiOOH. Blue lines: total density of states (DOS); orange lines:
projected DOS of the reactive Niβ site. In each panel, the DOS of
both majority (up) and minority spins (down) are displayed. The
magnitude of PDOS is amplified by 5 fold. The dashed line represents
the Fermi level.
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where N4c represents the number of Ni4c sites; Ntot the total
number of Ni atoms. The inset in Figure 7 is the Wulff shape
of γ-NiOOH, which consists of {0001} and {011̅2}. The
surface energies to construct the Wulff shape are listed in the
Supporting Information. To calculate the surface energies of γ-
NiOOH, we need to evaluate the surface area of a crystal plane
correctly, which requires a crystal structure with right interlayer
spacing. To this end, here we use a γ-NiOOH crystal structure
which NiO2 layers intercalated with Na+ ions and H2O (see
Supporting Information for details) rather than the deproto-
nating β-NiOOH. This model has an interlayer spacing close
to the experimental data (∼7 Å).1−6 The Ni4c sites can arise
from two sources: (i) the edges between two {011̅2} surfaces
(see the orange edge of the Wulff shape in Figure 7); (ii) the
Ni vacancies on the {011̅2} surfaces. We can estimate N4c by
eq 23.

ρ ρ= × + × ×
−Δ

+ −Δ
N L S

G k T
G k T

2
exp( / )

1 exp( / )4c L S
vac B

vac B
(23)

L is the length of edges between {011̅2}; ρL is the density of Ni
at the edge; S is the surface area of {011̅2}; ρS is the density of

Ni on {011̅2}; −Δ
+ −Δ

G k T
G k T

exp( / )
1 exp( / )

vac B

vac B
is the equilibrium concen-

tration of Ni vacancy on {011̅2}. The factor 2 indicates that
one Ni vacancy can produce two Ni4c sites.
Figure 7 shows that as the particle size D grows, Npopu

contributed from Ni vacancy becomes increasingly significant
compared with the Npopu contributed from the edges (denoted
as Npopu from Ni vacancy and Npopu from edge). This result can
be understood by the slower decay of the specific surface area
(in the order of D−1) than the specific length of edges (in the
order of D−2). In particular, at 2 nm, the overall Npopu is around
0.44, and Npopu from Ni vacancy surpasses that from the edges.
As the size increases to 10 nm, Npopu diminishes to below 0.06.
Because the particle size in experiments is larger than 2 nm, the
major source of Ni4c should thus be the surface Ni vacancy on
the γ-NiOOH particle. Overall, the relatively small γ-NiOOH
particles expose a large specific surface area, which can provide
a significant number of Ni vacancies on the surface at neutral

pH conditions and benefit OER. As the particle size grows, the
population of Ni4c becomes deficient, which thus quenches the
OER activity.
Based on the above analysis, we can finally understand the

self-healing enhanced OER activity observed in experiments as
follows. In the OER, the four-electron oxidation of water to
oxygen is accompanied by the release of four protons. In near-
neutral conditions, the NiOOH reacts with the released
protons (acid), which leads to corrosion by the leaching of Ni
ions and dissolution of the oxide. In the self-healing NiBi, the
dissolved Ni2+(aq) can redeposit onto the NiOOH surface
with the assistance of borate. The equilibrium between
dissolution and redeposition of Ni ions in NiBi limits the
size of γ-NiOOH to 2−3 nm. The ultra-small γ-NiOOH
nanoparticles contain ample Ni4c sites, which may act as the
truly active catalyst for OER. Therefore, we can conclude that
the ultra-small particle size in NiBi may be the cause of self-
healing enhanced OER activity.
Finally, we would like to comment on why the conventional

NiOOH, that is, operated under strong alkaline conditions
such as 0.1 M KOH, has low activity, as observed in the
experiment.1 From our results, the concentration of Ni
vacancies is extremely low at pH ≈ 14 and U = 1.73 V versus
RHE: only ∼10−14 Ni cations on the surface may dissolve.
Obviously, with this thermodynamics data, even nm-sized
nanoparticles cannot produce enough surface vacancies. For
OER on NiOOH under alkaline conditions, the activity should,
therefore, be mainly attributed to the common surface sites
without Ni cation vacancies nearby.

5. CONCLUSIONS
This work represents a comprehensive survey of the influence
of cationic vacancy on the OER activity at γ-NiOOH, which
can be in-situ formed during the self-healing process of NiBi at
appropriate pH values. The enhanced activity can be attributed
by the factor at near-neutral pH conditions, the surface of
oxides is not stable thermodynamically, and a fraction (4%) of
surface cations dissolve into the electrolyte. This process
produces surface Ni vacancies dynamically that promote OER
on the nearby four-coordinated Ni sites.
Our main results are outlined in the following:

(i) From thermodynamics, the surface Ni cations on γ-
NiOOH can be dissolved below the near-neutral pH,
while the dissolution of subsurface Ni ions is
thermodynamically inhibited.

(ii) On the pristine γ-NiOOH surface, the OER proceeds via
the “lattice peroxide” mechanism, that is, *H2O → *OH
→ *ObrOH → *ObrO → O2, while on the defective γ-
NiOOH surface, the OER proceeds via the “hydro-
peroxide” mechanism, that is, *OH + *H2O → *2OH
→ *OOH → O2

(iii) On the pristine γ-NiOOH surface, the active site is the
five-coordinated Ni. The rate-determining step is the
first PCET of *H2O → *OtH + H+(aq) + e−, with an
overpotential of 0.70 V.

(iv) On the defective γ-NiOOH, the OER occurs on a four-
coordinated Ni neighboring the cationic vacancy. The
rate-determining step is the first PCET of *H2O

t →
*OtH + H+(aq) + e−. The OER overpotential is reduced
substantially to 0.40 V compared with the pristine γ-
NiOOH (i.e., 0.70 eV). Such an overpotential drop is

Figure 7. Population of Ni4c vs γ-NiOOH particle size D. The black
line is the overall population of Ni4c (Npopu). The red line represents
the Npopu contributed from the surface Ni vacancies (Npopu from Ni
vacancy); the blue line the Npopu contributed from the edges (Npopu
from edge). The inset is the Wulff shape of γ-NiOOH. The top
surface with yellow color is (0001), and those with the (deep/light)
blue color are {011̅2}. The red cycles are the surface Ni vacancies on
{011̅2}. D defines the size of the γ-NiOOH particle.
( π= ×D V2 3 /43 , where V is the volume of the NiOOH
nanoparticle).
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attributed to the molecule-like geometry of the reactive
Ni site, featuring the four-coordinated environment.
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