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ABSTRACT: NiOOH is one of the most promising catalysts for electrooxidation of water
and organic molecules. Accompanying the long experimental practice to optimize the
catalyst, atomic simulations, mainly based on density functional theory (DFT) calculations,
have been performed in recent years to reveal the atomic structure of NiOOH and the
reaction mechanism in catalysis. Due to both the structural complexity and the difficulty in
computing the electronic structure, there are great concerns over the accuracy of first-
principles methods and the validity of the structure models. This Perspective serves to
overview the current status of atomic simulation on the structure and catalysis of NiOOH.
We first present NIOOH phases and structures obtained by the latest global optimization
methods in combination with machine learning potentials. The electronic structures of
NiOOH are then described by comparing the performance of different theoretical levels, in
particular, those based on PBE+U and hybrid functionals in DFT calculations. Finally, taking

the oxygen evolution reaction of water splitting as the example, we elaborate the catalytic
mechanism on pure, defective, and Fe-doped NiOOH surfaces and provide insights into the exceptional activity of the doped system.
The further directions for theoretical investigations on NiOOH are also discussed.

1. HISTORY ON NIOOH RESEARCH

NiOOH is a promising anode material for a series of important
electrocatalytic oxidation reactions in the energy and catalysis
sciences, such as the oxygen evolution reaction (OER),I’2
alcohol oxidation,® and the urea oxidation reaction (UOR).**
For the OER, the key reaction in water splitting, the
development of robust and efficient catalysts is a major
challenge and NiOOH-based catalyst is shown to catalyze the
OER at pH 14 with a high efficiency (10 mA/cm® at 0.3 V
overpotential*®). The catalyst, however, still has a high
overpotential and a poor long-term stability. To further
optimize the catalyst, the in-depth mechanistic insight into
the reactions on NiOOH is essential, which is, however,
limited by the poor knowledge on the bulk phases and surface
structures of NiOOH. Due to the complexity of electro-
chemical environment, the quality of experimental evidence,
such as the X-ray diffraction patterns,” is generally low in
resolution. The theory for the structure—activity relationship of
NiOOH is thus not established yet.

Since the publication of the first patents by Jiigner (Ni/
Cd)*’ and Edison (Ni/Fe)'® in 1901, the NiOOH material
was long used in alkaline batteries,"' ™** which is generated
from the brucite Ni(OH), during charging (anode conditions).
As shown by Bode’s diagram in Scheme 1,'* the S-NiOOH
phase is formed during charging, followed by y-NiOOH under
the overcharging conditions. It is generally agreed that both -
and y-NiOOH are layered structures comprising NiO,
sheets."” The difference between the two phases comes from
the Ni oxidation state and the intercalated species, where the
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Scheme 1. Bode’s Diagram for Ni(OH),—NiOOH Redox
Transformations (Reprinted from Ref 16. Copyright 2014
American Chemical Society)
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number and the position of H atoms (protons) in both phases
are not resolved. For f-NiOOH, only protons are present in
the interlayer space, while the interlayer space of y-NiOOH is
occupied by the protons, water molecules, and alkali metal
cations. Based on a series of charging and discharging
experiments on various forms of Ni(OH),, Barnard et al.
concluded that the Ni oxidation state (OS) is 2.7—3.0 for f-
NiOOH and 3.3—3.67 for y-NiOOH,'" which are not exactly
+3, as indicated by the chemical formula.

From 1980s the research interests on NiOOH were renewed
since it can exhibit good catalytic activity in electrochemical
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oxidation reactions once the material is doped by the
transitional metal, such as Fe,"* Co,'”'® Mn,” Cr,*® and
Al*' Among them, iron is perhaps the most investigated as the
Fe impurities in nickel oxide electrodes were long known to
facilitate the OER,”>*° a side reaction during the battery
charging process. Recently, Bell et al. measured an over-
potential of 0.529 V at 10 mA/cm? in the OER for a rigorously
purified NiOOH, which, however, increases to 0.605 V after 3
days.” When using unpurified KOH solution containing trace
amounts of Fe (<0.66 ppm Fe), the overpotential decreases to
0.280—0.287 V at 10 mA/cm? and the NiOOH catalyst is
found to contain more than 10% Fe near the surface after a
five-day immersion.” In another study by Bell et al, the
intentional Fe doping with 20—40 at. % Fe in NiOOH shows
an overpotential of 0.275—0.300 V at 10 mA/cm>° To date,
Fe-doped NiOOH>**® appears to be the most promising
anode materials for the OER under alkaline conditions.

This Perspective provides a retrospective of the recent
theoretical advances on NiOOH, focusing on the structure and
the catalytic mechanism. Specifically, in section 2 we first
briefly introduce the typical computational methods used to
compute NiOOH. In section 3 we discuss the crystal structures
and the electronic structures of NiOOH. In section 4, we
elaborate the OER mechanism on pure, defective, and doped
NiOOH surfaces. In section 5, we discuss the future directions
for the atomic simulation of NiOOH.

2. METHODS ON NIOOH

2.1. Density Functional Theory Calculation Method.
Density functional theory (DFT) is the most widely used
quantum mechanics method to determine the ground state
total energy of system with the given atomic coordinates.””**
DFT expresses the total energy as a functional of the electronic

density p(r) by

Elp(r)] = Tlp(r)] + Jlp(r)] + Viulp(1)] + E.[p(r)]

(1)
where T is the kinetic energy of ideal noninteracting electrons,
] is the electron—electron Coulomb repulsion energy terms,
Ve is the potential energy of the nucleus—electron interaction,
and E,_ is the exchange—correlation energy that describes all
nonclassical corrections to the electron—electron interactions.
The first three terms have an explicit mathematical formula
while the last term lumps all of the most difficult many-body
interaction terms and has no determined exact functional
forms. Since the functional form has a huge impact on
chemical reactivity prediction, considerable research efforts
have been devoted in the past 40 years to improve the existing
functionals and search for the exact functional form. In the
field of heterogeneous catalysis, the most popular one is at the
generalized-gradient-approximation (GGA) level in the form of
Perdew—Burke—Ernzerhof (PBE)*® functional.

NiOOH as a 3d metal oxide is a strongly correlated material
and thus cannot be properly described by a standard DFT
functional such as PBE. Most obviously, the standard DFT
functionals tend to severelgr underestimate the band gap due to
the delocalization error.® To overcome this drawback, the
post-GGA functionals, e.g,, PBE+U,*' PBEO,** and HSE06,*
have been developed. The computational cost of the PBE+U
functional is comparable to the standard PBE functional, while
PBEO and HSEO06 are hybrid functionals that have the
computational cost significantly higher (e.g, 100 folds) than
PBE+U.

For the PBE+U scheme as proposed by Dudarev et al,** an
effective parameter, the Hubbard term, Ug = U — ], is
introduced to the electron—electron interaction potential of
Hamiltonian. The U, of Ni in NiOOH is in the range of 4.5—
6.5 eV according to the linear response theory or via the fitting
to experimental thermodynamic data.*® As for the hybrid PBEO
and HSEO06 functionals, a predefined amount of exact
Hartree—Fock (HF) exchange is mixed with the PBE
exchange. For PBEO as an example, the exchange—correlation
energy is given by

BP0 = GBHF 4 (1 — )BT 4 P )
where EXF is the exact exchange, E;"* is the PBE exchange, and
EFPE is the PBE correlation. For HSE06, a screened Coulomb
potential is applied to the exchange interaction in order to
screen the long-range part of the exact exchange. A mixing
coeflicient & = 1/4 is determined for both PBEO and HSE06 by
perturbation theory.*”

Recently, HSE06 with 15% exact exchange has also been
used in modeling OER mechanisms on Fe-doped S-NiOOH.
The parameter is taken directly from that used in iron oxides,
which is shown to have the good performance for the
energetics and electronic structures of iron oxides.*® It is still
not clear whether the choice of 15% exact exchange is also
appropriate for pure f-NiOOH.”

2.2. Solvation Models. There are three common
approaches in the literature to account for the solvent effect
for electrochemistry systems. The first approach is relatively
simple, i.e., adding preconfigured 1—2 monolayer explicit water
molecules on the NiOOH surfaces and not applying
continuum solvation. Typically, only limited configurations of
water molecules will be taken into account in exploring the
possible pathways. This model may better capture the solvent
effect of the first/second shell water molecules but completely
omit the long-range electrostatic interaction in solution. While
the error due to the missing of important configurations is the
major concern in computation, these methods can produce
definite total energy and the conventional reaction pathway
search methods can be applied for finding intermediate states.

The second one is the continuum solvation model based on
the modified Poisson—Boltzmann equation.*™*" The con-
tinuum solvation can describe the long-range polarization in
solution, and in practice, a few explicit water layers may also be
added in the framework to describe the short-range strong
polarization due to solvation.

The third method is the explicit solvation model by adding a
number of water layers on the surface with the realistic density.
Long-time molecular dynamics (MD) simulation is generally
involved to equilibrate the system for finding the free energy
minimum. Obviously, this method is computationally very
demanding, especially for DFT calculations. As a compromise,
most current studies often carried out a short-time MD
simulation and then selected a few low-energy snapshots as the
structural models that are subject to reaction pathway
calculations. Due to the statistic uncertainty of solvent shell
as sampled from MD trajectories, it is important to verify the
convergence of the final energetics, e.g., by considering more
snapshots.

By including explicit water in the first shell and the
continuum solvation model, Li and Liu show that the free
energy change of the reaction *H,0 — *OH + H'(aq) + e~
on y-NiOOH (0112) is 0.70 eV.** The value increases to 0.77
eV without the continuum solvation model, and if further
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removing the explicit water, it becomes 0.89 eV. This
demonstrates the appreciable magnitude of short-range and
long-range solvation effect, and obviously, an overall
magnitude of ~0.2 eV cannot be neglected. Vandichel et al.
show an even larger effect of solvation: the free energy change
of the reaction *H,0 — *OH + H*(aq) + e~ on Fe-doped y-
NiOOH (0112) is 1.12 eV with the explicit solvation model
and it increases to 1.83 eV without the solvent water
molecules.® The trend of free energy change is consistent
with the different polarization of *OH and *H,O in solution,
where the *OH state on the NiOOH surface, being more
negatively charged, exhibits a stronger polarization than *H,O.

3. CRYSTAL STRUCTURES FOR NIOOH

3.1. Proposed NiOOH Models. NiOOH has two possible
bulk phases, /-NiOOH and y-NiOOH. Both phases are active
for the OER in experiments.“’45 There are, however, few
experimental data available for their crystal structures. The
structure of f-NiOOH can be considered as directly removing
half the protons from S-Ni(OH),."” But recent experimental
evidence shows that some unsettled structures exist in the f-
NiOOH crystal. For instance, Delahaye-Vidal et al. observed
an irreversible microstructural transformation that produces
mosaic textures during the first oxidation cycle from fp-
Ni(OH), to f-NiOOH,*® which is later confirmed by high-
resolution transmission electron microscopy (HRTEM).”
Besides, Casas-Cabanas et al. identified a doubling of the ¢
axis of f-NiOOH relative to f-Ni(OH),.” By fitting the X-ray
and neutron powder diffraction patterns, Casas-Cabanas et al.
proposed a crystal structure that consists of NiO,H sheets with
“ABCA” stacking order.” This structure is, however, not
supported by recent DFT calculations and undergoes
significant structural transformation after geometry relaxa-
tion."”*® Therefore, a precise crystal structure of S-NiOOH
has not been established yet.”*”**

As for y-NiOOH, X-ray diffraction patterns show that all
samples with dissimilar intercalated water and alkali cations
contents have an analogous rhombohedral cell. Specifically, the
lengths of a and b axes are similar, while the lengths of the ¢
axis can be notably different. Thus, the experimental data
suggest that y-NiOOH is a layered structure that consists of
NiO, sheets with “ABBCCA” stacking order," but the content
and configuration of intercalated species for y-NiOOH are still
unclear.

In fact, a number of f-NiOOH crystal structures have been
proposed by different research groups independently. Figure 1
structures a—e summarize the S-NiOOH structural models
used in literatures.””** Apparently, all these models suppose a
chemical formula of NiO,H for f-NiOOH. In structure a, all
protons are on the same side, forming a stoichiometric
NiOOH layer. This structure corresponds to the directly
remove half protons from the original 5-Ni(OH), and will
hereafter be denoted as the native structure. In structure b, the
protons segregate within the interlayer space, forming
alternating Ni(OH), and NiO, layers. This structure is
denoted as the alternate structure.*® In structure c, half of
the intercalated protons evenly distribute on the opposite side
of the NiO, sheet, the uniform structure.***” In structures d,
every second proton is on the opposite side of the NiO, sheet,
the staggered structure,”” while in structure e, protons are also
in the staggered configuration but with a different NiO,
stacking ordering, the staggered-II structure. All the models
except for the staggered-II structure share the same
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Figure 1. NiOOH structures proposed in the literature: (a—e) f-
NiOOH; (f—g) y-NiOOH; (h) tunneled NiOOH. Colors in the
figure: gray balls are Ni; red balls are O; white balls are H; yellow balls
are Na; purple balls are K. Reprinted from refs 47 and 48. Copyright
2018 and 2014 American Chemical Society.

“ABBCCA” stacking sequence for the NiO, sheets, while the
staggered-II structure has a “ABB'CC’A” stacking order
stacking where B’ is shifted by 1/2a along the crystal axis a
with respect to B.

By using DFT calculations with PBE+U functional and U,
= 5.5 eV, Carter et al. show that the staggered structure is the
most stable one, and the energies of the alternate and uniform
structures are slightly higher (~0.02 eV/f.u.).”’” The native and
staggered-II structures are least stable, being 0.10 and 0.15 eV/
fu. higher than the staggered structure, respectively.

As for y-NiOOH, its structure is even more complicated
than the f# phase since it involves flexible water in the interlayer
space. Based on the available experimental data, a crystal
structure y-NiOOH with a chemical formula of M,3;NiO,-
0.67H,0 (M = Na*, K%, etc.) is proposed in the
literature,'>***° as shown in Figure 1f (denoted as (2 X 3)-
2M structure). In this model, two alkali metal cations
intercalate between (2 X 3) NiO, layers, leading to a Ni OS
of +3.66. In the optimized unit cell, the interlayer spacing is
~7.0 A, well consistent with the experimental value of 7 A
More recently, Strasser et al. performed a structural search for
y-NiOOH within a wide chemical formula from NiO,-
0.25H,0 to Kg3;NiO,-1.33H,0 by using MD simulations.>
Their results show that the y-NiOOH structure with four water
molecules and two K' cations intercalated between (2 X 4)
NiO, layers is the most favorable in energy, as shown in Figure
1g. This (2 X 4)-2M structure has a Ni OS of +3.7S and an
interlayer spacing of 7.2 A>? For both (2 x 3)-2M and (2 X
4)-2M models, the oxygen atoms of NiO, sheets follow the
“ABBCCA” stacking sequence.

In addition to the above two models, the deprotonated S-
NiOOH structure were also utilized to represent the y-
NiOOH."*" We denoted this structure as the simplified-f3
structure. In this model, a fraction of protons in -NiOOH are
removed to produce an average Ni OS close to the
experimental value of +3.66. This model however neglects
the role of intercalated species.

https://doi.org/10.1021/acs.jpcc.1c06170
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Besides the layered structure, Li and Selloni reported a series
of metastable tunneled NiOOH structures isostructural with
MnO, polymorphs, which were found by searching the
structure of NiOOH using the genetic algorithm.*® Figure 1h
illustrates the most stable tunneled NiOOH, which has mixed
(2 X 1) and (1 X 1) tunnels with protons inside the channels.
The energy of the structures is only 0.06 eV/fu. (PBE+U)
higher than the staggered structure. They thus predicted that
the tunneled structure might also exist in some reconstructed
regions of S-NiOOH.*® Later, Mai et al. indeed observed a
tunneled NiOOH phase in experiment by using the lithiation-
induced pulverization strategy.”> To summarize, the bulk
structure of NiOOH is still far from being settled, and new
theoretical and experimental techniques are called for to
resolve the atomic structures.

3.2. Phase Diagram of f-NiOOH by SSW-NN. Since
2017 our group developed a machine-learning based global
optimization method, namely, the SSW-NN method as
implemented in the LASP program,”*~>” which can be utilized
to predict the structure of complex materials. This method
utilized the stochastic surface walking (SSW) method to
sample the global potential energy surface, and the data
collected by SSW are utilized to construct the global neural
network (G-NN) potential. By iteratively training the
potential, the G-NN can be finally established. There are
already more than 200 different G-NN in the LASP program
(see webpage www.lasphub.com). More details of the method
can be found in our previous publications.”* >’

By using the Ni—O—H global NN potential, the global
potential energy surface of S-NiOOH at a series of
stoichiometries, NiO,H, (x = 0—2), have been explored by
SSW within the supercell of 12 Ni atoms, i.e., Nij;O5H 150
After further confirming the low-energy structures using DFT
(PBE+U, Uy = 5.5 €V), the free energies of the phases at
different electrochemical potentials are obtained and summar-
ized in Figure 2. Interestingly, a new S-NiOOH structure is
identified, which is 0.02 eV/f.u. lower than the previously most
stable structure, the staggered structure in Figure 1d. This new

a

AG (eV/fu.)
w

<

Figure 2. (a) Convex hull diagram of NiO,H,, at U = 0.90, 1.25, and
1.50 V vs RHE. (b) Global minima of NiO,, NiOOH, s, and NiOOH.
Colors in the figure: red balls are O; gray balls are Ni; white balls are
H. The dashed lines in (b) represent the hydrogen bonds.

S-NiOOH structure has an alternate NiO, and Ni(OH), local
layer structures and both NiO, and Ni(OH), domains are
present within a single NiO, layer. For the other compositions,
NiO,H,, they maintain the layered structure when x > 0.5 and
when x < 0.5, a tunneled structure that has never been
reported in the literature is identified. This new structure
features the peroxo O—O bonding between lattice O atoms
(see NiO, in Figure 2b).

The convex hull diagram for NiOOH phases can then be
computed by using the overall reaction, eq 3.

Ni(OH), — NiOOH, + (2 — x)(H" + ¢7) (3)

As shown in Figure 2, the f-NiOOH is in fact not a convex
point in the diagram, indicating this phase tends to decompose
into -Ni(OH), and tunneled NiO, in thermodynamics. In
particular, above 1.25 V vs reversible hydrogen electrode
(RHE), the typical operating condition for the OER, the
tunneled NiO, turns out to be thermodynamically more stable
than A-NiOOH. It is interesting to further confirm the
existence of this new phase in the future studies, both by
experiment and advanced computational methods.

3.3. Electronic Structures of Bulk NiOOH. Due to the
great uncertainty of the geometrical structure, the electronic
structure of NiOOH is also not concluded. It is known from
experiment that the NiOOH is a semiconductor with a band
gap of 1.7-1.8 eV.”” The X-ray photoelectron spectroscopy
(XPS) results suggest that, apart from Ni** and Ni** ions, there
is Ni** ions in NiOOH.®' There is little information on the
other electronic properties, such as spin ordering.

To reveal the electronic structure of NiOOH, Li and Selloni
calculated the density of states (DOS) for alternate f-NiOOH
by PBE+U, PBEO, and HSEO6 functionals, as shown in Figure
3. The PBE+U functional predicts that both f- and y-
NiOOH are half-metallic with a ferromagnetic (FM)
configuration, where no band gap exists in the majority spin-
up component. This result indicates the DFT+U scheme is
unable to correctly predict the electronic structure of S-
NiOOH. In contrast, the hybrid HSE06 and PBEO functionals
successfully predict band gaps of 1.5 and 2.5 eV. More
recently, Carter et al. report a band gap of 1.96 eV by using a
GoW, calculation on the staggered-II f-NiOOH, confirming
the acceptable accuracy for hybrid functionals (HSE06 and
PBEO) to open the band gap.”

Apart from the band gap, the oxidation state (OS) of Ni is
another important property for NiIOOH. Since the Ni cation is
always in the octahedral coordination and thus the Ni®** jon
has a configuration of tzgéegz_” according to the crystal ligand
field theory, one can derive the Ni OS from the on-site spin by
using charge population analysis. Indeed, previous studies have
shown that Ni** has zero net spin, and only the OS within Ni**
to Ni** are spin-polarized with the net magnetic moment.*>**
Li and Selloni showed that the number and the arrangement of
the intercalated proton and alkali metal cations could influence
the local OS of Ni, giving rise to mixed Ni*’, Ni**, and
Ni+ 4248

By using DFT (PBE+U) calculations, Li and Selloni
investigated the OS of Ni ions in the alternate S-NiOOH.*®
They found that Ni ions are not all Ni** but have three
different spin moments, 0.9, 1.7, and 0 py, with the relative
populations of 2, 1, and 1. The ferromagnetic (FM) spin
ordering is the ground state. This indicates the self-
disproportionation occurs with a half of the Ni** cations
changing to Ni**/Ni*" pairs (see Figure 3d). The calculation

https://doi.org/10.1021/acs.jpcc.1c06170
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Figure 3. Electronic structures of alternate J-NiOOH. (a—c) The
density of states with PBEO, HSE06, and PBE+U with Uy = 5.5 eV.
The dotted lines represent the Fermi level. (d) The OS and bond
lengths of Ni ions. Reprinted from ref 48. Copyright 2014 American
Chemical Society.

result agrees with the XPS observation that Ni** ions exist in
NiOOH,*" which was suggested to originate from the
disproportionation of Ni**.

Toroker et al. carried out an extensive benchmark study for
the bulk geometry, OS, and band gap on the alternate -
NiOOH® by using PBE, PBE+U, DFT-vdW (optPBE,
optB86, and optB88), hybrid functionals (HSE06 and
PBEO), and DFT-D2 (HSE06-D2 and PBE0-D2) functionals.
They show that the PBE+U functional is sufficient to generate
reliable geometry and OS of NiOOH, although it fails to open
the band gap. The benefit of DFT-vdW and DFT-D2 is
marginal with regard to obtaining the accurate geometry.

In summary, the electronic structure of NiOOH is sensitive
to the choice of DFT functionals. The hybrid functionals are

required in order to predict correctly the band structure. For
the structural and redox properties, the low-cost PBE+U
functional can already predict results that are consistent with
experimental data.

3.5. Surfaces of NiOOH. The Miller—Bravais indices have
been utilized to describe the surfaces of f- and y-NiOOH
based on their layered structure of NiO,
sheets, 3>3#304041L4547=49 Tha O atoms of the NiO, sheets
are in the same “ABBCCA” stacking order, and the symmetry
of NiO, lattice is R3m with a C; axis perpendicular to the NiO,
sheet, as shown in Figure 4a,b. The typical surface indices are

AR

o o oy
a=b,y=120",y=120, = f = 90° ©
© B-NiOOH
1213y
(0001)
N\ 0112y |

\ @11y

CM-+water CM

Figure 4. Miller—Bravais indices in a conventional hexagonal lattice.
(a) The sublattice of NiO, sheets with a space group of hexagonal
R3m. (b) Definitions of the surface indices. (c) The Wulf shape of j3-
and y-NiOOH. Red balls are O; gray balls are Ni; white balls are H.
Reprinted from refs 47 and 42. Copyright 2018 and 2020 American
Chemical Society.

summarized in Figure 4b. The (0001) face of NiOOH is the
basal plane, where both Ni and O ions are fully coordinated,
while for other facets, unsaturated Ni and O expose on the
surface.

More generally, the {101N} faces expose five-coordinated Ni
(Ni*), 0%, and O* on the bare surface, while the {121N}
faces expose Ni* and O*. The fourth digit N in the indices
does not change the termination of NiO, sheets, but only alters
the offset of NiO,-sheet edges. Note that two surfaces with the
same facet name means the identical termination of the NiO,
sheet, but they may well be different in the intercalated species,
e.g., H atoms and cations, which will break the 3-fold rotational
symmetry.

We notice that the Miller—Bravais indices used in Carter’s
works®”*7026476¢ are different from those in other liter-
ature.”®'>"" To unify the nomenclature of crystal planes, we
here transform the indices used in Carter’s works to the
conventional ones. The correspondence between the two sets
of indices is listed in the Supporting Information.

3.6. Surface Energies and Morphologies of NiOOH.
Carter et al. have computed the stability of f-NiOOH surfaces
by using the continuum solvation model with explicit water
molecules (CM + water),”” as shown in Table 1. Not
surprisingly, the basal plane (0001) has the lowest surface
energy of 0.192 J/m” where the layer—layer interaction is
dominated by the weak hydrogen bonds, while the other facets
have a notably higher surface energy of 0.445—0.609 J/ m2.
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Table 1. Surface Energies of - and y-NiOOH in Aqueous *20H — *OOH + H'(aq) + e~ (B-3)
Conditions
TP *OO0H + 2H,0(1) — *2H,0 + 0,(g) + H"(aq) + e~
! (B-4)
surface surface CNy surface CNo M CM + water C. The “electrochemical metal peroxide” path:
B-NiOOH (Staggered Structure)

(0001) 6 3 0.192 0.192 *H,0 — *OH + H'(aq) + e~ (c-1)

(1012) S 2,3 0.499 0.445 + B

(T101) s 2,3 0.653 0.508 *OH — *O + H'(aq) + ¢ (C2)

(0111) 5 2,3 0.578 0.449 N N . _

(0112) s 2,3 0.478 0.478 O + H,0(1) > *OOH + H'(aq) + e (C3)

(0115) 5 2,3 0.515 0.515 _

(1123) ) S 0981 0.579 *O0H + H,0(l) —» *H,0 + O,(g) + H*(aq) + e

(1213) 4 2 1.043 0.533 (C-4)

(2113) 4 2 0.987 0.609 D. The “oxide” path:

-NiOOH ((2 X 3)-2M Struct _

(0001) 2 1 « 3 ) e l:)r;)w 2*H,0 — 2*OH + 2H+(aq) + 2e (D-1)

0112 2, 0. _

EOEO; 2 23 Oz;’ 2*OH — *O + *OH + H*(aq) + e (D-2)
“Coordination r;umber of O in the NiO, framework on the bare *Q 4+ *OH — 2*0 + H+(aq) + e (D-3)
surface (CNp). “Data are from refs 47 and 42 for - and y-NiOOH,
respectively. 2%0 - * + 0,(g) (D-4)

* + 2H,0(1) —» 2*H,0 (D-3)
Therefore, the equilibrium S-NiOOH Wulff shape is predicted . - .
to be in the hexagonal platelet morphology dominated by E. The “water nucleophilic attack” path:
(0001) surface, as shown in Figure 4c.*” The (0112) surfaces #0, + H,0(1) > *0,,,—OH + H*(aq) + e~ (E-1)
are the major facet on the sidewalls and the (0112) and (1213)
are also present as minority surfaces.*” *0,,—OH — *0,,—0 + H"(aq) + ¢~ (E2)

As for y-NiOOH, our group recently calculated the surface
energies of three selected low-index faces using the continuum *0—0y = *[1 + 0,(g) (E-3)
solvation model (CM)."> We show that the surface energy of N ~
the basal plane (0001) is 0.277 _]/mz, higher than that of f- *+ HZO(I) - *O, H+ H (aq) +e (E-4)
NiOOH. This is reasonable since the basal planes in y-NiOOH . . N B
are connected by relatively strong dative bonds between the OpeH = *Op + H'(aq) + e (E-5)
intercalated alkali metal ions and the oxygens of NiO, sheets. F. The “lattice oxygen coupling” path:

As a result, the Wulff shape transforms to a distorted hexagonal

prism (see Figure 4c). 2¥Ope = Oy =Oe + 0 (F-1)

4. CATALYSIS Ol =Ohe + *00 = 2*00 + 0,(g) (F-2)
4.1. OER on Pure NiOOH. Now we are in the position to 2#[] + 2H,0 — 2%0,,, + 4H+(aq) + 4e” (F-3)

discuss the OER activities on NiOOH. The activity of NIOOH
has been intensively studied by DFT calculations and
numerous mechanisms have been proposed in the litera-
ture.”3%##%57% These OER mechanisms can be generally
divided into seven pathways, according to the intermediates.
The elementary reactions involved are depicted in the
following.
A. The “lattice peroxide” path:

*HZO + *Olatt - *OH + *Olatt + H+(aq) +e” (A'l)

*OH + *Oy, — *O—Oyy + H'(aq) + &~ (A2)
*0—0p —~ *[0 + 0,(g) (a-3)
*] + H,0(1) - *O,,H + H"(aq) + ¢~ (A-4)
*OpeH = *Opy + H'(aq) + € (A-5)
B. The “hydroperoxide” path:

#2H,0 — *OH + *H,0 + H'(aq) + ¢~ (B-1)
*OH + *H,0 — *20H + H(aq) + ¢~ (B-2)

G. The “bifunctional” path:
*H,0 + *Opye = *OH + #Oyy + H+(aq) +e  (G1)

*OH + *Op = *O + *Opy + H+(aq) +e (G-2)

*Q + *0y,,, + H,0(l)
— *00 + *O,,H + H*(aq) + ¢~ (G-3)

*00 + *O,,H + H,0(l)
— *H,0 + *Op + O,(g) + H'(aq) + ¢~ (G-4)

In the equations, the Oy, indicates the lattice O and *[]
represents the surface O vacancy.

The most common method to calculate the OER activity is
the computational hydrogen electrode (CHE)
model.'*****%°~7> In this model, the OER activity can be
estimated by the thermodynamic overpotential (77), which is
defined as the most unfavorable Gibbs free energy change at
the reversible potential of corresponding reaction (Uggg = 1.23
V vs RHE).

https://doi.org/10.1021/acs.jpcc.1c06170
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Table 2. Mechanism and Activity for the OER on NiOOH in the Literature

surface mechanism potential-determining step n (V) method” structure ref
B-NiOOH
0115 “lattice peroxide” path *H,0 + - *OH + H*(aq) + e~ 0.46 PBE+U(S.5 uniform 16
p P q
(0001) “oxide” path *Q + *OH— 2*0 + H*(aq) + e~ 0.52 PBE+U(5.5)+ CM staggered-11 65
0001 “water nucleophilic attack” path *OpeH = *O + H'(aq) + e~ 0.69 PBE+U(S.5 staggered 37
P p att q 88
0001 “water nucleophilic attack” path #OpeH = *O + H(aq) + e~ 0.44 ONIOM-HSE06(15% staggered 37
P’ p q 88!
(1012) “lattice peroxide” path *H,0 — *OH + H*(aq) + e~ 0.64 PBE+U(S.5) staggered 37
(1012) “lattice peroxide” path *H,0 — *OH + H'(aq) + e~ 0.43 ONIOM-HSE06(15%) staggered 37
(1213) hydroperoxide” path *OH + *H,0 — *20H" H*(aq) + e~ 0.67 PBE+U(S.5) staggered 64
(1213) hydroperoxide” path *OH + *H,0 — *20H" H'(aq) + e~ 0.80 ONIOM-HSE06 staggered 64
(1213) hydroperoxide” path *OH + *H,0 — *20H+ H'(aq) + e~ 0.48 ONIOM-HSE06(15%) staggered 64
0112 “lattice peroxide” path *H,0 —» *OH + H*(aq) + e~ 0.52 PBE+U(S.5 unknown 76
P P 2 q
(0112) “lattice peroxide” path #*OpeH = *Op + H (aq) + e~ 0.53 PBE+U(5.5)+ CM staggered 42
0112 “lattice peroxide” path *OpeH = *Ope + H'(aq) + e 0.93 HSE06+CM staggered 42
p p latt latt q 88
0001 “water nucleophilic attack” path *0 + H,0(1) —» *OOH + H'(aq) + e~ 0.65 PBE+U(4.5 staggered 77
P’ p q 88!
(0112) “lattice peroxide” path *OH + *Oj = *O—Opy + H'(aq) + ¢ 0.28 PBE+U(S.5) uniform 78
0001 “water nucleophilic attack” path *O + H,0 - *OOH + H*(aq) + e~ 0.65 PBE-D3 unknown 79
P’ p q
(0001) “water nucleophilic attack” path *Ope + H,O > *O—OH+ H'(aq) + e~ 0.57 PBE+U(5.5) staggered-II 66
7-NiOOH
(0115) “lattice peroxide” path *H,0 — *OH + H'(aq) + e~ 0.52 PBE+U(5.5) (1 x 3)2M 16
(0112) “electrochemical metal peroxide” path *OH — *O + H'(aq) + e~ 0.83 PBE (1 x 3)2M 49
0112 “electrochemical metal peroxide” path *O + H,0(1) » *OOH+ H*(aq) + e~ 0.56 RPBE+U(6.6 simplified 44
p P q P
(0112) “lattice peroxide” path *H,0 — *OH + H*(aq) + e~ 0.70 PBE+U(5.5)+ CM simplified 42
(0112) “lattice peroxide” path *H,0 — *OH + H*(aq) + e~ 0.65 HSE06+CM simplified 42
(0112) “electrochemical metal peroxide” path *OH — *O + H'(aq) + e~ 1.21 B3PW91+ CANDLE (1 x 3)2M NU
(0110) “water nucleophilic attack” path *H,0 — *OH + H*(aq) + e~ 0.67 optPBE+U(S.2) (1 x 4)2M 52
0001 “electrochemical metal peroxide” path *O + H,0(1) » *OOH + H*(aq) + e~ 0.65 PBE+D3 native 79
p P q
(0112) “electrochemical metal peroxide” path *OH — *O + H'(aq) + e~ 0.65 BEEF-vdW (1x3)2M 43
(0112) “electrochemical metal peroxide” path *H,0 — *OH + H*(aq) + e~ 0.58 BEEF-vdW simplified 43

“Numbers in the parentheses are the U, in eV.

n = max[(AG, — 123 eV), (AG, — 123 eV), --]/e

where AG, is the free energy change of the nth elemental
reaction in the OER, and e is the elementary charge. It should
be noticed that the CHE model only counts the thermody-
namics of intermediate states but omits the kinetics between
them. The kinetics is certainly not unimportant. For example,
it is known that the OER activity goes higher as pH
increases,””” which, however, cannot be simply explained by
the thermodynamic overpotential that is independent of pH.”*
By fitting to experimental data, Govind Rajan et al. developed a
microkinetic model using the Marcus theory parameters to
account for the electron transfer dynamics. The OER current
density at different electrode potentials was thus correlated
with pH values ranging from 13.0 to 14.7,”> which rationalizes
the dependence of the kinetics of electron transfer on the
concentration of H*(aq).

In the DFT simulation of the OER on NiOOH, Li and
Selloni first evaluated the OER activity on S-NiOOH (0115)
and y-NiOOH (0115) surfaces with PBE+U functional. They
show that the OER on both surfaces follows the “lattice
peroxide” path, where the *O—O species is the key
intermediate. The calculated thermodynamic overpotentials
are 0.46 and 0.52 V for p-NiOOH and y-NiOOH,
respectively.'®

Cater et al. modeled various active sites on the three most
abundant facets of pristine f-NiOOH, the (0001), (1012), and
(1213) faces, by using PBE+U and ONIOM-HSE06
methods.””** They show that the lowest thermodynamic

overpotentials on these three facets are comparable, 0.43—0.48
V, suggesting all of the low-index facets may attribute to the
experimentally observed OER activity.

Goddard et al. investigated the OER on y-NiOOH (0112)
by combining B3PW91 and implicit solvation model
CANDLE.” They reported a high thermodynamic over-
potential of 1.21 V follows the “electrochemical metal
peroxide” path. The potential-determining step (PDS) is the
O—0 coupling step between the *O adatom and a H,O
molecule, with a kinetic barrier of 0.48 eV.

Table 2 reviews the mechanisms and the thermodynamic
overpotentials for the OER on pure NiOOH reported in recent
literature. For #-NiOOH, the OER activities on the (0001),
(0112), (0110), and (1211) faces have been studied, while for
y-NiOOH, the (0110) and (0112) faces have been
investigated. The DFT calculations show that the thermody-
namic overpotentials are in the range of 0.44—0.69 V on f-
NiOOH (0001), 0.43—0.64 eV on (0112), 0.28—0.93 V on
(0112), and 0.48—0.80 V on (1213), while for y-NiOOH, the
thermodynamic overpotentials are 0.67 V on (0110), 0.56—
1.21 V on (0112), and 0.52 V on (0115). For comparison, the
experimental overpotential of pure NiOOH is 0.53—0.60 V @
10 mA/cm*”

From Table 2, one can be surprised that the reported
thermodynamic overpotentials could be widely different: in the
extreme case, the thermodynamic overpotential differs by up to
0.65 eV. The uncertainty of calculated thermodynamic
overpotential could be attributed to a number of contributions:

(i) The inconsistent computational models for NiOOH.

Because the crystal structure of NIOOH remains unclear

https://doi.org/10.1021/acs.jpcc.1c06170
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in experiment, the structure models applied in various
studies can be notably different.

(ii) The different choice of calculation methods. As shown in
Table 2, at least seven functionals, four Hubbard U
values, and two solvation models were applied in the
literature. The different setups can, to some extent,
influence the reaction pathways and thermodynamic
overpotentials.

(V) The rich variation in the preferred mechanistic pathways
of the OER. Given the NiOOH surface is hydroxylated,
there are numerous possibilities for the sequence in the
proton releasing. Therefore, the mechanisms derived by
manual enumeration may well be incomplete, which
then leads to different answer in energetics.

To underscore the complexity in characterizing the precise
operative mechanism for the OER, Govind and Carter recently
formulated an optimization framework to automatically
enumerate OER pathways.”” This framework uses the free
energies of the various intermediates adsorbed on the catalyst
surface as input and solves the OER pathways based on the
mixed-integer linear programming. Figure S depicts all six OER
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Figure S. (A) Schematic of six automatically enumerated OER
mechanisms discovered on f-NiOOH (0001). The corresponding
thermodynamic overpotentials (V) and the highest nonelectroactive
Gibbs free energy steps (eV) are indicated. (B) Energetic profiles for
six mechanisms by PBE+U (U, = S.5 eV). Reprinted from ref 67.
Copyright 2020 American Chemical Society.

mechanisms discovered on the f-NiOOH (0001) surface with
PBE+U functional. The best pathway, * — *OH, - *OH —
*O — *OOH — *0, — *, follows the “water nucleophilic
attack” path” and has a thermodynamic overpotential of =
0.70 V, agreeing with the result in the previous literature.”’
4.2. OER on Defective NiOOH. Similar to all catalysis
phenomena, the role of defects must be addressed in order to
fully understand the kinetics. NiIOOH material can have Ni
vacancy, O vacancy, and OH vacancy depending on the
reaction conditions. According to the Pourbaix diagram, Ni

vacancies exist on the surface at low-pH conditions, which will
directly affect the OER activity by regulating the chemical
environment of the active sites. In contrast, the O and OH
vacancies are not favorable on the surface since they can be
quickly healed by the dissociation of H,O molecules. As a
result, the O and OH vacancies are expected to be only
available in the bulk and indirectly affect the OER activity by
regulating the band structure.

The Ni vacancy appears to be critical for the unusual OER
activity of NiOOH under neutral pH conditions. The
conventional NiOOH catalyst can be stable and active only
under a strong alkaline condition pH ~ 14,””* which makes it
difficult to couple with reactions that achieves the highest
activity only under neutral or acidic conditions.*** Recently,
Bediako et al.*’ reported the electrodeposited NiOOH
obtained from Ni**(aq) solution containing borate electrolyte
(denoted as NiB;) can be a good OER catalyst down to the
near-neutral pH (7-9).**~% NiB, is different from the
conventional NiOOH in two aspects: the so-called “self-
healing” ability of NiB, where the Ni**(aq), if dissolved, can
redeposit onto NiOOH surface dynamically with the assistance
of borate,*”* and the smaller particle size of NiB; (2 nm vs 10
nm in the conventional NiOOH).*#%%7~%

To clarify the origin of enhanced OER activity on NiB,, our
group studied thermodynamics for Ni dissolution from the y-
NiOOH (0112) and the OER activity on the defective
surface.*” Our results show that the dissolution of Ni vacancies
occurs most at the surface Ni sites, with a free energy change of
0.09 eV. We then estimated around 4.3% of surface Ni ions are
dissolved into the solution. Mechanistic studies show that the
Ni* sites near the Ni vacancy can decrease the thermodynamic
overpotential from 0.81 to 0.43 V.*

By correlating the Ni* concentrations with the size of y-
NiOOH particles, we discovered that sub-10 nm y-NiOOH
particles can provide a significant number of Ni vacancies on
the surface at the neural pH condition. Figure 6 illustrates the

— Npopu from edge
08 — Npopu from Ni vac
- Nrwpu
0.6
£
2
0.4
0.2
0 R R
0 2 4 6 8 10

D(nm)

Figure 6. Population of Ni* vs y-NiOOH particle size D. The black
line is the overall population of Ni (Npopu) defined as Ny, = Ni*/
Ni®?. The red line represents the Npopu contributed from the surface
Ni vacancies; the blue line, the N, contributed from the edges.
Reprinted from ref 42. Copyright 2020 American Chemical Society.

population of Ni* (Npopu) against the particle size grows from

1 to 10 nm. At 2 nm, the overall N, is around 0.44. As the
size increases to 10 nm, N, diminishes to below 0.06.
Therefore, we suggest that the unique OER activity of NiB; in

the neural pH condition is mainly due to the small particle size
of NiOOH."
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As for the stability of O and OH vacancies, Toroker et al.
reported that in the bulk f-NiOOH (with native structure) the
formation of an OH vacancy is favorable in thermodynamics,
while that of an O vacancy is not under O-rich and H-poor
conditions (representing the high potential and high pH) by
using PBE+U, PBEO, and HSE06 DFT functionals.”® Their
electronic structure analysis further identified shallow trapped
states of OH vacancy.”’ Although the presence of OH
vacancies on the surface is unlikely during the OER, Toroker
et al. showed that the surface OH vacancy on B-NiOOH
(0115) can reduce the thermodynamic overpotential of the
nearby Ni site from 0.61 to 0.26 V with the PBE+U functional.
The reaction follows the “lattice peroxide” path, where the
PDS is *H,0 — *OH + H'(aq) + ¢~.”’

4.3. OER on Fe-Doped NiOOH. For Fe-doped NiOOH,
many theoretical calculations have agreed that the active site of
the OER is the exposed Fe on the surface instead of the
surrounding Ni,"*®“"? and the coordination environment of Fe
can have a significant impact on its catalytic activity. On the
bare NiOOH (0001), (011IN) and (12IN) surfaces, the Fe
dopants are six-coordinated, five-coordinated, and four-
coordinated, respectively. To reveal the role of Fe dopant,
several groups have investigated the OER mechanism on
various facets of Fe-doped NiOOH. For instance, Li and
Selloni calculated the energetics of the OER on the Fe-doped
B-NiOOH (0115) and y-NiOOH (0115) with PBE+U
functional.'® They showed that the OER on both Fe-doped
surfaces follows the “lattice peroxide” path, with thermody-
namic overpotentials of 0.26 and 0.48 V for - and y-NiOOH
(cf. 0.46 and 0.52 for pure - and y-NiOOH in the same
study).

Goddard et al. compared the OER activity between pure and
Fe-doped y-NiOOH (0112) with B3PW91.°° They showed
that the thermodynamic overpotential decreases from 1.21 to
0.81 V after Fe doping. The OER on the Fe-doped surface
follows the “electrochemical metal peroxide” path, where the
O—O0 coupling is the PDS with a kinetic barrier of 0.64 eV.

Strasser et al. found a thermodynamic overpotential drop
from 0.67 to 0.45 V when doping Fe on the y-NiOOH (0110)
surface with optPBE+U.>> The reaction on the Fe-doped
surface follows the “water nucleophilic attack” path, where the
PDS is the deprotonation of *O,,H.

Carter et al. reported the Fe doping on f-NiOOH (1213)
reduces the thermodynamic overpotential from 0.48 to 0.13 V
by using HSE06 with « 0.15°" which is the lowest
thermodynamic overpotential on Fe-doped NiOOH in the
literature. Their results show that the OER follows the “lattice
peroxide” path, while the formation of Fe-oxo species (*Fe—
OH — *Fe=O0 + H*(aq) + ") is the PDS. They also showed
that for the f-NiOOH (0001) surface, the surface Fe dopant
only slightly reduces the thermodynamic overpotential (from
0.57 to 0.50 V) by using PBE+U.

By comparing the OER activity between the pure and Fe-
doped S-NiOOH, Carter et al. proposed that the robust
activity of the Fe-doped f-NiOOH is a combination of the
ability of surface Fe’" to stabilize the terminal oxo species
(*Fe**=0) and the favorable discharge of adjacent Ni** to
Ni?*.** For comparison, the pure f-NiOOH tends to produce
an unfavorable terminal oxyl radical (Ni**—0°),°* while on
pure Fe oxides the discharge from Fe®* to Fe*" is difficult
under OER conditions, although it can stabilize the terminal
oxo. As result, both pure #-NiOOH and Fe oxides are poor
OER electrocatalysts. Based on the above theory, Carter et al.
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assess the OER mechanism and energetics when alternatively
doping the S-NiOOH (1213) surface with other transition
metals, namely, V, Cr, Mn, Co, Mo, Ru, and Rh. They
predicted Co is a competitive alternative to Fe, with only 0.07
V higher thermodynamic overpotential.””

It is worth pointing out the remaining inconsistency between
theory and experiment. The thermodynamic overpotential of
Fe-doped -NiOOH is calculated to be lower than that of Fe-
doped y-NiOOH. Specifically, the thermodynamic over-
potential is down to 0.13 V,°* while for y-NiOOH it is at
least 0.45 V.>> However, many experimental results suggested
that y-NiOOH is the active phase of the OER on Fe-doped
NiOOH.* One possible cause for this inconsistency is the
difficulty to synthesize the metastable pure S-NiOOH in
experiment and thus the direct comparison of activity in
experiment is not feasible. We note that pure f-NiOOH was
recently synthesized by the epitaxial growth of NiOOH on the
NiO matrix, which does exhibit a high OER activity.*> More
benchmarking work in experiment for Fe-doped S-NiOOH
sample are needed in the field.

4.4, Important Issues in Computing the OER Activity.
In addition to the DFT functional, the theoretical OER activity
is known to be sensitive to the structure model, the pH
condition, and the solvent model. For the importance of
dopant to the OER activity, the dopant position in the
structural model is an important factor in determining the
OER activity. Vandichel et al. investigate the influence of Fe
dopant position on the different lattice sites of NiIOOH with an
explicit solvation model.”” Their results show that the
thermodynamic overpotential on the y-NiOOH (0112) surface
with subsurface Fe dopant is 0.14 V, which is only one-sixth of
that with surface Fe dopant (vs 0.84 V). In another study by
Zhou et al, the thermodynamic overpotential of an
intercalated Fe dopant is calculated to be 0.23 V.”/

Without question, the pH value can directly affect the OER
activity, which is evidenced by the fact that NiOOH catalysts
are generally limited at the alkaline condition. Govind Rajan et
al. have shown that the concentration of H*(aq) can affect
directly the rate of the OER from Markus theory.”” More
intricately, as also discussed in section 3.2 (see eq 3), the most
stable structure of NiOOH electrodes may vary at different pH
values according to the Pourbaix diagram. Huang and Zhou
independently constructed a Pourbaix diagram for the Ni—
H,O system using HSE06 calculations.”””* Both results show
that the phase boundary of Ni(OH),/NiOOH locates,
interestingly, at the typical potential that drives the OER
(ie, 1.5 V), indicating both phases may exist under the
reaction conditions. The Fe doping may change the energy
preference of different phases: Zhou et al. shows that in the Fe-
doped Ni—H,O system with a Fe concentration (Ni:Fe) of
1:23 the phase boundary of Ni(OH),/NiOOH moves toward
the low electrode potential end compared to the undoped one,
indicatin_g the NiOOH phase becomes more favorable after Fe
doping.”

5. OUTLOOK

While tremendous progresses has been made in recent years in
understanding the NiOOH structure and catalysis, many more
challenges are identified and need to be solved by theory in the
future. It is now well established that the working NiOOH
catalysts deviate from the formal oxidation of Ni**, but being a
mixture of Ni** and Ni*. The exact ratio of Ni** and Ni*

depends on the synthetic conditions and thus vary from phase
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to phase. The complex PES of NiOOH lies not only in many
possible structure candidates but also in the complex electronic
structures and the solvent effect of the electrolyte. These have
led to the great uncertainty on the active sites of NiOOH
catalysts.

For the NiOOH structures, most studies focus on the variety
of the intercalated species, in particular, the amount and
configurations of the intercalated species that determine the Ni
oxidation state and the interlayer spacing of the NiO,
framework, while the NiO, framework is generally believed
to be layered. However, the discovery of tunneled NiOOH
suggests that there may be new NiO, frameworks that have not
been considered yet. This new finding motivates us to explore
new structure candidates for NiOOH. By using the new
technique, i.e., machine learning global PES optimization, we
screen the bulk crystal structure candidates of f-NiOOH with
H concentrations (H:Ni) from 0 to 2. We observed a series of
new structures once the H concentration is below 0.5, where
local O—O peroxide bonding appears in a tunneled NiO,
framework. More studies are required to validate and unify the
current NiOOH bulk and surface models.

Besides the atomic arrangement, the O concentration
(O:Ni) in the NiO, framework may also change during
reactions. For instance, in the “lattice peroxide” and the “water
nucleophilic attack” paths of the OER, the intermediate O
atoms (oxidated from water molecules) can insert into the
NiO, framework by forming lattice O—O peroxide. This
process may increase the O concentration of the NiO,
framework, i.e, NiOOH — NiO,, H, thereby changing the
NiOOH structure. This possibility, however, has not been
discussed in the literature. In fact, one structural analogue
known as nickel peroxide (NiO,,,H,) has already been
synthesized by the chemical oxidation of Ni(OH), using
strong oxidants, such as O;, NaClO, or Na,$,0..”°7"7 The
operative conditions of the OER are also a strong oxidated
environment similar to that of chemical oxidants. So, the
NiO,,,H may also appear in the OER process, and its structure
and stability should also be examined in future studies.

For the electronic structures of NiOOH, current DFT
functionals, such as DFT+U, DFT-vdW, and even hybrid
functionals, cannot provide satisfied accuracy for both
energetics and band structures. At the moment, DFT+U
calculations are still expected to be the most available tool for
optimizing structure and identifying the local oxidation state,
due to its low computational cost. The post-DFT methods
such as hybrid HSEO06, although it is highly computationally
demanding, are required to verify the conclusions from DFT
+U, in particular those related to band structures. Further
progress in the electronic structure calculations in treating the
strongly correlated systems will be most welcome for
benchmarking and computing the energetics of NiOOH
phases. For instance, in the DFT approach, the double-hybrid
functional can provide improved energetics and electronic
structures for both main group elements and transition metals.
However, this functional has rarely been applied in the periodic
system due to the inherent computational complexity.
Recently, well-converged periodic calculations with the
double-hybrid functional have been achieved,” this advance
may promote the simulations of NiOOH with these higher-
level functionals. In the wave function approach, the embedded
correlated wave function theory has been applied to investigate
the heterogeneous catalysis, where the active site on the
catalyst’s surface is described by the highly accurate wave

function method, such as CASSCF/CASPT2.”” Although
these new methods are still expensive and have a few technical
difficulties, their application to NiOOH is valuable, which can
provide a reliable reference for other DFT functionals.

The high current density and low overpotential are always
the central goals to achieve for designing applicable electro-
chemical catalysts. For this purpose, the kinetics in the oxygen
evolution reaction, in particular those related to Tafel slope,
should be resolved. For this purpose, we need to evaluate the
kinetics of electron transfer in electrochemical reactions.
According to Marcus theory, the rate of electron transfer is
determined by the reorganization energy. This parameter is not
directly determined by geometrical parameters, such as bond
length, bond angle, and dihedral angle, but is related to the
excited state of the system. Therefore, the reorganization
energy cannot be calculated by standard DFT methods.
Instead, a constrained DFT that can force the electron in a
specific site should be applied. Overall, the study of electron
transfer on NiOOH is still scarce, we expect to see the advance
on this topic in the future.

Aside from the electrode material, the electrolyte is also
important for the stability of NIOOH. The electrolyte involves
solvated ions, such as phosphate, borate anions, Na*, and, K*
cations. To clarify the effects of these ions, one should simulate
the NiOOH/electrolyte interface by combining the explicit
solvation model and MD simulations, which is, however, very
expensive for first-principles calculations. Fortunately, recently
developed machine learning PES can significantly boost the
speed of MD simulations, making the simulation of electrolyte
on the NiOOH surface available.

The coming years might witness a boom in theoretical
simulations of NiOOH in the more realistic environment, e.g.,
including the NiOOH surfaces, the explicit solution, and the
electrolyte. These exciting developments could benefit from
machine learning based atomic simulation.
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