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Structure and water oxidation
activity of 3d metal oxides

Ye-Fei Li* and Zhi-Pan Liu™

Water splitting driven by solar energy is regarded as the candidate for the next
generation of power source. The reaction is however kinetically hindered by the
oxygen evolution reaction (OER) involving four proton-electron transfer steps.
The ideal OER catalyst should avoid using precious elements, such as Ir, Ru, and
Pt, and have a long-term stability under positive bias potential. Recent experi-
ments have shown that most 3d oxides are OER active catalysts, while some can
even achieve comparable activities to commercial Ir/Ru catalysts in lab condition.
In this article, we review the recent theoretical progress for characterizing the
structure of 3d oxides and understanding the photo-electrocatalytic water split-
ting mechanism over these catalysts. The methodology for global structure explo-
ration, including evolutionary algorithm and stochastic surface walking method,
is first introduced together with their applications in exploring the potential
energy surface of TiO, and NiO, systems. The current theoretical approaches
to investigate the thermodynamics and kinetics of photo-/electrochemical
reactions are discussed and the latest understanding for OER reactions are sum-
marized. © 2015 John Wiley & Sons, Ltd
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INTRODUCTION

Catalytic water splitting (2H,O—O, + 2H,) that
occurs under photo- or electrochemical condi-
tions is regarded as a key process in the future global
energy cycle to transform solar energy to storable
chemical energy.'™ In the past few decades, it has
attracted a great scientific interests, and much efforts
have been devoted to the development of better
anode catalysts for the oxygen evolution reaction
(OER; 2H,0—0, + 4H" + 4e7), which has a high
overpotential and incurs the major energy loss of the
overall reaction. Abundant 3d transition metal oxides
(including hydroxides) were commonly tested as the
candidates of OER catalysts since TiO, was
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discovered as the photocatalysts for OER. Because a
large structural variety is generally present for these
3d materials and the OER activity could vary signifi-
cantly depending on the catalyst preparation condi-
tions, there has been a long debate on the active
phase/sites that are responsible for OER activity,
including the crystalline phases, surfaces, heterostruc-
tures and nanoparticle morphology. To design active
and stable 3d metal oxides catalyst for OER remains
to be a top challenge in the field.

Among 3d oxides, TiO,-based catalyst as a
prototypical photocatalyst has long been utilized as a
model system to understand the mechanism of
OER.>~'" For its ambient condition stability and
well-characterized  crystalline  structures,  the
structure—activity relationship of TiO,-based cata-
lysts has been studied in detail in recent years, focus-
ing on O, evolution on various facets of TiO,
phases. It is now generally accepted that OER is
initiated by the formation of surface-trapped holes in
the photocatalytic condition. These holes (h*) oxidize
water to O, via four proton—electron transfer (PET)
steps, where adsorbed OH radical and peroxo species
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are relevant intermediates for the first and second
steps.”' !¢ With this mechanism, several schemes
have been proposed to improve photoactivity, such
as doping, controlling the phase structures, and
Lewis acidity.

Late transition metal oxides (Mn, Fe, Co, and
Ni-based) belong to another important group of
OER catalysts hotly studied in experiment recently.
They are utilized as electrocatalysts, often at the alka-
line conditions and, when combining with photon-
adsorbing materials (such as Si crystalline), can split
water using photon radiation energy. Because of the
facile chemical synthesis and the abundance of the
material, they have shown a great potential for prac-
tical applications with robust activity.'’~>* However,
the active phase/structure of these late transition
metal oxides are far less clear than TiO,. Even the
crystal structure can dynamically vary under poten-
tial bias, which can switch in between spinel, hetero-
genite, ramsdellite, and so on in alkaline
solution.**~%’

Recent years have seen a great progress in the
development of new theoretical methods and their
applications to the OER catalyzed by 3d metal oxide
catalysts. The purpose of theoretical simulation is to
identify the key structure units in the photocatalyst
such as heterophase junction and to understand how
the hole and electron transfer and activate molecules
on the surface. However, the simulation of photocat-
alytic process on 3d metal oxides is often frustrated
by some long-standing problems in theory, ranging
from electronic structure calculations to the potential
energy surface (PES) exploration. The band gap pre-
diction and the hole-electron migration in the strong
correlated systems are typical challenges for elec-
tronic structure calculation, whereas the presence of
multiple structure funnels separated by high barriers
for 3d oxides is a common difficulty for global struc-
ture exploration.

To motivate further scientific research in this
emerging field, here we will review the recent litera-
ture and provide our latest theoretical thinking for
the structure—activity relationship of 3d metal oxides
in OER. We will first introduce the latest methodol-
ogy development for resolving the PES of 3d metal
oxides and for calculating the OER activity from first
principles. The new physical/chemical insights
obtained from recent theoretical investigations will
then be highlighted together with the discussions on
the technical difficulties for the future catalyst design.
This review will focus on the two major types of
OER systems, namely TiO,-based system and the
late-transition metal oxide system as represented by
Ni oxide catalysts.
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THEORETICAL METHODOLOGY

Methods for Structural Search and

Pathway Sampling

An important feature of 3d metal oxides is their large
structure variety. For example, TiO, is known to
have many crystal phases, such as rutile, anatase,
brookite, and TiO,-B, which are stable at the ambi-
ent conditions. The heterophase junctions between
the phases also have important catalytic role in the
photocatalytic OER. It is no wonder that the recently
developed structure search methods have been uti-
lized for 3d metal oxide systems. While there are
many structure search methods including basin-
hopping method,>® evolutionary (or genetic)
algorithm,*"** metadynamics,>*** and stochastic
surface walking (SSW) method,> 3" here we will
mainly introduce the genetic algorithm (GA) and the
SSW method. The former one has been utilized to
search for the crystal structure of Ni oxides and the
latter one is recently utilized to search for the crystal
phase transition pathways and the heterophase junc-
tion structure.

The basic idea of the evolutionary approach is
to start from a set of structures, called population,
and evolve them using selection and specially
designed variation operators—i.e., recipes for creat-
ing offspring from parent structures. Variation opera-
tors, such as heredity (creates a child structure from
two or more parents) and mutation (creates a child
from a single parent), must retain some essential
memory of parent structures in the offspring, while
introducing new structural features. The initial popu-
lation is usually created randomly, unless some infor-
mation about the ground state is known, such as
candidate structures, lattice parameters, or space
group, and so forth. All structures created by the
algorithm is then to be optimized at a chosen level of
theory—e.g., empirical potentials, density functional
theory (DFT), hybrid functionals, or Quantum
Monte Carlo.

Exponential increase of the combinatorial com-
plexity of the problem will lead to the decline in the
quality and diversity of random structures with the
increasing number of degrees of freedom. To deal
with it, Oganov et al. proposed a new initialization
scheme, as implemented in USPEX code.*™*® The
idea is to reduce the number of degrees of freedom
by randomly applying symmetry to randomly gener-
ated atomic coordinates. This scheme can provide
unbiased, highly diverse structures cover the configu-
ration space better. In this procedure, during relaxa-
tion the initial symmetry of the structures can
increase or decrease (to allow symmetry breaking,
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they apply slight perturbations to the atomic posi-
tions). Variation operators also break symmetry and
enable totally new structures with very different sym-
metries to emerge. Just improving initialization does
not fully solve the problems of ‘curse of dimensional-
ity.” One has to improve the variation operators—so
that not only good structures are given preference for
creating offspring, but also good fragments of struc-
tures are identified and nurtured.

The most time-consuming step in the traditional
GA loop is the local optimization of new offsprings.
To speed up this step, Ho and Wang’s group recently
develop an adaptive-GA scheme.?? In this approach,
the optimization is performed using auxiliary classi-
cal potentials, whose parameters are fitted by a
force-matching method with a stochastic simulated
annealing algorithm, which utilizes energies, forces,
and stresses of candidate structures obtained in the
GA-loop calculated from first-principles DFT calcula-
tions as training database. After each GA loop, the
auxiliary potentials parameters are readjusted.
The use of such auxiliary potentials for structural
relaxations could reduce significantly the computa-
tional time, and thus should have advantage to treat
large system, e.g., reconstruction on surfaces and
interfaces.

SSW method* ™37 is another powerful tool
developed recently in our group for structural search-
ing and pathway sampling. It is targeted for auto-
mated PES exploration of many-atom system. The
SSW method is originally developed for molecules
and clusters, and is recently extended to crystal sys-
tems by coupling the degrees of freedom of lattice.
The method has been successfully utilized for predict-
ing the structure of Cjgo-fullerene,®® Byo-clusters,®’
the pathway of TiO,(B)-to-anatase,’’ anatase-to-
rutile,*" and ZrO, t-m transitions.** A key feature
for SSW method is the small displacement of atoms
when exploring the PES, which allows it to maintain
the one-to-one correspondence between two connect-
ing minimum structures. The detail of the algorithm
can be found in our previous publications.*>=37*3
Here, we briefly outline the central idea of SSW
method and an illustration of the SSW method in 1-
D PES is shown in Figure 1(a).

The SSW algorithm has an automated climbing
mechanism to manipulate a structure configuration
from a minimum to a high-energy configuration
along one random mode direction, inherits the idea
of bias-potential driven constrained-Broyden-dimer
(BP-CBD) method for TS location.** In one particu-
lar SSW step, labeled as i, a modified PES V,, ;0.
(n is the index of the bias potential, # = 1,2,..., H),
as shown in Eq. (1), is utilized for moving from the
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FIGURE 1 | The illustration of (a) the SSW method in 1D PES and
(b) homogenous crystal phase transition. The phase transition can be
divided into two steps: (1) the lattice rotation and (2) the lattice
deformation. (Reprinted with permission from Ref 37. Copyright 2014
The Royal Society of Chemistry)

current minimum, R}’ to a high energy configuration

R/ (the climbing), in which a series of bias Gaussian
potential v,, is added one by one consecutively along
the direction N”.

H H
Vm—to—H = Vreal + § Up= Vreal + E Wy
n=1 n=1

xexp[—((Rt—Rt”"l)-Nt”)z/( (1)

2xd52):|

where R is the coordination vector of the structure
and V,,, represents the unmodified PES; R} are the
nth local minima along the movement trajectory on
the modified PES that is created after adding
n Gaussian functions. The Gaussian function is con-
trolled by its height w and its width ds, and is always
added along one particular walking direction as
defined by N”. Once the R is reached, all bias
potential are removed and the local optimization is
performed to quench the structure to a new
minimum.

Because SSW method can maintain the path-
way information when exploring PES, it is possible
to utilize the SSW method to collect the neighboring
minimum structure pairs, i.e., the initial state (IS) and
the final state (FS) pairs. For crystal phase transition,
the IS and FS correspond to two different crystal
structures (phases), as illustrated in Figure 1(b). The
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low-energy pathways linking the interested structures
could then be resolved by using the double-ended
transition state (TS) searching method to locate the
TS. The recently-developed Double-Ended Surface
Walking (DESW)** method aims for fast assessing
the barrier height for a given IS/FS pair, which
enables the method to fast analyze a large database
of IS/FS pairs for the purpose of reaction pathway
sampling. Similar to SSW method, the surface walk-
ing of DESW involves repeated bias potential addi-
tion and local relaxation with BP-CBD to correct the
walking direction. Because there is no need to opti-
mize the whole reaction pathway, the DESW method
can be much less computationally demanding com-
pared to the other double-ended methods and is
applicable for reactions with complex PESs.

Methods for Calculating OER
Thermodynamics and Kinetics

Water oxidation occurs on solid-water interfaces
and thus the solvation effect must first be appropri-
ately incorporated during simulations. The straight-
forward solution is to perform a long-time
molecular dynamics (MD) simulation with a large
quantity of explicit water molecules. It can capture
both short-range (e.g., hydrogen bond) and long-
range (e.g., dielectric screening) solvation effects.
Obviously, the explicit water MD is highly computa-
tional demanding for sampling the solvent configura-
tions, and more importantly, it is difficult to study
the chemical reactions with high barriers where the
chemical bond makes/breaks at the solid/liquid
interface.'*

To avoid the long-time MD simulation, several
research groups have developed independently the
periodic continuum solvation model based on the
modified Poisson-Boltzmann equation,**~°° namely
CM-MPB as shown in Egs (2) and (3). The dielectric
constant ¢ depends on the electronic density distribu-
tion (Eq. (3)), which can be obtained from either the
static atomic density of self-consistent density from
DFT calculations. The continuum solvation can
describe the long-range electrostatic interaction in
solution and take into account the effect of electro-
lytes. It is also flexible to add a few explicit water
molecules in the framework of continuum solvation
to describe the short-range solvation interaction that
is of quantum origin. The detailed implementation of
CM-MPB method can be found in the previous pub-
lications.'®! It was also noticed that for oxide sys-
tems the dielectric constant ¢ could be lager than
1 within the slab due to the presence of tunnels or
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holes in the bulk. Such unrealistic solvation effect
needs to be removed by modifying the electronic den-
sity within the bulk,

sinh(zey /kT)
V-(e(r)V(y) = —4mp + 8nzecy, 1-v+v cosh(zew/kT)
(2)
oo — —\pr ”
e(p(n) =1+==5 ! l1+ 11+((Z((r))§20))2ﬂ] (3)

To derive the free energy profile in photo-/electro-
chemical water oxidation, it is essential to include
the temperature, pressure, and zero-point energy
(ZPE) contributions. For adsorbants on solid sur-
faces, ZPE corrected AE is a good approximation
to the Gibbs free energy (G), as the temperature (T)
and pressure (p) contributions are small, while for
oxygen, hydrogen, or water molecules, the large
entropy term must be included in computing G.
These corrections, i.e., AHy_,95x — TAS can be
obtained from standard thermodynamic data and
for H,O and H,, the value is -0.57 ¢V (H,O)
and -0.31 eV (H,). The G of O, can then be
derived as G[O;] = 4.92 eV+2G[H,0] - 2G[H,]
according to the OER equilibrium at the standard
conditions.

Then, we need to derive the Gibbs free energy
change (AG) of an elementary step involving protons
and holes shown in Eq. (4).

HA + hole™ = A+H"(aq) (4)

Equation (4) can be rewritten as
HA + hole® +e" - A+H"(aq) +e” (5)
Using the chemical equilibrium relation in
standard hydrogen electrode (SHE) H* + e™— 1/2H,
(pH=0,p =1 bar, T =298.15 K), one can estab-

lish that

AG(H* /H,|SHE) = 1/2G[H,]-G[H" +e7] =0 (6)

Therefore, for the reaction in Eq. (5), the free energy
change is written as follows:

AG=G[A]+G[H" +&"|-GIHA-Glh" +e7] )
= G[A] + 1/2G[H,] - G[HA] - |e|U

where the U represents the electrochemical potential

acting on the electron, from which the overpotential
can be derived as U - 1.23 V.
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The computation of the kinetics of the photo-/
electro-catalytic reactions is much more challenging
than that of thermodynamics, because it requires the
correct description of the potential bias in electroca-
talysis, and the energetics and localized behavior of
electron/hole in photocatalysis. Several theoretical
approaches have been developed in recent years to
take into account explicitly the effect of potential bias
in electrocatalysis,***%3273 such as the reaction cen-
ter model,**~” double-reference method, and peri-
odic continuum solvation model based on the
modified  Poisson-Boltzmann  equation (CM-
MPB).*¢=°° The central idea of these methods is to
adjust the potential bias by adding or removing a
given number of electrons to or from the electrode. A
key problem of this approach is how to deal with the
compensate countercharge to maintain the charge
neutrality of whole system as required in periodic
systems. Three different approaches have been used
in different methods, namely the countercharge ion
(e.g., in reaction center model), the homogeneous
countercharge background (e.g., in double reference
model), and the Boltzmann distribution of the ionic
charge outside the surface (e.g., with CM-MPB).

For the countercharge ion, as only integer
charge can be applied it is difficult to control the
potential precisely. In addition, this model is signifi-
cantly different from the physical picture of the
electrical double layer. For the homogeneous coun-
tercharge background, the fractional charge can be
applied but it will inevitably introduce unphysical
interaction since the countercharge exists everywhere
in the system, including the bulk of electrode and
thus deviate from the real picture of the electrical
double layer. Fortunately, several benchmark studies
have shown that this unphysical effect is limited for
the screening effect in typical metal and metal oxide

Structure and water oxidation activity

the potential difference between the Fermi Level &g
and the potential level in solution @, ”°

Different from electrocatalysis on metals, the
photocatalysis on semiconducting materials does not
involve fractional charge on surface, but localized
photogenerated hole/electron with integer charge.
The kinetics driven by these hole/electron is better
described using the hopping picture involving
charged particles. However, the commonly used local
and semilocal DFT functionals, such as LDA and
GGA, underestimates the band gap/levels and over-
delocalizes the electron/hole states due to the well-
known delocalization error.”! They cannot be
directly utilized for investigating photocatalysis.
Instead, the post-LDA/GGA functionals, e.g., DFT +
U or hybrid functional, must be utilized to localize
the charge state and correct the band levels.

For cations with d and f electrons, the delocali-
zation error can be largely corrected via the DFT + U
scheme, where an effective parameter U= U - ] is
introduced to the electron—electron interaction
potential of Hamiltonian as proposed by Dudarev
et al.”*> The typical choices of U.g for 3d oxides are
listed in Table 1. As shown, all the U values are in
the range of 2—6 eV in PBE, but is system-dependent.
The magnitude of U.s can be determined from
ab initio calculations, linear response theory or via
the fitting to experimental thermodynamic data. In
most cases, the U obtained from different
approaches are close, while in some case, such as
Co0304, the Uy value derived from linear response
theory is significantly larger than those fitted from

TABLE 1 | The U (eV) and the Methods to Determine the Values
in Literatures for Various 3d Oxides

syst ems. 14 Materials Uqsr (Methods)
In CM-MPB, the countercharge can be treated TiO, 3.5 (fit band gap),” 3.3 (linear response)”*
as the Boltzmann distributed ionic charge in electrical V,0s5 3.1 (fit formation enthalpy)”®
double layer, as described by the second term in the Cr,05 3.276 (ab initio)
right-hand side of MPB. This approach avoids the FeO 3576 (ab initio)
unphysical effect caused by the countercharge, and Fe.0 4'376 b inii
also includes the electrostatic contribution of electric €2l ., (é_' initio)
double layer. Liu group have implemented the CM- Fes04 3.3" (linear response)
MPB in SIESTA code, where the countercharge in Co30,4 2.07 (fit band gap), 3.3-3.5">% (fit enthalpy),
system is distributed following the MPB equation at 5.9" (linear response)
the grid points of vacuum in the periodic slab calcu- NiOOH 5.5”7%2 (linear response)
latign.70 To accommodate the charges in MPB distri- Cuo 9.79% (linear response)
buthn, a large vacuum region along Z-axis is often 7n0 6-13 (fit PES expt), 2-5.4% (fit GW o linear
required to separate the adjacent slabs. By this way, response)
the electrochemlca! potential, i.e., of a system w1th a MnO, 4.0 (fit formation enthalpy, atomic
net charge g referring to SHE can be calculated using (x=1-2) magnetism, etc)
the computed work function in solution (@t — @g), '
Volume 6, January/February 2016 © 2015 John Wiley & Sons, Ltd 51
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experimental thermodynamic data. A recent study by
Selcuk and Selloni shows that for Co304 (11 0),
U = 3.0 eV provides a better overall description of
the electronic structure and surface reactivity,
whereas U = 5.9 €V is better suited for description of
the magnetic properties.*® Therefore, while U value
has explicit physical meaning and in principle the
choice of U is not arbitrary, the experience is helpful
to choose the best U.g value for specific system and
the benchmarking with experimental data is always
essential in practice.

The delocalization error also exists on O 2p
orbital, which is related to the hole at the valence
band maximum (VBM), e.g., on TiO, and BiVO,. It
can also be localized using the DFT + U approach. It
should be noticed that the physical meaning of such
a correction remains under debate since the DFT + U
is initially proposed for dealing with the strong corre-
lation between d and f electrons. The hybrid DFT
functionals, being orbital independent, could be the
better choice for computing localized holes,®” but
their computational cost is generally too high,
approximately 100-fold less efficient than DFT + U.
This has severely limited its applications in heteroge-
neous photocatalysis. For these reasons DFT + U on
O,,, has been practically utilized by several groups to
investigate the migration of hole.*®=° For instance,
Deskin et al. have investigated the kinetics of hole
transfer in rutile TiO, *® The U.g4 of 10 eV was uti-
lized for O 2p orbitals of rutile, which is similar to
the value for anatase TiO, determined from linear
response theory.?” It is obvious that the U value for
2p orbital is significantly larger than that for Ti 3d.

APPLICATIONS

OER Mechanism on 3d Metal Oxides

As OER can occur under both photo and electro-
chemical conditions, the OER activity of solid cata-
lysts has long been attributed to its oxidative level,
i.e., the Fermi level for metal catalysts and the VBM
for semiconducting catalysts, which must be larger
than +1.23 V versus SHE (the reversible potential of
OER). However, even for the most active commercial
catalysts (e.g., RuO,), an overpotential of ~0.3 V is
required to overcome the barrier of OER and there-
fore the kinetics origin of the overpotential has been
of intense scientific interests in the past decades. For
example, TiO; as photocatalysts operating at the vio-
let light adsorption region, its VBM is approximately
+2.9 V versus SHE, far larger than 1.23 V and thus
it can catalyze OER at the ambient condition with
the photogenerated holes on the surfaces.

52 © 2015 John Wiley & Sons, Ltd
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To investigate the thermodynamic PES,
Norskov and Rossmeisl proposed a four-step
approach to analyze the key elementary step in
OER.”! It is assumed that OER follows four sequen-
tial PET steps, namely (1) H,O* + h*—*OH + H",
(2) *OH + h*—*0 + H*, (3) *O + H*—*OO0OH + H",
and (4) *OOH + H* -0, + H*, representing the
first, second, third, and fourth PET steps, respec-
tively. The free energies for these elemental steps are
AGy, AG,, AG;, and AG,4. Under thermodynamics
equilibrium conditions (1.23 V vs SHE), the best cat-
alyst (zero overpotential) should not to require more
than 1.23 eV for each electron transfer step. The
overall overpotential can then be established as max
[AGy, AG,, AG3, AG4)le - 1.23 V. This approach,
although neglecting the role of kinetic barrier in the
reaction, can provide important information of the
PES for OER on various photo-/electro-catalysts. In
addition, this approach requires only static total
energy calculations for H,O*, *OH, *0O, *, *OOH,
H,, and H,O, and thus is suitable for large-scale cat-
alyst screening of new OER catalysts. Along this line,
Norskov’s group has proposed useful empirical rules
to determine the OER activity based on the data fit-
ting, e.g., the nearly linear relationship between the
adsorption energy of O, OH, and OOH.”>?® By
investigating the thermodynamic PES on Rutile TiO,
(1 1 0) using the above approach, they found that
the OH production on TiO, surfaces is the rate
determining step with an overpotential of 0.78 V."?
The solution effect is often neglected when using the
above thermodynamics analyses.

By incorporating the aqueous solution effect
using CM-MPB method, Li et al. analyzed in detail
the OER step-by-step on several anatase TiO, sur-
faces, including (1 0 1), (0 0 1), and (1 0 2).'® The
intermediate species, including adsorbed OH, O,
bridging peroxo, and superoxo dimers were identi-
fied and their best adsorption structure were calcu-
lated. The reaction steps on anatase (1 0 1) surface
are shown in Figure 2. The OER proceeds via the
splitting of H,O on the five-coordinated Ti (Tis,.) site
on surface to produce an adsorbed OH radical (state
2), and then loses another proton to form a bridge
peroxo (state 3). The desorption of bridge peroxo to
form O, is energetically highly unfavorable and
therefore the second water molecule will adsorb at
the surface Tis. nearby the bridging peroxo (state 4),
which then decomposes to an adsorbed OH by losing
a proton. At this step, the nearby bridging peroxo is
converted to a terminal superoxo (state 5) as the
adsorbed OH is negatively charged. Upon further
losing a proton of the OH, the terminal O lean down
to form a bridge O3 (state 6). Finally, O, desorbs
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FIGURE 2 | (a) The optimized structures of the intermediate
states of OER on anatase (1 0 1); (b) free energy profiles of OER on
(1 0 1) (black), (0 0 1) (green), and (1 0 2) (red) surfaces at an
overpotential of 0.7 V (1.93 V vs SHE) Ti, gray; O, red; H, white.
(Reprinted with permission from Ref 16. Copyright 2010 American
Chemical Society)

from the surface via a TS (state 7) with a very low
reaction barrier (0.1 eV). It might be mentioned that
the bridging peroxo state were later observed in
experiment when anatase (1 0 1) with subsurface O
vacancy is exposed to O,, which suggests that per-
oxo might be a common species on anatase sur-
faces.”® As for the OER on other anatase surfaces,
the energetics appears remarkably similar (see
Figure 2(b)), although the detailed intermediate states
might vary. It suggests that the catalytic activity of
different anatase surfaces is in fact not so different as
long as the hole is present on the surface. It was con-
cluded that the hole concentration on different sur-
faces should be the key factor for the photoactivity.
The OER PES in Figure 2(b) suggests that the
generation of adsorbed OH radical from water is
undoubtedly the most difficult step, which requires
1.39, 1.33, and 1.31 €V on anatase (1 0 1), (1 0 2),
and (0 0 1), respectively, at the zero overpotential
(1.23 V). This implies that at least 0.7 V overpoten-
tial is required on TiO; surfaces. The OER energetics
on rutile (110) was also analyzed by Valdés
et al, who found that the first PET
(H,O* + h*—*OH + H*(aq)) is the rate determining
step with an overpotential of 0.78 V.'5 It was now
generally accepted that the production of unstable
OH radical is an important feature on TiO, photo-
catalyst and is the rate-determining step in the overall
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OER kinetics. Along this line, Li and Liu also ana-
lyzed the OER on different anatase decahedron
nanoparticles and found that the sharp anatase nano-
particles are significantly more active than the flat
particles because of the enhanced OH adsorption
ability. The most active anatase particle for OER is
thus predicted to be 15-20 nm size.”> More recently,
Lee and Selloni investigated OER PES on anatase
(0 0 1) on polar substrate SrTiO3°® They show that
the polarization of the substrate can significantly
increase the OER activity by modifying the
thermodynamics.

Using PBEO hybrid functional and an explicit
water solution model, Li and Selloni studied in detail
the kinetics of the first PET step on anatase (1 0 1) in
order to clarify the sequence of the proton and the
electron transfer."* They constructed the PES corre-
sponding to two electronic states relevant to the elec-
tron transfer, i.e., the state with the hole localized on
an adsorbed water molecule (denoted water-hole
state), and that with the hole localized on a adjacent
surface threefold coordinated oxygen atom (denoted
surface-hole state). The calculated energetic profiles
are illustrated in Figure 3. The energetic profiles
for the surface-hole and water-hole states become
essentially degenerate around the FS of proton
transfer, suggesting that the proton and electron
transfer in the first PET is sequential, the electron
transfer occurring preferentially after the proton
transfer. The result also shows the subsequent elec-
tron transfer has a significantly lower barrier
than that of the proton transfer. Thus, the proton
transfer is the rate-determining step. Combining MD
simulation based on DFT and free energy perturba-
tion methods, Chen et al. have calculated the
acidity constants for the acidity reaction:
TiscOH,—Tis. OH™ + H*(aq) (pKa;) and the basicity
reaction: OHp*—Oy, + H(aq) (pKa,) (OH, repre-
sents the state with an extra H atom on TiO, bridg-
ing 0).”” The pKa; and pKa, are calculated to be
9 and -1, leading to the theoretical point of zero
charge (PZC) of 4, being consistent with the experi-
mental value (4.5-5.5). This indicates that under
pH > 4 condition, the Tis OH™ species will accumu-
late on TiO, surface and this effectively promotes
the first PET step of OER. These theoretical
results explains nicely that the OER on TiO, is
highly sensitive to pH of solution, which has
been observed in experiment using both transient
absorption spectroscopy®?®*? and photolumines-
cence measurements.'!

Cheng et al. have investigated the trapping
nature of photo-induced holes on rutile TiO, (1 1 0)
water interface using hybrid DFT MD simulation.®”
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FIGURE 3 | (a) Proton-transfer energy profiles in the surface-hole
(A, B) and water-hole (C, D) states for a selected configurations along
the first principles MD trajectory of an anatase TiO, (1 0 1) slab in
contact with liquid water. (b) Spin density (0.01 a.u. contour) of the
water-hole and surface-hole states before and after the proton
transfer. (Reprinted with permission from Ref 14. Copyright 2013
American Chemical Society)

They found the holes could be steadily trapped on
terminal OH™ on Tis., and the resulting terminal
TiOH" is not stable and can spontaneously deproto-
nate to form more stable TiO"™ and OH,* pair in
water solution (pH = 7). In addition, they assigned
the vertical and adiabatic energy levels associated
with the two trapped hole states and the calculated
LUMO - VBM gaps of the terminal TiO®" and
TiOH"® are consistent with the data measured from
the TAS experiment that reveals two deeply trapped
holes at 450 nm (2.8 eV) and 520 nm (2.4
eV).?8100:101 Thege hole trapping states, TiO®~ and
TiOH", are thus expected to be pH-dependent.

To understand the structure sensitivity of OER,
Zhao and Liu compared the first proton removal
kinetics on two TiO, surfaces, rutile (1 1 0) and ana-
tase (1 0 1) using the charged-slab CM-MPB method
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with DFT PBE functional.'® They found that the
photo-induced hole cannot promote the O—H bond
breaking of water. Instead, the O—H bond splitting
of water is a surface catalytic reaction driven by heat
on both TiO; surfaces. The hole-transfer occurs after
the water dissociation when the surface O nearby the
dissociated OH anion traps the hole, which is con-
sistent with the conclusion by Li and Selloni.'* The
results show that the photocatalytic water splitting
on TiO; is both surface- and phase-sensitive. The
rutile (1 1 0) surface is more active for water splitting
kinetically compared to anatase (1 0 1), with the cal-
culated barrier of O—H bond breaking on rutile
being approximately 0.2 eV lower than on anatase.
The thermodynamics analysis has recently been
extended to understand the origin of the OER activ-
ity of other 3d oxides, such as MnO,, Fe,O,, CoO,,
and NiO,. Li and Selloni carried out DFT + U calcu-
lations for OER on six selected surfaces, namely
pure/Fe-doped  p-NiOOH(0115),  pure/Fe-doped
y-NiOOH (1 0 1), NiFe,O4 (1 00), and Fe;Oy4
(100).”” They found that Fe-doped B-NiOOH
(0115) and NiFe,O4 (1 0 0) are two most active
surfaces for the OER, with theoretical overpotentials
of 0.26 and 0.42 V, respectively. The others have the
overpotential of at least 0.47 V. The OER mechan-
ism remains to be similar to those occurring on TiO,
surfaces except that the adsorbed OH species
becomes much more stable on these late transition
metal oxide surfaces. The free energy change for the
first PET step is at most 1.69 eV (on pB-
NiOOH(0115)), much smaller than that on anatase
(2.54 eV on (1 02)'®) and rutile surfaces (2.01 eV
on (11 0)"%). This enhanced adsorption of OH on
late transition metal oxides can be attributed to the
partially occupied e, orbitals, which can develop
strong covalent bonding with O 2p orbitals of
OH. Liao et al. have investigated the OER mechan-
ism on hematite (0 0 0 1) surface and found an over-
potential of 0.77 V for the surface.'® In addition,
they consider cation doping by substitution of Fe by
Ti, Mn, Co, Ni, and Si, and anion doping of F by
replacing O. They show that Co- or Ni-doped hema-
tite surfaces provide the most thermodynamically
favored reaction pathways. Bajdich et al.'®® calcu-
lated the volume Pourbaix diagram of layered and
spinel bulk phases of Co oxides as a function of
applied potential and pH, and found that f-CoOOH
is the active phase where the OER occurs in alkaline
media, in agreement with the recently reported exper-
imental data.'® The thermodynamically stable sur-
face of B-CoOOH exposed under OER condition
depends on pH and applied potential. At the low
potential, (1 0 1 4) surface covered by 1 monolayer
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H,O is the most stable surface, and (0 1 1 2) termi-
nated by 1 monolayer of O is the most stable one at
the high potential. The calculated overpotential for
(1014)and (011 2)are 0.48 and 0.80 V, respec-
tively. The overpotential for the OER can be reduced
to 0.36 V by doping the (1 0 1 4) surface with Ni,
whereas doping the (0 1 12) surface with V can
reduce the overpotential to 0.53V.

Unlike the other 3d oxides, MnO, has rich pol-
ymorph and oxidation state (from +2 to +4), and
thus its structure—activity relations are more complex
than other 3d oxides. Su et al.'"® constructed surface
Pourbaix diagrams on Mn3;O04 (00 1), Mn,Oj3
(110), MnO, (1 1 0) and MnO (1 0 0), and calcu-
lated the overpotentials of the surfaces. They revealed
that the active surface for OER is O covered MnO,.
From these theoretical results, we can summarize that
undoped late 3d oxides generally have an overpoten-
tial of at least approximately 0.5 V, significantly
lower than that of TiO, (~1.4 V) but still too high
for industrial application. Mixing or doping of 3d
oxides with other elements at optimal ratio could be
a practical solution toward the reduction of OER
overpotential.

Structures of 3d Metal Oxides

Bulk Structure

First-principles-based crystal structure prediction is
one of the most exciting advances in the last
10 years, which has led to many successes in predict-
ing new high-pressure materials. Thanks to the meth-
odology advance and high-performance computing
facilities, the first principles method in combination
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of global optimization techniques can now be rou-
tinely utilized for the crystal structure prediction at
an unit cell size below approximately 40 atoms. The
methods for predicting the heterophase junction and
the solid—solid phase transition pathways are also
recently developed and applied to TiO, systems
based on the extensive pathway sampling between
the crystal phases.

Using SSW method in combination with Wang-
Landau crystal phase density sampling, Shang
et al. recently explores the PES of TiO, crystals aim-
ing to find new TiO, phases with better photocata-
lytic activity at the visible light regime, i.e., with
reduced band gap for better solar energy adsorp-
tion.'”” The common TiO, phases identified from
SSW simulation are as shown in Figure 4(a). While
there are indeed five new phases identified for TiO,,
they are in general not the most stable phase in the
pressure phase diagram. Theoretical calculations
show that high-pressure phases, #110, pyrite and
fluorite, have narrower band gap than rutile, but they
are very unstable at the low-pressure condition. This
indicates that pure TiO, phases that are stable at
ambient conditions are unlikely to exhibit the desired
visible light adsorption behavior. The combination of
differently structured oxide materials, such as the
material with heterophase junction, is more practical
for the design of new photocatalyst.

The lowest energy phase transition pathways
connecting to the abundant phases, i.e., rutile and
anatase, were then searched using SSW-based path-
way sampling, as shown in Figure 4(b). The high-
pressure phase, a-PbO,-type TiO,-1I is found to act
as the key intermediate in between rutile and anatase
phase transition. The anatase-to-rutile transition

FIGURE 4 | (a) DFT-optimized bulk phase structure identified from SSW-crystal global optimization. Gray and red spheres represent Ti and O
atoms, respectively. (b) The DFT lowest energy connectivity map of the major phases at zero pressure. The energy unit is eV per Ti4Og cell. The
energy of rutile is set to zero. *lepidocrocite typed layered structure (Pmmn, #59). (Reprinted with permission from Ref 107. Copyright 2015

Institute of Physics.
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occurs following the crystallographic orientation
relationship (OR), namely, rutile(1 0 1)/TiO,-II
(0 0 1), and TiO,-II(1 0 0)//anatase(1 1 2). A mixed
phase, anatase-TiO,(II), is shown to have balanced

properties for photoacticity, i.e., with good
stability and narrower band gap compared to anatase
phases.

Unlike TiO,, the late transition metal oxides
are often present as layered hydroxide phase, which
yields a large surface area for the catalysts. A signifi-
cant structure variety is also common to these oxide
systems, particularly because the cations of late tran-
sition metals can be redox active. Because of the
intrinsic difficulty of first principles DFT calculation
for the strong correlated systems, there are few stud-
ies on the PES of 3d late transition metal oxides. Li
and Selloni performed the crystal structure explora-
tion for B-NiOOH system using generic algorithm as
implemented in USPEX.*”> They utilized the
dispersion-corrected hybrid functional calculations
for describing the Ni oxides, which were found to be
essential to predict the energy order of different
phases. They identified two groups of favorable
structures for B-NiOOH, as shown in Figure 5. The
first group includes layered structures with alternate
Ni(OH), and NiO, layers, consistent with the experi-
mental observation using high resolution Transmis-
sion Electron Microscopy (HRTEM), while the other
one includes tunnel structures isostructural with
MnO, polymorphs. For the tunnel structures, the
structure 3 is isostructural with pyrolusite; the struc-
ture 4 is isostructural with nsutite; and the structure

wires.wiley.com/wcms

9 is isostructural with ramsdellite. The coexistence of
tunnel structures with the layered structures can
rationalize the mosaic textures observed in HRTEM.
The phase transitions between the two groups of
structure are possible at the ambient conditions as
observed in experiment, which is important to the
stability of the oxides. Further studies are required to
establish the low energy pathways connecting these
phases.

From the bulk TiO, and B-NiOOH structures,
one can immediately notice that most of the struc-
tures identified from PES exploration are in fact iso-
structural with known mineral structures of other
metal elements, such as lepidocrocite, pyrite, fluorite,
a-PbO,, nsutite, pyrolusite, ramsdellite, and so on. It
is thus confirmed that common rules are followed to
build the crystal structures, where the ion size, oxida-
tion state, and coordination configurations are key
factors to determine the stability of crystal structure.
These similarities also suggest that the known crystal
structures are good initial guess in the global struc-
ture search, which could significantly speed up the
finding of unknown crystal structures.

Heterophase Junction Structure

While mixed phase TiO, oxides such as the commer-
cial P25 catalysts are practically utilized as photoca-
talysts for their higher activity than single-crystal
oxide, it is not until recent years that the presence of
phase junction is recognized as a main cause for the
enhanced photoactivity in the mixed oxides. The
phase junction can not only improve the ability of
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FIGURE 5 | Energetically favorable NiOg octahedral frameworks for p-NiOOH. 3: pyrolusite (rutile), 4: nsutite, 5: ramsdellite-/pyrolusite-type
intergrowth, 6: lepidocrocite, 7-8: 1 x 3 tunnel/pyrolusite-type intergrowth, 9: ramsdellite. (Reprinted with permission from Ref 82. Copyright

2014 American Chemical Society)
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solar energy harvesting but also facilitate the subse-
quent chemical reactions, e.g., those related to pollu-
tant decomposition. Because the structurally
disordered interface with the stacking faults or dislo-
cations can trap photo-generated charges'®® and not
beneficial in photocatalysis, it is a general concern on
how to synthesize high quality, structurally ordered
interface at the atomic level. Experimentally, the het-
erostructure materials can be prepared via different
approaches, including the partial solid-to-solid phase
transition, the colloidal seed-growth'??=''?  and
chemical vapor deposition second-growth.'!3114
Among them, the partial solid-to-solid phase is tech-
nically simple and widely used for synthesizing mixed
phase photocatalysts, but it is also more difficult to
control the structure of the junction. The determina-
tion of these structures at the atomic level has long
been of great challenge for both experiment and
theory.

Very recently, Liu group proposed a new
method to determine the structure of heterophase
junction, which is based on the extensive SSW crystal
pathway sampling. The method has been first applied
to TiO,-B/anatase biphase system, where the theoret-
ical prediction of the heterophase junction is com-
pared with the HRTEM experiment observation.
TiO,-B is a metastable phase and can transit to
anatase by heating. This enables the fabrication of
TiO,-B/anatase phase junction by partial phase tran-
sition at the high temperature. As the photocatalyst
for water splitting and pollutant control, TiO,-B
based systems have been studied by many research
groups.'>~122 Tt was reported that the presence of
TiO,-B/anatase phase junction in the nanofiber can
dramatically increase the photoactivity of the
catalyst.'!®

To clarify the structure of the heterophase
phase junction, Zhu et al. utilized SSW pathway sam-
pling to determine the lowest pathway from TiO,-B
to anatase.*” As shown in Figure 6, the lowest energy
pathway is a straightforward one-step reaction with
a barrier of only 0.12 eV per TiO, unit. The other
transition pathways leaving TiO,-B phase are ener-
getically much higher. It was found that the atomic
habit planes (coherent interface) of the phase transi-
tion (blue dotted line, Figure 7) is TiO,-B (201) and
anatase (1 0 3). The OR of TiO,-B/anatase transition
is thus written as (201)p//(1 0 3)a, [0 1 0]/[0 1 0]a.
According to the OR, the phase junction can be con-
structed by attaching (201)g with (1 0 3)4. The theo-
retical OR for the phase transition was proved by
HRTEM observation of the TiO,-B/anatase bicrystal-
line material. It was concluded that TiO,-B/anatase
phase junction can be regarded as a perfect phase
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junction that lacks of the common stacking faults or
dislocation defects, those otherwise are commonly
present during the growth and packing of crystals.'*?

Different from the TiO,-B to anatase transition,
the pathway from anatase to rutile phase transition is
much more complex, involving multiple intermedi-
ates as shown in Figure 4(b). The heterophase junc-
tions in anatase/rutile biphase catalysts are thus more
complex. From the crystal phase transition pathways,
Zhao et al. present a three-phase atomic model for
the anatase—rutile TiO, heterophase junction using
TiO,-II phase as the intermediate,®” which is sug-
gested to be a layer-by-layer ‘T-shaped’ anatase/
TiO,-Il/rutile junction. The intermediate TiO,-II
phase, although predicted to be only a few atomic
layers thick in contact with anatase, is critical to alle-
viate the interfacial strain and to modulate photoac-
tivity. Importantly, these three-phase junctions can
act as a single-way valve in photocatalysis, allowing
the photo-generated hole transfer from anatase to
rutile but frustrating the photoelectron flow in the
opposite direction, which otherwise cannot be
achieved by the anatase-rutile direct junction. This
new model clarifies the roles of anatase, rutile, and
the phase junction in achieving high photoactivity
synergistically and provides the theoretical basis for
the design of better photocatalysts by exploiting
multi-phase junctions.

These anatase/rutile heterophase junctions
synthesized from the heat-driven partial phase transi-
tion should be geometrically close to the anatase sur-
faces in order to modulate efficiently the electron/
hole separation. To identify the nucleation site of
rutile formation where the heterophase junction
grows initially, recently Liu group further character-
ized the atomic structure of the nucleation sites in the
TiO, anatase-to-rutile phase transition by extending
SSW based pathway sampling for exploring surface
reconstruction channels.*' The lowest energy path-
ways at the initial stage of phase transition, as shown
in Figure 7, occurs on (1 1 2) ridged surface, which
can lead to the formation of both TiO,(II) and broo-
kite thin slabs. The other anatase surfaces, although
may reconstruct, do not lead to the formation of new
phases (the best known example is anatase (0 0 1)
surface, where recent experiment studies provide new
model for the (1 x 4) reconstruction on the top sur-
face layer,'**'** originally rationalized by the added
molecule (ADM) model'?®). The TiO,(Il) phase is
kinetically preferred product, the propagation of
which into subsurface is still hindered by high bar-
riers that is the origin for the slow kinetics of nuclei
formation. The rutile nuclei are thus not rutile phase
but nascent metastable TiO2-I1 phase in anatase
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FIGURE 6 | (a) DFT lowest energy transition pathway from TiO,(B) to anatase bulk crystal (structures viewed down from the b axis). The blue
lines indicate the habit plane of the phase transition. (b) The atomic structure of the TiO,(B)/anatase phase junction with orientationrelation

(2 01)g/(1 0 3)a+[0 1 0]g//[0 1 0], as predicted from theory. From left to the right are the top-views of (1 0 3), and (2 ) 0 1)g, and two side-
views of the junction showing the (1 0 0)g together with (0 0 1), (theoretical dihedral angle 11.0 degrees), and (0 1 0)g//(0 1 0)4. Ti: gray; O: red.
(Reprinted with permission from Ref 40. Copyright 2014 American Chemical Society)

matrix. The phase transition kinetics is found to be
sensitive to the compressive strain and the crystallo-
graphic directions. The results rationalize the size
and morphology dependence of the anisotropic phase
transition kinetics of anatase particles.

CONCLUSION REMARKS

This article overviews the theoretical progress for
characterizing the structure of 3d metal oxides and

58 © 2015 John Wiley & Sons, Ltd

understanding their photo-electrocatalytic activity in
water splitting. For both the electronic and the geo-
metrical structure complexity of these oxide catalysts,
the OER on these catalysts has become one of the
best testing-ground for advanced theoretical meth-
ods. In particular, recent years have seen increased
applications of the automated PES exploration meth-
ods to search for new structures of these systems. For
the bulk crystal structures, the latest global optimiza-
tion methods has allowed the large-scale screening of
crystal phases within the first principles framework
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anatase (1 1 2) reconstruction that leads to the formation of TiO,-II
and brookite phases. Blue: Ti after reconstruction; gray: Ti before
reconstruction; yellow: O after reconstruction; and red: O before
reconstruction. All views are looking down from anatase [1 1 0].
(Reprinted with permission from Ref 41. Copyright 2015 American
Chemical Society)

since the primitive unit of crystals are generally small,
e.g., within 40 atoms. The exploration of TiO, crys-
tal PES has indeed led to the finding of several new
crystal phases with desirable band gap for enhanced
solar light adsorption, but the stability of these new
phases at the ambient conditions is a general prob-
lem. The PES of Ni metal oxides also exhibits new
energy-nearly-degenerate tunnel structures that have
not been reported previously in experiment. The sta-
bility and the activity of these structures in OER
remain to be explored.

Although the direct search of heterostructures
composing multiple components using global optimi-
zation methods remains computationally impractical,
the heterophase junction structure can now be solved
indirectly based on the lowest energy crystal phase
transition pathways. The SSW-based pathway sam-
pling method provides a new approach to understand
the kinetics stability of crystals and to reveal the
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possible presence of coherent heterophase junctions.
The stable heterophase junction requires the mini-
mum strain at the interface and to achieve the best
atom match between phases. The TiO,-B/anatase het-
erophase junction has a simple low-strain interface.
The crystallographic correspondence predicted from
theory has an excellent agreement with the experi-
mental observation. However, the SSW pathway
sampling suggests a complex PES between anatase
and rutile. Theory predicts a three-phase junction for
anatase—rutile mixed phase oxides nucleating from
anatase (1 1 2) surface and further demonstrates that
the three-phase junction allows preferentially hole
transfer from anatase to rutile.

The OER activity on TiO, surfaces has been
investigated in a great detail with different theoretical
methods, including advanced electronic structure
methods (hybrid functional, post-DFT calculations),
explicit solution molecular dynamics and periodic
continuum solvation model. The first principles-
based thermodynamics methods were proved to very
successful for fast assessing the overall PES and pre-
dicting the key reaction step with the dominant
energy cost in OER. The first proton removal step to
produce adsorbed OH on TiO, surface is now
known as the key rate-limiting step and the water
splitting in this step follows the decoupled proton
and electron transfer. The reaction step is both sur-
face sensitive and phase sensitive, as the calculation
shows that rutile (1 1 0) is much more active than
anatase (1 0 1) for the heterolytic water splitting.
These conclusions may also be transferable for
understanding the water oxidation on the late transi-
tion metal oxides, where the similar reaction steps
were found on Fe/Ni-based oxide surfaces. Because
spin-polarized post-DFT calculations are generally
required for late transition metal oxides, the high
computational cost remains as a key challenge for
the global structure search and the reaction pathway
sampling. To date, the theoretical studies on the late
transition metal oxides are limited and there are still
many open questions on the active sites and the
quantitative correlation between the OER activity
and the catalyst structures.
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