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We present a first-principles study of MnNiO;, a promising
oxygen-evolution photocatalyst. Using density functional
theory with the PBE+U functional and the screened hybrid
functional of Heyd, Scuseria, and Ernzerhof (HSE), we
compute and analyze the ground-state geometry and
electronic structure. We find that MnNiQOj; is a ferrimagnetic
semiconductor with an indirect band gap, consistent with
experimental observations. We also predict that MnNiO; has
promising band edge positions relative to the vacuum, with
potential to straddle the hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER) redox potentials in
aqueous solution. A detailed analysis of the band structure
and density of states provides a clear explanation for why
MnNiO; has appropriate electronic properties for OER.
Furthermore, comprehensive calculations of its Pourbaix
diagram suggest that MnNiOj is stable in alkaline solution at
potentials relevant for oxygen evolution.

There are several strict requirements for a functional material in an
efficient photocatalytic water splitting system, including band gaps
in the visible, band edge positions bracketing the water redox
potentials, and long-term electrochemical stability.' To enable
photocatalytic water splitting, the conduction and valence bands of
the photocatalyst material must straddle the redox potentials of the
hydrogen evolution reaction (HER) (0 V vs NHE) and oxygen
evolution reaction (OER) (1.23 V vs NHE). Earth-abundant metal
oxides are a promising class of materials as high activity and low
cost photocatalysts due to their high chemical and electrochemical
stability.> > However, the band gaps of these metal oxides are
commonly too large to absorb a significant portion of visible light.**

As one of the earth-abundant metal elements, Mn is known to show
strong electrochemical stability in aqueous solutions close to the
OER potential.” ® However, the activity of binary Mn oxides for
OER is not as high as that of some other metal oxides, such as Ir0,.°
In a recent experimental work, NiFe,0, was reported to be a highly
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active and robust catalyst for photocatalytic water oxidation.
Moreover, the catalytic activity of NiFe,O, was found to be two
times higher than that of NiO, which has important implications for
the exploitation of ternary metal oxides containing earth-abundant
metals as efficient oxygen evolution photocatalysts.'® To overcome
the intrinsic limitations of Mn oxides for photocatalytic and
optoelectronic applications, it is highly desirable to develop new
multi-ternary Mn based oxides with optimal electronic properties
and electrochemical stability against electrochemical corrosion and
photo corrosion. Recently, MnNiOs; was found to be an efficient
photocatalyst for oxygen evolution under visible light with a
photosensitizer and a sacrificial oxidant."" To the best of our
knowledge, the fundamental electronic structure of MnNiO; has not
been explored to explain the improved performance of this ternary
compared to its binary counterparts. In particular, its band gap is
unknown, as are the roles the Mn and Ni cations play in determining
its functional properties. In this work, we present a computational
first-principles study of the structure, magnetic properties, electronic
structure, and electrochemical stability of MnNiOs, which we hope
will guide future development of MnNiO; based photocatalytic
systems.

Our first-principles computations based on density functional theory
(DFT) are performed using the Vienna software package (VASP)'%,
with the PAW pseudopotentials'®, the generalized gradient
approximation (GGA) as implemented by Perdew, Burke and
Ernzerhof (PBE)", and the screened hybrid functional of Heyd,
Scuseria, and Ernzerhof (HSE)IS’ 16 The PBE+U method is used to
address the on-site Coulomb interactions in the localized d orbitals
by adding an additional Hubbard-type U term, with values of 3.9 eV
for Mn and 6.2 eV for Ni as reported for binary metal oxides.'” The
mixing parameter for the Hartree-Fock exchange potential is set to
25%. A 6 x 6 x 6 Monkhorst-Pack k-point mesh for the integrations
over the Brillouin zone is used. We use an energy cutoff of 450 eV
and spin-polarization is included in all calculations. The bulk unit
cell is relaxed with the HSE functional. In treating the surfaces, we
use HSE lattice constants but relax surface atomic positions with the
PBE+U functional. Performing structural relaxations with this
combination of the two functionals has proven to be accurate and
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efficient to estimate the band edge positions of group-III nitrides.'®
The vacuum layer is set to 20 A for our surface calculations. We
carry out both bulk and surface relaxations until the forces on each
atom are less than 0.01 eV/A. These criteria lead to good
convergence of structural and electronic properties.

Figure 1 Illustration of MnNiOs structure in the ferrimagnetic ground state,
which was obtained through HSE calculations. Black dash lines indicate the
primitive cell. Blue, purple, and red spheres denote the Mn, Ni, and O atoms.
The red dashed line is along the rhombohedron body diagonal.

MnNiO; crystallizes in the same structure as ilmenite (FeTiO;)'* %
(space group 148, R3) with rhombohedral symmetry. The structure
of the ilmenite ABO, is similar to that of Cr,0O3, where both A and B
sites are occupied by Cr atoms.”' In ilmenite structures, A and B
atoms form an AB-BA-AB-BA arrangement with oxygen atom
layers stacked along the rhombohedron body diagonal. The primitive
cell of rhombohedral MnNiO; (black dashed line) used in our DFT-
HSE calculations is shown in Fig. 1. The Mn and Ni atoms are both
surrounded by a distorted oxygen octahedron, with nearest
neighbour distances ranging from 1.932 to 1.957 A for Mn and from
2.029 to 2.141 A for Ni. The positions of the A, B, and O atoms in
the rhombohedral cell of the ilmenite structure can be described with
the following Wyckoff positions 19 metal A: #u, u, u; metal B: v, v,
v; oxygens: +(Xyz, zxy, yzx) with the restriction of the oxygen
positions as x + y = 2z.* We relax the bulk structure with both
PBE+U and HSE functionals. Detailed results are shown in Table S1
in the Supplementary Information. The equilibrium lattice
parameters and atomic coordinates obtained from our DFT-HSE
calculations are in excellent agreement with previous experimental
data'®, with deviations of less than 0.5% in lattice constants and 5%
in atomic coordinates (Table S2).

Our calculations suggest that the ferrimagnetic phase is the ground
state, which is consistent with previous experimental observations.'*:
20.23-26 The obtained band gaps from PBE+U and HSE calculations
are 1.75 eV and 2.98 eV, respectively (Table S3). Detailed study of
the magnetic properties of MnNiO; with PBE+U and HSE methods
is provided in the Supplementary Information. Since DFT is well
known to underestimate gaps, the quantitative nature of these
predictions is necessarily limited. Many-body perturbation theory
within the GW approximation can result in more reliable gaps for
many inorganic semiconductors,”’ despite its neglect of excitonic
effects and electron-phonon interactions; this success can extend, in
some cases, to complex oxides.?® % However, DFT can often
provide reliable trends in the band gap for oxides at significantly
reduced computational cost’™*', and empirically, the HSE functional
has been shown to lead, in certain cases, to near-quantitative
accuracy for the gap for many complex oxides®>. Thus, here we
limit our analysis of the band gap to the DFT level. Although HSE
and PBE+U differ significantly in the absolute value of the band
gap, the trend remains the same: the band gap for the ferromagnetic
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state is lowest compared with other magnetic states, and the
antiferromagnetic phase with a +-+- configuration exhibits the
largest band gap.
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Figure 2 (a) The HSE band structure of MnNiOs. Red and blue colours
denote spin up and spin down channels, respectively. (b) The schematic
showing the splitting and occupation of d orbitals on Mn (blue) and Ni
(grey) atoms in a distorted octahedral environment. (¢) Atom projected
density of states of MnNiO;. The energy of the highest occupied state is
setto 0 eV.

The band structure for MnNiOs; is shown in Fig. 2(a). Ferrimagnetic
MnNiQ; is predicted to be an indirect band gap semiconductor. The
valence band maximum (VBM) is located at /" point, while the
conduction band minimum (CBM) is at a k-point along the 7-X
direction. Polynomial fits of the energy-momentum relation along
the I'-L, I'-Z and I-X lines yields effective hole masses of 2.34 m, ,
0.88 mpand 2.71 mg respectively. The atom and /-projected density
of states (DOS) for MnNiO; are shown in Fig. 2(c). The VBM is
mostly composed of Ni 3d and O 2p states. The occupied Mn 3d
states in the spin-down channel are located at 1.5 eV below the
VBM. O 2p states spread between 0 and -6 eV, with respect to the
highest occupied state. Mn 3d states dominate the CBM, with a
considerable contribution from O 2p and Ni 3d states in the spin-
down channel. As shown in Table S3, the calculated magnetic
moments for the ferrimagnetic ground state of MnNiOs are -2.9 pg
on Mn atom and +1.7 pg on Ni atom, where i is the Bohr
magneton. Considering that the electron configurations of Mn and Ni
atoms are 3d°4s” and 3d%4s?, the oxidation states of Mn should be 4+
with three d electrons in the spin-down channel while those of Ni
atoms should be 2+ with eight d electrons (5 spin up and 3 spin
down). Because of the octahedral symmetry of MnOg4 and NiOg
block, the d states of Mn and Ni are split into e, and t,, orbitals and
the positions of these orbitals, based on the analysis of the site-
projected densities of states, are plotted in Fig. 2(b). In the spin-up
channel, both t,, and e, orbitals for Mn atoms are unoccupied
(CBM), while both t,, and e, orbitals for Ni atoms are occupied
(VBM). In the spin-down channel, t,, states for both Mn and Ni
atoms are occupied while e, states are both unoccupied. The energies
of d states for Ni are higher in energy than those for Mn, which
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results in a VBM mainly composed of Ni t,, and a CBM mainly
composed of Mn e, states. In an approximate one-particle picture
neglecting electron-hole correlation effects, one may consider the
corresponding optical transitions close to the band gap as charge-
transfer transitions, where electrons transferred from Ni to Mn
atoms.
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Figure 3 The positions of the VBM (red) and CBM (blue) of MnNiO;
comparing with rutile TiO, and anatase TiO, relative to the vacuum. The
positions of the two water redox potentials at pH = 0 are shown on the right.

To better understand the viability of MnNiOj; for photocatalytic
water splitting applications, we examine its band edge energies
relative to vacuum, and discuss these energies relative to the redox
potentials of water. As band edge energies are, strictly speaking,
electron addition and removal energies, self-energy corrections to
DEFT eigenvalues within, e.g, the GW approximation, are necessary
in principle. GW calculations for oxides are challenging, and prior
work has shown that DFT calculations with hybrid functionals can
provide reliable and in some cases quantitative trends.'™ **** Here,
we provide insight into the band edge energies relative to vacuum in
a computationally-efficient manner by combining bulk HSE and
PBE+U surface slab calculations of MnNiO5.'® The generalized
Kohn-Sham eigenvalues obtained from a bulk HSE calculation are
referenced to the average electrostatic potential of a PBE+U slab
calculation.

More concretely, we perform supercell calculations with a surface
slab region and a vacuum region. The vacuum level is then defined
by the value of the electrostatic potential far away from the surface
slab; the “bulk” average electrostatic potential is defined as the
macroscopically averaged electrostatic potential in a “bulk” region
deep inside the slab. The potential step AV between the vacuum and
the bulk is then established, and the bulk Kohn-Sham eigenvalues
can be referenced to the vacuum. We construct several low-index
nonpolar surfaces of MnNiOj; using the surface generation scheme
proposed in Ref. **, carry out surface geometry optimization, and
calculate their surface energies. Our calculations predict that the
(001) surface has the lowest surface energy. Considering the fact that
other low-index surfaces have surface energies more than 60
meV/A? higher, we evaluate only the band edge positions involving
the (001) surface. Using the above approach, we predict that the
CBM for the (100) surface is located at 4.03 eV below the vacuum
while the VBM is at 7.01 eV below the vacuum. As shown in Fig. 3,
without considering the solid-liquid interface effects, the CBM and
VBM of MnNiO; straddle the two water reaction levels. Compared
with TiO,* (and shown in F ig. 3), the position of VBM for MnNiO;
is higher in energy due to the presence of occupied Ni 3d states. In a
realistic photocatalystic system, the relative stability of MnNiO3
surfaces and the band edge positions can be affected by solid-
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solution interaction. Since the surface energy of the most stable
(001) surface is much lower than those of other surfaces by at least
60 meV/ A2, we do not expect the solid-solution interaction will
change the dominant surface for MnNiOj; in water. Using the method
proposed in Ref. >’ and assuming the pH of the point of zero charge
for MnNiOs is between that of MnO, (4.5)*® and NiO (8.2)¥, the
band edge positions in aqueous solution at pH = 0 are estimated to
be 0.02~0.24 eV closer to vacuum than predicted by our DFT
calculations without water. Considering the fact that the offset
between the VBM/CBM of MnNiO; and the OER/HER potential are
quite large, the estimated band edge position shifts due to water will
not affect our main conclusion that the VBM and CBM of MnNiO;
straddle the two water redox potentials.

Compared with manganese oxide and nickel oxide, the MnNiO;
system has shown better catalytic activity with a higher O,
production rate.'' This observation possibly originates from the
difference in their electronic structures. It is well known that MnO
and NiO are Mott insulators with large band gaps (3.8 eV*° and 4.0
eV* respectively) and localized electronic bands close to the VBM.
However, the highest valence band of MnNiOj; has a strongly mixed
Ni d and O p character and a large band dispersion, especially along
the I'-Z direction. It suggests a higher hole mobility and possibly
lower carrier recombination rates in MnNiOs, which may provide the
superior catalytic performance compared to Mn and Ni oxides.

.
MnNi; + Ni NiO(s) uo,:
|+ Ni(OH) ]

Mn?*+ Ni?*

Ni(s) + Niz* +MnOH*
Ni(s) + Mn(OH),”
MnNiy(s) + MnOH"
MnNiy(s) + Mn(OH),

MnNiy(s) + Mn?*

Mn(s) + MnNi,(s)

4 6 8 10
pH

20 2 12 14 16

Figure 4 The Pourbaix diagram of 50%-50% Mn-Ni system in aqueous
solution, assuming a Mn ion concentration at 10 mol/kg and a Ni ion
concentration at 10" mol/kg. The upper red dashed line represents the
potential for OER, while the lower red dashed line corresponds to the
potential for HER. The blue and red regions contain stable solid compounds,
while only ions are stable in the white regions.

The stability against electrochemical corrosion and photo-corrosion
is a critical issue prohibiting the application of many candidate
materials with promising electronic structure properties for water-
splitting applications. Hence, for electrochemical corrosion, we
employ the analysis of the Pourbaix diagram, as implemented in the
Materials Project*” to assess the stability and feasibility of the Mn-Ni
ternary space. The analysis is based on the work of Persson et al.®,
where solid and dissolved species are combined in a single-phase
diagram to determine the stable species (solids and/or aqueous ions)
as a function of pH and potential.”* Following Ref® , the theoretical
data obtained with the PBE+U method are used for the total energies
of solid phases and experimental data are utilized for the dissolved
ions. Based on these energy data, the Pourbaix diagram for Mn and
Ni containing species (with the concentrations of Mn and Ni ions set
at ~10® mol/kg) is constructed and shown in Fig. 4. The MnNiOs is
clearly stable —even at fairly alkaline conditions - as evidenced by its
large phase space with pH values from 7.5 to 14 and potentials close
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to the oxygen evolution potential. In this region, the normalized
Gibbs free energy of MnNiO; becomes lower than all the other
possible dissolution products and it exists in aqueous solution as a
solid.

The understanding of the electrochemical stability of MnNiO; can be
achieved by constructing the Pourbaix diagrams of Mn metal and Ni
metal, respectively. From the calculated Pourbaix diagram of Mn
(not shown here), we see that MnO, is the stable phase close to the
OER potential in a large pH range, which is in good agreement with
the experimental observation.** For Ni based species, the solid
phases of Ni compounds only exist in the alkaline region close to the
OER potential.** We thus expect the appearance of ternary
compounds in the overlap area of the stable solid-phase regions of
the two Pourbaix diagrams of Mn and Ni. This estimation is actually
consistent with the fact that MnNiOs is stable in high pH region
close to the OER potential. The above analysis suggests the
possibility of long-term electrochemical stability of MnNiOj; as an
oxygen evolution photocatalyst in neutral-pH or alkaline solution.

In summary, we present the computational characterization of
MnNiO;, a promising oxygen-evolution photocatalyst. The magnetic
ground state of MnNiOj is found to be ferrimagnetic, which is
consistent with experimental observations. MnNiQ; is found to be an
indirect-band-gap semiconductor with an optimal band alignment to
the HER and OER redox potentials. Furthermore, we find that the d-
band splitting of both Mn and Ni atoms is crucial for obtaining the
promising electronic structure properties as an oxygen evolution
photocatalyst for water splitting. Lastly, the Pourbaix diagram
analysis reveals that the compound is electrochemically stable in the
relevant potential range at neutral pH or in alkaline solution
providing possible long-term stability.
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