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The positions of electronic band edges are one important metric for determining a material’s
capability to function in a solar energy conversion device that produces fuels from sunlight.
In particular, the position of the valence band maximum (conduction band minimum) must lie
lower (higher) in energy than the oxidation (reduction) reaction free energy in order for these
reactions to be thermodynamically favorable. We present ﬁrst principles quantum mechanics
calculations of the band edge positions in ﬁve transition metal oxides and discuss the feasibility of
using these materials in photoelectrochemical cells that produce fuels, including hydrogen,
methane, methanol, and formic acid. The band gap center is determined within the framework of
DFT+U theory. The valence band maximum (conduction band minimum) is found by
subtracting (adding) half of the quasiparticle gap obtained from a non-self-consistent GW
calculation. The calculations are validated against experimental data where possible; results for
several materials including manganese(II) oxide, iron(II) oxide, iron(III) oxide, copper(I) oxide and
nickel(II) oxide are presented.

1. Introduction
Progress in seeking sustainable and cost eﬀective alternative
energy sources is accelerating, especially in the solar energy
arena. Signiﬁcant improvements in solar energy conversion
devices require the discovery and/or design of new materials.
To date, no material has yet been found that is both cheap and
suﬃciently eﬃcient for use in the three typical solar energy
conversion devices: photovoltaics, photoelectrochemical cells,
and photocatalysts.1 These devices share common physical
mechanisms in the initial stages of energy conversion: photon
absorption to produce electronically excited states consisting
of electron-hole pairs, followed by electron-hole pair separation and transport to ultimately produce either current or
fuel in subsequent steps.2 A variety of material properties
aﬀect the eﬃciency of all three solar energy conversion
devices,3,4 including the band gap for photon absorption,
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the electron-hole pair lifetime and the electron and hole mobilities. Additionally, for solar fuel production, redox reactions at
the material surface are favorable thermodynamically only if
the position of conduction band minimum (CBM), denoted by
ECBM, or valence band maximum (VBM), denoted by EVBM,
lie above or below, respectively, the redox reaction free
energies. Consequently, accurate methods for determining
band edge positions, either from experiment or theory, are
needed. Knowledge of the band edge positions provides the
ﬁrst test that a material must pass to be a potentially eﬀective
photoelectrode or photocatalyst.
First-row transition metal oxides (TMOs) are attractive
candidates for solar energy applications due to their low cost,
relative abundance, stability under exposure to ultraviolet
light and resistance to corrosion.5 The need for accurate
calculations of the band positions for TMOs is especially
signiﬁcant in view of the diﬃculties of experimentally measuring their band edges, which is reﬂected in the limited number
of experimental studies on these materials.6–12 The placement
of band edges are usually determined by photoemission spectroscopy experiments, but charging and defects at the surface of
TMOs may lead to inaccuracies in the measurement.13 In
addition, the precise location of the onset of the band edge line
shape is often not well deﬁned.14 The Kelvin probe experiment
may also be used to measure the Fermi energy, but does not give
a complete description of the material’s electronic structure,
such as the position of the band edges relative to the Fermi
energy.15
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Theoretical calculations of the electronic structure of
TMOs, from which the band energies can be extracted, are
challenging as well. One source of diﬃculty is the strong
interactions between open shell electrons localized in d orbitals, especially for ﬁrst row mid-to-late TMOs. Conventional
implementations of density functional theory (DFT) using
approximate local or semilocal density functionals for electron
exchange–correlation (XC) are inappropriate for characterizing these TMOs, exhibiting egregious failures such as
incorrectly predicting some of these materials to be metals
where they are in fact semiconductors or insulators.16 The
failure is largely due to self-interaction error in the approximate exchange functional; hence some exact Hartree–Fock
exchange is often introduced to ameliorate much of the error.
This can be done with a hybrid XC functional that includes a
portion of exact exchange calculated from the Kohn–Sham
(KS) single determinant solution. However, this method is
extremely computationally expensive due to the evaluation
of nonlocal exchange integrals.17–19 An alternative and
more economical approach is oﬀered by DFT+U theory,
which incorporates eﬀective intra-atomic Coulomb (U) and
exchange (J) terms by introducing one (U-J) parameter20,21
that can, e.g., be computed fully ab initio from unrestricted
Hartree–Fock (UHF) calculations.22,23 We employ this
ab initio DFT+U theory in most cases here.
The position of the valence band edge of TMOs may be
determined from DFT calculations that include such XC
functionals. In practice, however, the band energies computed
with KS-DFT are shifted due to the contribution of the
pseudopotential (which represents the potential due to the
nucleus plus core electrons) at zero momentum vector when
employing periodic boundary conditions.24 Therefore, the
positions of KS eigenvalues with respect to the vacuum level
can be obtained using a periodic cell model containing a slab
representing a semi-inﬁnite surface and a suﬃciently thick
vacuum region that eliminates interactions between slab
periodic images.25 The work function f, deﬁned as the minimum energy required to extract an electron from a material, is
equal to the energy diﬀerence between the Fermi level and the
electrostatic potential energy in vacuum. The work function
can also be described in terms of the VBM,
f = |EVBM+D|

(1)

where D = 12Eg for an undoped material. Per convention, all
electron energies are referenced to the potential energy in the
vacuum region. Speciﬁcally, in slab models of semiconductors,
the energy of the KS VBM equals the energy of the highest
occupied band referenced to the potential energy in vacuum
(the latter being set to zero energy as the reference state).
The KS VBM has been calculated in this way for a variety
of semiconductors including III–V semiconductors25 and
titanium dioxide.26 This method has also been applied to
determine the relative position of two semiconductors’ VBM
and the highest occupied molecular orbital of an organic dye
in hybrid solar cells.27 Thus, the VBM of a material is
conventionally assumed in the literature to be equal to the
KS VBM.25–28 The CBM may then be determined by adding
an energy gap to the KS VBM. The energy gap is usually
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obtained either experimentally28 or theoretically from, e.g., a
quasiparticle (QP) gap calculation.26
This approach of calculating the VBM of a semiconductor
from KS-DFT suﬀers from an error associated with the
derivative discontinuity of the XC energy.29 A theorem proved
by Perdew and Levy29 shows that DFT can only provide a
lower limit to the absolute value of the VBM even if the XC
functional used is exact, because of the inherent assumption in
the KS formalism that the XC functional is energy independent. However, the theorem also shows that DFT is formally
exact for calculating the band gap center (BGC), denoted here
by EBGC. Therefore, here we calculate the BGC based on
Perdew and Levy’s proof that extends to non-metallic systems
Janak’s theorem for calculating the work function.30
To determine the VBM and CBM from EBGC, the energy
gap needs to be computed as well. Although many publications purport to predict band gaps from KS-DFT, such gaps
are not directly related to any actual measurements. We refer
instead to such gaps as ‘‘eigenvalue gaps,’’ since they are
merely the diﬀerence in KS eigenvalues between the lowest
unoccupied and highest occupied states. Because of the lack of
derivative discontinuity in the XC functional mentioned
above, among a host of other reasons, these KS eigenvalue
gaps are not equivalent to either optical or photoemission/
inverse photoemission (PES/IPES) gaps and any agreement
quoted with respect to experiment is merely fortuitous. By
contrast, the many-body Green’s function theory known as
the GW method has successfully calculated the QP gap of
many semiconductor materials.31 The QP gap is essentially the
ionization potential minus the electron aﬃnity of the material,
a quantity which is directly comparable to the gap measured
by PES/IPES experiments. Hence, we use the GW method,
together with the calculated BGC, to determine the VBM and
CBM as follows,
1
2Eg

(2a)

ECBM = EBGC + 12Eg

(2b)

EVBM = EBGC

where Eg is the QP gap.
Using the procedure described above, this work presents
ﬁrst principles calculations of the position of band edges for
several TMOs that could be promising for solar energy
applications, including manganese(II) oxide (MnO), iron(II)
oxide (FeO), iron(III) oxide (Fe2O3), nickel(II) oxide (NiO),
and copper(I) oxide (Cu2O). Section 2 includes computational
details on the BGC and QP gap calculations. Results and
discussion of the positions of the VBM and CBM with respect
to redox reactions are given in section 3, and concluding
remarks are provided in section 4.

2. Computational details
Spin-polarized KS-DFT and DFT+U calculations were performed within the VASP program.32–34 All materials considered exhibit antiferromagnetic ground states except Cu2O,
which is nonmagnetic; all calculations were carried out with
the correct antiferromagnetic spin ordering. Starting geometries for BGC and QP calculations were obtained from
calculations that determined the equilibrium lattice vectors and
Phys. Chem. Chem. Phys., 2011, 13, 16644–16654
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nuclear positions of the bulk material. The XC functional was
chosen for each material based on its accuracy in calculating
the material’s ground state properties, in particular, the transition metal magnetic moment, the bulk modulus, the lattice
constant, the character of the band edge states (e.g., transition
metal d-orbitals or oxygen p-orbitals), positions of the d-states
relative to the band edges, and the KS eigenvalue gap
(although the KS eigenvalue gap does not directly correspond
to the measured band gap, it gives some indication as to the
nature of the chemical bonds). The DFT+U formalism of
Dudarev et al.21 was used for periodic calculations of FeO,
Fe2O3, and NiO. The local density approximation (LDA) XC
functional was used for FeO and the Perdue-Burke-Ernzerhof
(PBE) generalized gradient approximation (GGA) XC functional was used for both Fe2O3 and NiO. PBE was not used
for FeO because it fails to predict the observed elongation of
FeO along [111].23,35 Either LDA or PBE can be used for
Fe2O3 and NiO because they both yield results that are in
agreement with experimental ground state properties.23,36 The
values of the U-J parameters are 3.7, 4.3, and 3.8 eV for FeO
(Fe2+),23 Fe2O3 (Fe3+),23 and NiO (Ni2+),37 respectively,
calculated by our ab initio scheme.23 The value for Ni2+ was
determined in the same way as reported earlier, namely derived
from cluster-size-converged UHF calculations on electrostatically embedded clusters containing up to 43 Ni and
92 O atoms. The HSE XC functional with screening parameter
of 0.2 Å 1 was used for both MnO and Cu2O.17,18
Projector-augmented wave (PAW) potentials representing
the core electrons and nuclei of each atom38,39 replaced the
Mn 1s2s2p3s3p, Fe 1s2s2p3s, Ni 1s2s2p3s3p, Cu 1s2s2p3s3p
and O 1s electrons. For late ﬁrst row transition metals, the
core electrons up through the 3p shell are very tightly held and
hence are generally subsumed into the frozen core of the PAW
potential. Here we did treat the 3p electrons of Fe explicitly,
simply to be consistent with earlier bulk and surface iron oxide
calculations.23,40
The plane wave basis was truncated at a kinetic energy
cutoﬀ of 700 eV in all calculations. Gamma-point-centered
k-meshes were used for all materials. The k-point grid size
was 8  8  8 for MnO and FeO, 4  4  4 for Fe2O3 and
6  6  6 for NiO and Cu2O. The bulk unit cells of the
antiferromagnetic rocksalt TMOs (MnO, FeO, and NiO)
used here are rhombohedral cells containing four atoms.
A rhombohedral bulk unit cell also was used for antiferromagnetic Fe2O3, containing ten atoms, and a cubic bulk unit cell
was used for Cu2O, containing six atoms. This kinetic energy
cutoﬀ for the planewave basis and these k-point grids converge
the total energy to within 1 meV per atom for all materials.
The hybrid functionals included a gamma-point-centered
2  2  2 q-point mesh in the calculation of the Fock potential.
The Brillouin zone was integrated with the eﬃcient Gaussian
smearing method, using smearing width of 0.01 eV, except for
Cu2O, where the integration was done by the tetrahedron
method with Blöchl corrections for greater accuracy.41–43 Tests
showed that Gaussian smearing generally gives the same
results as the more accurate tetrahedron method for a small
smearing width.
Symmetry was not imposed for primitive cell geometry
optimization of bulk FeO to allow for the observed
16646
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rhombohedral distortion to occur. For bulk MnO, Fe2O3,
NiO, and Cu2O, the same structures were obtained whether
symmetry was imposed or not, therefore for computational
eﬃciency we imposed symmetry for these four materials. The
ﬁnal lattice constants of the bulk primitive cells calculated with
the above selected XC functionals are in good agreement with
experimental values and therefore were used for subsequent
surface calculations. In particular, the calculated lattice
constants for MnO, NiO, and Cu2O are 5.38 Å, 4.20 Å and
4.29 Å, respectively, compared with experimental values of
5.44 Å,44 4.18 Å45 and 4.27 Å,46 respectively. The calculated
rhombohedral lattice constants for FeO are |a| = 5.25 Å,
|b| = 5.25 Å and |c| = 5.33 Å,23 consistent with the measured
value of 5.31 Å.47 The symmetry breaking we ﬁnd here is likely
due to a Jahn–Teller distortion of the d6 Fe(II) octahedral ﬁeld,
which may be averaged out in the real sample. The calculated
lattice constants for Fe2O3 are |a| = 5.10 Å and |c| = 13.92 Å,23
and the corresponding experimental values are |a| = 5.04 Å and
|c| = 13.75 Å.48 More details of structural optimization are
given below.
2.1.

Band gap center calculations

BGC calculations were performed for the MnO(001), FeO(001),
Fe2O3(0001), Fe2O3(011% 2), NiO(001), and Cu2O(111) surfaces.
The (001) surface plane was chosen for the rocksalt TMOs
because of its stability and non-polarity (that is, no net electric
dipole moment normal to the cleavage plane).40,49–51 The
Cu2O(111) surface was selected since it was found experimentally to be more stable than Cu2O(001).52 In hematite, the
Fe2O3 (0001) and (011% 2) surfaces have similar surface energies,
with the surface energy of the (011% 2) slightly lower by B0.1 J/m2,40
so we report predictions for both surfaces.
Periodic unit cells containing ﬁve-layer thick slabs and 10 Å
of vacuum separating slabs from their periodic images were
used for the rocksalt TMOs (MnO, FeO, and NiO). The
models for MnO and NiO contained eight atoms per layer,
which converged the surface energies of MnO and NiO to
within 0.01 J/m2, while FeO required a lateral unit cell with
16 atoms per layer to properly converge its surface energy to
within 0.1 J/m2 due to its rhombohedral distortion.40 The slab
used for the Fe2O3(0001) surface was four stoichiometric units
thick with a vacuum thickness of 15 Å, and the slab for the
Fe2O3 (011% 2) surface was three stoichiometric units thick with
a vacuum of 10 Å. Further computational details on the
predicted equilibrium surface structures of iron oxides can
be found in ref. 40. Five tri-layers, each consisting of a layer of
four Cu atoms sandwiched between two O atoms in the lateral
unit cell, along with a 10 Å vacuum layer, were needed to
converge the surface energy of Cu2O to within 0.01 J/m2. The
(001) interlayer spacings in MnO, FeO, and NiO are B2.2 Å,
B2.2 Å, and B2.1 Å, respectively, stoichiometric layers of
Fe2O3 are respectively B2.2 Å and B3.2 Å thick for the (0001)
and (011% 2) slabs, and one stoichiometric layer for Cu2O
is B2.2 Å thick. Consequently, the slab models of all the
oxides are fairly similar in thickness: B8.5–9 Å for MnO, FeO,
NiO, and Fe2O3(0001), B9.5 Å for Fe2O3 (011% 2), and B11 Å
for Cu2O.
Slabs for FeO, Fe2O3, and NiO were initially constructed
using the bulk primitive cell geometries and all ionic positions
This journal is
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were allowed to relax to an equilibrium structure using the
DFT+U functional used for each material’s bulk calculation.
Cu2O and MnO slabs were constructed using HSE bulk
primitive cell geometries, followed by ionic relaxation of the
surface slab with the PBE+U functional (with an empirical
value of U-J = 6 eV on Cu and the ab initio U-J = 5.0 eV
on Mn53). PBE+U is used for ionic relaxation because it is
1-2 orders of magnitude less expensive than HSE while still
accurately reproducing experimental bulk lattice constants
(calculated lattice constants with PBE+U are 4.27 Å for
Cu2O and 5.48 Å for MnO). The ion relaxation was stopped
when all force components on all ions were less than
0.03 eV/Å.
K-point meshes consistent with those converged for the
bulk calculations were used for the surface slabs: gammapoint-centered grids with 4  4  1 k-points for MnO(001),
NiO(001) and Cu2O(111), 2  2  1 k-points for FeO(001),
and a 3  3  1 k-mesh for both Fe2O3 (0001) and
Fe2O3(011% 2). Use of a gamma-point-centered grid is important
for determining the BGC in materials with a direct band (such
as Cu2O) or materials where the calculated CBM appears at
the gamma point (such as FeO). The value of the BGC was
found converged to within 0.03 eV for all materials compared
to denser k-meshes.
Finally, the centers of the KS band gaps were calculated
at the resulting equilibrium structures of the surfaces. The
BGC is located halfway between the KS VBM and the KS
CBM eigenvalues calculated for the surface (periodic slab)
unit cell. The position of the BGC relative to vacuum was
obtained by taking the energy diﬀerence of the calculated
electrostatic potential in the vacuum region and the energy
of the BGC, using the DFT+U, HSE, and PBE0 functionals
independently, for comparison purposes.
2.2.

Quasiparticle gap calculations

Calculation of the PES/IPES gap was done using a perturbative,
non-self-consistent GW method (G0W0) on the bulk structures.
The full self-consistent GW approach is much more expensive
and is known to carry additional approximations (not invoked
in the G0W0 calculation) that may lead to errors.54 Indeed, we
have shown in a systematic study of the performance of various
forms of the GW method applied to hematite (Fe2O3) that the
most accurate predictions are obtained when one takes care to
use as input to G0W0 wavefunctions and energies that describe
accurately the ground state of the material.55 Thus, the input
wave functions and energies for the G0W0 calculation were
obtained from calculations on the bulk unit cell using DFT+U
or HSE functionals (the corresponding G0W0 calculations will
henceforth be denoted by DFT+U/G0W0 and HSE/G0W0).
The bulk geometries used for the G0W0 calculations were
obtained from relaxation of the ground state structure using
each of these functionals for MnO, Fe2O3, and Cu2O. However, for NiO and FeO, only the structure obtained from
geometry optimization with ab initio DFT+U was considered,
as it is much more economical and the results for the other
oxides had already demonstrated that DFT+U predicts very
similar structures to those obtained with a hybrid functional
(e.g., the diﬀerence between HSE and DFT+U Cu2O lattice
This journal is

c

the Owner Societies 2011

constants and bond lengths are respectively o0.015 Å and
o0.01 Å).
Gamma-point-centered k-point meshes were used in the G0W0
calculations: 4  4  4 for Fe2O3 and NiO, and 6  6  6
for FeO, MnO, and Cu2O. The calculation of the response
function used a gamma-point-centered 2  2  2 q-point mesh
for MnO, FeO, and Fe2O3, and a 3  3  3 q-point mesh for
Cu2O. The number of q-points was not reduced from the
k-mesh for NiO, i.e., a 4  4  4 q-point mesh was used.
The converged number of both bands and frequency points
was 64 for Cu2O, and NiO. For MnO, 64 bands and
96 frequency points were used, and for Fe2O3, 96 bands and
100 frequency points were needed. The number of bands
and frequency points needed for FeO in the DFT+U/G0W0
calculation was 80 and in the HSE/G0W0 calculation was 64.
It was found to be essential in these G0W0 calculations to use
more than twice the number of bands used in the preceding
DFT+U or hybrid functional calculations in order to converge the value of the QP gap. These settings gave QP gaps that
were converged to within 0.1 eV.
Finally, the positions of the band edges relative to vacuum
were determined by combining surface and bulk calculations.
The QP gap was calculated using the bulk unit cell to model
PES/IPES inside the crystal whereas the BGC position relative
to vacuum was calculated from the surface unit cell to mimic a
work function calculation at a surface. The position of the
VBM (CBM) was then calculated by subtracting (adding) half
the QP gap to the BGC position relative to vacuum (see
eqn (2)).

3. Results and discussion
3.1. Position of the band gap center from density functional
theory incorporating exact exchange
Let us start by analyzing the position of the KS VBM because
it determines, together with the eigenvalue gap, the center of
the band gap. The valence band edge positions of the TMOs
MnO, FeO, Fe2O3, NiO, and Cu2O were obtained from the
calculations on periodic surface slabs described above.
The value of the KS VBM was obtained in reference to the
electrostatic potential in the vacuum (see the electrostatic
potential of FeO as a representative example in Fig. 1).
Table 1 summarizes the KS VBM of these materials obtained
using either DFT+U, HSE, or PBE0 functionals. The diﬀerence in the VBM value from DFT+U and PBE0 calculations is
B1 eV in all the TMOs except FeO, for which use of the LDA
XC produces a diﬀerent trend. Indeed since HSE and PBE0 use
the PBE XC functional as a central component, it makes
sense that LDA+U results would not be directly comparable.
If instead we compare the PBE+U prediction for FeO (shown
in parentheses is the PBE+U result using the LDA+U
structure) to HSE and PBE0, the same trend is observed as
for the other materials. The KS VBM of FeO calculated with
PBE+U is higher than the one calculated with LDA+U. The
diﬀerence in KS VBM values from HSE and PBE0 calculations
is consistently B0.4 eV. The KS potential obtained with the
PBE0 functional strongly binds electrons and increases
the energy required to extract an electron from the atoms of
Phys. Chem. Chem. Phys., 2011, 13, 16644–16654
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Fig. 1 Electrostatic potential averaged over planes parallel to the
surface (solid line), Kohn–Sham valence band maximum (dashed line)
and band gap center (dotted line), calculated for FeO(001) using
ab initio LDA+U theory. The region to the right of B10 Å is the
vacuum region, where the energy is zero (the vacuum level). The
energy decreases at the far right where the next periodic image of
the FeO slab begins.

Table 1 Calculated values of the Kohn–Sham valence band maximum of transition metal oxides (eV) for three levels of theory,
referenced to the vacuum level. The values of U-J used in the DFT+U
calculations here are given in section 2. The DFT+U XC functional
was PBE for all materials except FeO where LDA was used to
determine its structure (see text for details). The PBE+U value for
FeO is given in parentheses for comparison

Method
DFT+U
HSE
PBE0

MnO
(001)
4.48
4.96
5.28

FeO
(001)
4.17 ( 3.79)
3.91
4.33

Fe2O3
(0001)

(011% 2)

5.24
5.84
6.23

6.14
6.71
7.09

NiO
(001)
5.11
5.71
6.13

Cu2O
(111)
5.07
5.38
5.74

the crystal. This emphasizes the signiﬁcance of the long-range
exact exchange expressed in PBE0 that is not accounted for in
the HSE functional.17–19 Because the extraction of an electron
from the region of atoms in the crystal to the vacuum region is a
long-range process, the long-range nature of the PBE0 functional may be necessary to accurately calculate the KS VBM.
By contrast, the DFT+U functional exhibits an exponential
dependence with distance, as expressed in the LDA or PBE XC
functionals, rather than a long-range Coulomb interaction.
The magnitude of intra-atomic exchange energy contributed
to the DFT+U functional by the U-J parameter aﬀects the
binding and localization of the d electrons in the transition
metal, making it an important parameter for calculating the
KS VBM. As seen in Fig. 2a, the KS VBM becomes more
negative as the value of the U-J parameter increases, as
expected from the theory.21 The explicit dependence of the
KS VBM on the U-J value is expected to be more signiﬁcant
for Mott-Hubbard insulators such as FeO, where the highest
occupied band is much more aﬀected because it is localized on
the transition metal cation, than for a mixed Mott-Hubbard/
charge-transfer insulator such as NiO, where the highest
occupied band contains O 2p character. The predicted trends
across materials given in Fig. 2a only make sense physically for
intermediate values of U-J for reasons we discuss next.
Qualitatively, we expect the KS VBM of MnO and Fe2O3 to
be more negative than the KS VBM of FeO. High spin Mn(II)
16648
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Fig. 2 Dependence of the Kohn–Sham valence band maximum (KS
VBM) (a) and band gap center (BGC) (b) on the value of the U-J
exchange parameter in DFT+U theory for various transition metal
oxides. The slab geometries were ﬁrst obtained at the DFT+U level of
theory using the XC functional and the U-J value given in section 2 for
each material and the geometries are then kept ﬁxed as U-J is varied in
these calculations. For Fe2O3, only values for the basal (0001) plane
are shown.

and Fe(III) in MnO and Fe2O3 have a half-ﬁlled shell with ﬁve
singly occupied 3d-orbitals that hybridize with oxygen
2p-orbitals at the KS VBM. These electrons are greatly
stabilized by the many very large intra-atomic exchange interactions. By contrast, high spin Fe(II) in FeO has a less stable
valence conﬁguration of six 3d-electrons due to having two
electrons occupy one of the d-orbitals. Ionizing an electron
from either MnO or Fe2O3 requires more energy (due to the
large number of exchange interactions that would be lost) than
extracting the one minority spin electron from Fe (II) in FeO
(which is destabilized by the presence of the majority spin
electron in the same orbital). Examination of Fig. 2a shows
that these trends only hold for low-to-intermediate values of
U-J such as those found by our ab initio procedure.23
Using the ab initio U-J values given in section 2 for the
DFT+U calculations (except for Cu2O, where an empirical
U-J value was used because the ab initio value is not yet
available), or using hybrid functionals, leads to the KS VBM
predictions displayed in Table 1. We can see that the KS VBM
do indeed follow the expected trend, with a more negative
KS VBM for MnO than for FeO, and an even more negative
KS VBM for both surfaces of Fe2O3 due to its more contracted d-shell (the more positively charged Fe(III) gives rise to
even larger exchange stabilization). NiO and Cu2O, with their
highly contracted d-shells, also exhibit KS VBM values that
are qualitatively similar to Fe2O3 (0001); the Fe2O3 (011% 2) KS
VBM appears at more negative values because its surface
is oxygen-terminated40 and the negatively charged oxygens
increase the work function compared to the surfaces that have
surface cations present.
This journal is

c

the Owner Societies 2011

Table 2 Calculated values of the band gap center for several transition metal oxides (eV) for three diﬀerent levels of theory, referenced to
the vacuum level. See Table 1 caption for more details

Method
DFT+U
HSE
PBE0

MnO
(001)

FeO
(001)

3.50
3.49
3.49

3.54 ( 3.13)
2.92
2.97

Fe2O3
(0001)

(011% 2)

4.48
4.71
4.72

5.14
5.33
5.34

NiO
(001)
4.08
3.91
3.94

Cu2O
(111)
4.70
4.51
4.51

The center of the KS band gap depends on both the
KS VBM and the eigenvalue gap. For the reasons discussed
earlier, the KS VBM obeys the relation EVBM(PBE+U) 4
EVBM(HSE) 4 EVBM(PBE0). The eigenvalue gap exhibits the
opposite trend and depends on the XC functional according to
Eg(PBE+U) o Eg(HSE) o Eg(PBE0) due to the increasing
amount of Hartree–Fock exchange going from PBE+U to
HSE to PBE0 that increases the band gap. Because of these
competing trends, we expect the BGC to be rather insensitive
to the choice of XC functional. Table 2 shows the BGC
calculated with diﬀerent XC functionals, referenced to the
electrostatic potential in the vacuum region (see dotted line in
Fig. 1). Indeed, there is only a slight diﬀerence in the value
of the BGC between diﬀerent choices of XC functional.
Additionally, Fig. 2b illustrates that the BGC depends only
modestly on the U-J value, much less than the KS VBM does.
It appears that the value of the BGC is rather independent
of the choice of XC functional and hence we may conclude
that the much less expensive DFT+U theory can be used to
compute BGCs in future work without sacriﬁcing accuracy
while saving computational time.
The results above show that given a particular surface
structure, the BGC is rather insensitive to the choice of XC
functional used. However, diﬀerent XC functionals may aﬀect
the predicted surface structure, which in turn may impact the
predicted BGC. We therefore also tested the sensitivity of our
BGC predictions to using diﬀerent XC functionals for ionic
relaxation at surfaces. We considered MnO and Fe2O3, as two
extreme cases: rock salt MnO is not expected to exhibit much
surface relaxation, while the hematite (corundum structure)
surfaces exhibit large surface relaxations. Starting with (001)
slabs for MnO constructed from the experimental primitive
cell geometry to avoid a bias in the comparison, relaxed
surfaces using either the PBE+U or PBE0 functional exhibit
no reconstruction, with surface oxygen ions simply moving
slightly toward vacuum and surface manganese ions shifted
slightly inward. PBE0 BGC values of 3.48 eV and 3.44 eV
are obtained for the two surfaces relaxed using PBE+U and
PBE0, respectively, and these are nearly the same as those in
Table 2 for three diﬀerent functionals using the PBE+U
surface structure. Moving on to hematite, we compared BGCs
for the (0001) surface using LDA+U or PBE+U to calculate
both the structure and the BGC. The interlayer spacing at
the surface diﬀers by only 0.01 Å ando0.03 Å in subsurface
layers for the two XC functionals,40 leading to an LDA+U
BGC of 4.69 eV, within 0.21 eV of the prediction in Table 2
for PBE+U structures and BGCs. Hence, we conclude that
equilibrium surface structures obtained from diﬀerent XC
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functionals have no eﬀect on the BGC predictions for rock
salt materials while introducing a few tenths eV uncertainty
into the BGCs for materials exhibiting large surface
relaxations.
3.2. Position of the valence band maximum and the conduction
band minimum from the G0W0 approximation
The positions of the VBM and CBM of MnO, FeO, Fe2O3,
NiO, and Cu2O were determined from the above predicted
BGCs and the QP gaps computed with a non-self-consistent
G0W0 calculation discussed next. The energies and wavefunctions used as input for G0W0 were obtained by solving
the KS-DFT eigenvalue equations with a rational choice for
the XC functional, i.e., those found to be most accurate for
each material’s ground state bulk properties. This corresponds
to ab initio DFT+U for FeO, Fe2O3, and NiO, and HSE for
MnO and Cu2O. Indeed, as mentioned earlier, a systematic
study on hematite (Fe2O3) showed that G0W0 with ab initio
DFT+U input best matches the experimental PES/IPES
energy gap.55 FeO appears to be an exception since the
LDA+3.7/G0W0 QP gap calculated here (1.6 eV) exhibits
no increase from the LDA+3.7 eigenvalue gap.23 Similar
behavior was reported previously for DFT+U/G0W0 calculations of FeO and CoO.56 However, our calculated FeO QP
gap refers to the energy diﬀerence between a very small peak
at the conduction band edge and the VBM, rather than
considering the onset of the ﬁrst substantial peak in the
conduction band, which is 0.7 eV higher in energy. The small
peak we ﬁnd at the conduction band edge may correspond to a
small intensity optical absorption peak observed at B1.3 eV,
below the onset of a large absorption peak at 2.4 eV,57 as
suggested earlier by other authors who observed a similar peak
using LDA+U with a larger value for the U-J parameter than
the one used here.58 If we instead evaluate the QP gap between
the rise of the ﬁrst substantial conduction band peak and the
VBM, we obtain values of 2.3 and 3.3 eV respectively for
LDA+U/G0W0 and HSE/G0W0 (the HSE/G0W0 QP energy
gap between the rise of the small intensity peak and the VBM
is 2.25 eV). Final values of our best estimates for the QP gaps
are given in Table 3, showing quite reasonable agreement with
measurements.14,57,59–61
Previously reported GW studies of TMOs include an
LDA/G0W0 calculation for the QP gap of Cu2O that disagrees
signiﬁcantly with experiment62 due to a poor choice of input
wavefunction from DFT-LDA (poor for late TMOs, as
noted earlier). Other methods for calculating the QP gap of
TMOs, including LDA+U/G0W0,56 HSE/G0W063 or a fully

Table 3 Experimental band gaps (all from photoemission/inverse
photoemission except FeO, which is from optical absorption) and
calculated quasiparticle band gaps of various ﬁrst row transition metal
oxides (given in eV). The calculated values are obtained by the G0W0
approach, using input from ab initio DFT+U for Fe2O3, FeO, and
NiO, and from HSE for MnO and Cu2O

Calc.
Exp.

MnO

FeO

Fe2O3

NiO

Cu2O

4.13
3.9  0.459

2.3
2.457

3.08
2.6  0.460

3.60
4.0  0.614

2.17
2.1  0.161

Phys. Chem. Chem. Phys., 2011, 13, 16644–16654

16649

self-consistent GW calculation62,64 frequently agree reasonably well with experiment. LDA+U/G0W0 calculations were
performed for a few transition metal oxides,56 where the U-J
parameter was obtained from constrained DFT, giving similar
results to the ones calculated here by DFT+U/G0W0 for NiO.
The LDA+U/G0W0 method56 for MnO and FeO gives a
small gap compared to experiment. HSE/G0W0 calculations
for MnO and FeO,63 using a diﬀerent screening parameter
value than the recommended 0.2 Å for the short range exact
exchange,18 gave lower QP gaps than the ones we calculated
because our work includes a larger portion of short range
exact exchange. The HSE/G0W0 calculations for MnO
described in ref. 63 gives a QP gap B0.7 eV smaller than the
result given here, however both are within the experimental
range of gaps observed. The HSE/G0W0 calculation done here
for FeO is essentially the same (within 0.05 eV) as the one
given in ref. 63. A similar HSE/G0W0 calculation for NiO63
gives a QP gap B1 eV higher than our PBE+U/G0W0 result,
but still is within the experimental range of energy gaps. The
more expensive, fully self-consistent GW approximation for
NiO and MnO64 yields similar results to the HSE/G0W0
calculation in ref. 63. The fully self-consistent GW for Cu2O
gives a QP gap B0.2 eV lower than our result.62 While both
the fully self-consistent GW and our HSE/G0W0 calculation
for the QP gap of Cu2O agree with the range of experimental
values available, our result agrees with the more commonly
quoted experimental value of 2.17 eV.62
With the QP gap in hand, the VBM (CBM) was calculated
by subtracting (adding) half of the QP gap from (to) the BGC
obtained using the DFT+U functional (see eqn (2)). The
VBM and CBM values of MnO, FeO, Fe2O3, NiO, and
Cu2O are reported in Tables 4 and 5, respectively, showing
varying agreement with the large range of experimental values
available. Both the VBM and CBM calculation for MnO lie
higher than experiment, arising from the predicted position of
its BGC (since the QP gap is in excellent agreement with
experiment). However, this way of calculating the VBM, from
ab initio DFT+U BGCs (referenced to the vacuum level via
periodic slab calculations) and bulk crystal G0W0 QP gaps, in
most cases signiﬁcantly improves agreement with experiment
compared to the conventional KS VBM calculation, when we
compare these methods at the same ab initio DFT+U level of
theory (compare Table 1 and Table 4). The exception is Cu2O,
where we regard the close agreement of the DFT+U KS VBM
with experiment as fortuitous. For all the other materials,
our scheme has a further advantage of computational eﬃciency, since a very expensive hybrid functional (PBE0)
must be employed in a slab calculation of the KS VBM to
approach the experimental range of band edge values. Even if
the latter theory is used, the VBM values calculated from the

BGC and QP gaps are more accurate in most cases. Indeed,
any success of the PBE0 functional in obtaining KS-VBM
results that resemble the VBM calculated according to our
scheme may be attributed to cancellation of the incorrect
convexity of the XC functional by adding exact exchange.65
Finally, we observe that the KS VBM calculated with the
HSE functional is accidentally successful in some cases. The
HSE KS VBM of Cu2O agrees best with experiment and
for Fe2O3 and NiO, the HSE KS VBM is within the large
experimental range.
The experimental values for VBM shown in Table 4 were
deduced from PES, Kelvin probe measurements, and electrochemical experiments under a variety of conditions and sample
preparation methods. The variations in values attest to the
diﬃculty in obtaining accurate values for the pure, defect-free
materials. In addition to the approximations inherent in our
scheme that lead to inaccuracies, discrepancies between theory
and experiment are also due to the presence of imperfections in
the samples and the measurements (e.g., the known nonstoichiometry of FeO and Cu2O, etc.). The experimental
VBM of MnO(001) was obtained from ultrahigh vacuum
PES.6 The VBMs of FeO and polycrystalline Fe2O3 were
obtained from work function measurements by the Kelvin
probe method under controlled oxygen activity.7,8 The work
function of Fe2O3 (0001) was also measured by PES,9 as
was that of single crystal NiO(001).10,11 The VBM of polycrystalline Cu2O was obtained from an electrochemical experiment at pH = 12.85.12 Please see notes in ref. 7–12 for further
information. The experimental values of the CBM shown in
Table 5 were estimated by adding the measured band gap to
the experimental VBM. The band gaps were all PES/IPES
gaps except for FeO in which only the optical gap has been
measured.
Various VBM calculations have been performed for the
single-Fe-terminated Fe2O3(0001) surface that we studied here
(our results for the (011% 2) surface are the ﬁrst available, to our
knowledge). All-electron full-potential linearized augmented
plane wave DFT-GGA calculations predict a VBM of
4.3 eV;66 as expected, PAW-DFT-GGA calculations yielded
a similar result of 4.0 eV.67 DFT calculations with the hybrid
B3LYP XC functional on point-charge-embedded Fe2O3
clusters yield a VBM of 6.7 eV.68 It is not surprising that the
VBM calculated with pure DFT are much higher than our
ab initio DFT+U/G0W0 based prediction of 6.0 eV (Table 4),
since the self-interaction error in DFT-GGA artiﬁcially overly
delocalizes the electrons in the attempt to reduce the too-large
electron-electron repulsion, leading to a work function that is
more reminiscent of a metal (B4 eV) than a metal oxide.
By contrast, our prediction is closer to the earlier prediction
obtained using the B3LYP XC functional, which is sensible since

Table 4 Experimental and calculated values of the valence band maximum of transition metal oxides (eV) using eqn (2) (calculated from the
DFT+U band gap centers of Table 2 and the quasiparticle gaps of Table 3)
MnO
(001)
Calc.
Exp.
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5.57
7.5  0.86

FeO
(001)
4.7
(4.7 6.8)7

Phys. Chem. Chem. Phys., 2011, 13, 16644–16654

Fe2O3
(011% 2)

(0001)
6.02

(5.9 8.6)8,9

6.68

NiO
(001)

Cu2O
(111)

5.88
(4.8 5.5)10,11
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Table 5
details

Experimental and calculated values of the conduction band minimum of transition metal oxides (eV) using eqn (2). See text for more

MnO
(001)
Calc.
Exp.

FeO
(001)

1.44
3.6  1.25,59

Fe2O3
(0001)

2.4
(2.3 4.4)7,57

2.94

both calculations have reduced self-interaction error and thus
provide a better description of the TMO.
Lastly, we note that the GW approach has been suggested as
an alternative means to calculate the band edge positions, as
demonstrated on aluminum.69 However, such calculations are
far more expensive than the procedure described here.
3.3.

Feasibility of fuel production

The ability of a material to perform redox reactions at its
surface depends on the position of its band gap edges relative
to the free energies of the reactions of interest. The reactions
are thermodynamically favorable if their free energies are
located within the band gap energy region. That is, the
conditions for thermodynamic favorability of the reduction
and oxidation reactions are
EVBM o Eox
Ered o ECBM,

(3a)
(3b)

where Ered and Eox are the free energies (for transferring
a single mole of electrons or holes) of the reduction and
oxidation reactions, respectively.
Fig. 3 shows the calculated band edges of TMOs together
with selected redox reaction potentials at pH = 7. Reduction
reactions that are of practical signiﬁcance are those that
produce fuels like hydrogen via the reduction reaction in water
splitting where water is simultaneously oxidized to form O2.
Other reduction reactions that produce fuels or fuel precursors
such as methane, methanol, and formic acid use CO2 as a
reactant, which of course has the nontrivial side beneﬁt of
slowing the accumulation of CO2 in the atmosphere. As can
be seen in the ﬁgure, most of these redox potentials for
reducing water and carbon dioxide lie within the band gaps
of MnO, Fe2O3, NiO, and Cu2O and therefore these materials
are potentially promising for solar-based fuel production.

Fig. 3 Best estimates of predicted band edge positions (solid black
lines) and band gap centers (dashed black lines) in comparison with
measured redox potentials of water splitting and CO2 reduction
reactions producing methane, methanol and formic acid at pH = 7.
Two values for each band edge and band gap center are shown for
Fe2O3 for the two diﬀerent crystal facets, with the (011% 2) surface
consistently at more negative energies.
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(011% 2)
(3.3 5.6)9,60

3.60

NiO
(001)
2.28
(0.2 2.1)11,14

Cu2O
(111)
3.62
3.15  0.112,61

However, only the reduction reaction free energies are positioned within the band gap of FeO and thus FeO cannot be
used for the oxidation of water.
Of course, other characteristics of these materials may
hinder their eﬃcacy as photocatalysts or photoelectrodes.
First, it is well known that bulk FeO is thermodynamically
stable only above 590 1C, much higher than the boiling point
of water, which is an essential component of the solution in the
electrochemical cell.70 A potential solution to this problem
involves alloying FeO with other materials; we are pursuing
this idea at present. Secondly, although MnO and NiO do not
absorb sunlight eﬃciently because of their large band gaps,
we have recently discovered that alloying with another metal
oxide can reduce their band gap to absorb in the visible range
of the solar spectrum. This work will be reported elsewhere.
Photocatalytic water splitting by Cu2O has been observed
experimentally,71 although some debate has been expressed
regarding its ability to oxidize water without being stirred.72
Presumably the stirring helps mass transport (e.g., displacing
hydrogen and oxygen gas bubbles from the surface). Experiments on the photocatalytic activity of Fe2O3 show that this
material is capable of oxidizing water but is incapable of
reducing it without an external bias or addition of ﬂuoride.73
Although the VBM and CBM alignments of the slightly more
stable (011% 2) surface shows better agreement with measurements than those of the (0001) surface, the CBM of the (011% 2)
is still higher by B0.4 eV compared to the free energy of
water reduction. The discrepancy between our calculations
and experiments likely arises from the fact that our slab
model contains vacuum and no solvent, so eﬀects such as
how solvent and pH alter the surface structure and band edges
were not modeled. For example, it is known that hematite
has a hydroxylated surface layer in aqueous solution.74,75
Therefore, one may expect that extending our model to
include hydroxylation and water coverage of hematite will
change both surface chemistry and band edges. However, our
preliminary calculations show that the BGC of hydroxylated
hematite is higher by B0.2 eV than the BGC position for
non-hydroxylated hematite, and that water covered hydroxylated hematite has the same BGC as non-hydroxylated
hematite. These ﬁndings are consistent with the experimental
observation of a moderate decrease in the work function
upon increasing water coverage.9 The experimental value for
the BGC is lower than the calculated BGC of both nonhydroxylated hematite and hydroxylated hematite, indicating
that additional eﬀects such as pH and band bending at
the semiconductor-liquid junction are likely to be involved.
We leave these considerations for future work.
The band edge energies of various oxide semiconductors
have been shown experimentally to be linearly dependent on
Phys. Chem. Chem. Phys., 2011, 13, 16644–16654
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pH, with a slope of approximately 0.059 V per pH unit,76 just
as found for the pH dependence of all redox reaction free
energies.
EVBM(CBM)(pH) = EVBM(CBM)(pHPZC)
+ 0.059(pH

pHPZC)

(4)

Our calculated band edges may be considered to be at the
point of zero charge, EVBM(CBM)(pHPZC) since we are considering neutral surfaces in vacuum. Hence in principle we
should compare our band edges to the redox free energies at
the pH corresponding to the point of zero charge, denoted
here by pHPZC. However, in order to compare all materials
and reactions simultaneously, instead we prefer to compare at
a common pH, that of neutral water.
Therefore, we might improve our comparison between band
edges and redox free energies by calculating the band edge
energies at pH = 7 according to the above expression with
the experimental pHPZC. For example, the reported values of
pHPZC for NiO are 9.977 and 11,78 corresponding to a VBM of
6.05 eV and 6.12 eV at pH = 7, which do not diﬀer greatly
from the VBM value at pHPZC. This approach is limited for
other materials because of widely varying reported values
for the pHPZC, due to its high sensitivity to experimental
conditions such as defects and impurities.79 Clearly our model
is approximate (no solvent present) and therefore the relative
positions of the calculated VBM (CBM) and the redox
reaction free energies at pH = 7 shown in Fig. 3 are simply
the best estimates we can make at present.
We also note that a semi-empirical approach for calculating
band edges has been suggested.80 The disadvantage of this
method is that it relies on experimental values of both the band
gap and the pHPZC. In practice, only one experimental value
for the band gap and for pHPZC was chosen in ref. 80 from the
range of experimentally reported values available for each
material. We regard this approach as less than satisfactory;
our goal is a method that provides an estimate that does not
rely on experimental input, so as to oﬀer a pure comparison
between theory and experiment.

4. Conclusions
The positions of valence band maxima (VBM) and conduction
band minima (CBM) of the TMOs MnO, FeO, Fe2O3, NiO, and
Cu2O were calculated using an approach that combined results
from periodic slab calculations for locating the band gap center
(BGC) relative to the vacuum level and bulk crystal quasiparticle
(QP) gap calculations. This approach has a number of advantages. First, the value of the BGC was shown to be quite
insensitive to the choice of XC functional. Therefore, the less
computationally expensive DFT+U functional can be used
with conﬁdence for calculating the BGC. Second, the VBM is
determined more accurately by calculating the BGC and the QP
gap than by the traditional approach of calculating the KS VBM
from a periodic slab calculation of the vacuum level. Speciﬁcally,
the DFT+U BGC plus G0W0 QP scheme generally produces
superior results to using any of the approximate XC functionals
to calculate the KS VBM from a periodic slab, including the
much more expensive but potentially accurate PBE0 functional.
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Third, another advantage of calculating the BGC, rather than
the KS VBM as conventionally done, is that this approach is
based on a formally exact theorem. Fourth, the ab initiocalculated observables of our scheme, including the BGC and
the QP gap, are directly comparable to experimentally measured
observables, whereas the KS VBM is only an eigenstate of the
KS single particle equation and does not have the physical
meaning of the material’s VBM. Fifth, ab initio DFT+U
and hybrid DFT served as input for non-self-consistent
G0W0 calculations of the QP gap, which showed overall
excellent agreement with experimental band gap values.
Unfortunately, it is diﬃcult to assess the accuracy of calculating band edge positions with slab models due to the lack of
precise experimental values; we hope this work will encourage
further experimental work on these materials.
The calculated band edge positions were compared to
reduction potentials of reactions that produce hydrogen,
methane, methanol, and formic acid, and to the oxidation
potential of water. MnO, Fe2O3, NiO, and Cu2O were shown
to be promising parent materials for water splitting and a
number of CO2 reduction reactions since both reduction and
oxidation reaction potentials appear within their band gap.
The band gap of FeO does not span both reactions and
therefore FeO should not be considered for oxidation of water.
Ongoing work is addressing other drawbacks of these
materials, including optimization of band gaps, charge transport, and phase stability, via mixed oxide phases and doping.
Eﬀects that have not been considered in the models and which
should be addressed in future work include the existence of
vacancies in the materials and band edge dependence on the
adsorption of reactive and solvent species on the surface.
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