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ABSTRACT: CuBi2O4 and CuFeO2 are p-type semiconductors that recently have been suggested as profitable photocathode
materials for photo(electro)chemical reactions, such as water splitting or carbon dioxide reduction. Currently, not much is known of
the surfaces of CuBi2O4 and CuFeO2, although surface properties are crucial for a better understanding of the photocatalytic
performance. In this work, we perform electronic structure simulations using DFT + U to investigate the structures, electronic
properties, and thermodynamic stability of CuFeO2 and CuBi2O4 surfaces. The calculations indicate higher stabilities for
stoichiometrically terminated (001)-CuBi2O4 and (012)-CuFeO2 surfaces. Beyond that, the Bader charge analysis of surfaces with
Cu-rich terminations yields charge fluctuations among multiple surface layers, giving rise to lower stability of Fe-deficient surfaces. In
contrast, both materials’ Cu-deficient surface terminations cover greater stability regions. The density of states shows surface states at
the valence band maximum and conduction band minimum for cation-deficient surface terminations which can enable the separation
of photogenerated electron−hole pairs. These effects could facilitate or complicate higher absorption efficiency for cation-deficient
surfaces. Our results emphasize the importance of surface terminations for a better understanding of electronic properties and exhibit
further theoretical findings of CuFeO2 and CuBi2O4.

■ INTRODUCTION
As an abundant and environmentally friendly resource, solar
energy has the potential to satisfy the continuously growing
energy demands worldwide.1 Over recent decades, numerous
methodologies for taking advantage of solar power have
emerged, each displaying diverse technological advance-
ments.2,3 Among these approaches, one remarkable technique
involves the absorption of solar energy and storing it within the
chemical bonds of a solar fuel akin to a man-made
photosynthesis system.4 The process of converting solar
energy into a chemical fuel within a solid-state device enables
a direct utilization of solar energy to drive redox processes. In
this configuration, the semiconductor’s key role involves
absorbing incident photons, creating electron−hole pairs, and
easing their separation and transportation.5 Depending on the
application, the semiconductor can be employed as particles
ranging from micrometer to nanometer dimensions in a
solution or as a photoelectrode.6 The latter setup typically
involves a transparent and conducting oxide material with the

semiconductor deposited as a thin film.6,7 To accomplish
practical-scale photoelectrochemical (PEC) reactions, the
photoelectrode should comprise low-cost as well as abundant
and nontoxic materials.2 Semiconducting transition-metal
oxides provide a wide array of electronic properties, enabling
the possibility of customizing each electrode’s band gap and
absolute energy level alignment according to the specific
electrochemical requirements.

The p-type semiconductor copper oxide (Cu2O) has a band
gap of 2.17 eV.8 Furthermore, the conduction band edge
position is well-suited for the electron-transfer reactions
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associated with the formation of H2.9 Unfortunately, Cu2O
electrodes undergo photodegradation in aqueous environ-
ments due to the position in the band gap of the redox
potentials for the reduction and oxidation of Cu2O.10−12 Thus,
Cu2O electrodes are unsuited for PEC devices.

Recently, the focus has shifted toward ternary copper oxides
because of their enhanced flexibility in property tuning
compared to binary counterparts, gaining attention as potential
photocathodes for PEC reduction reactions.5,13−15 Earth-
abundant, stable, and environmentally friendly bismuth oxide
materials have been the sought-after goal for developing
photocatalytic applications for environmental pollutant degra-
dation, water splitting, and noxious gas reduction.16−21 The p-
type semiconducting behavior is represented in copper oxides.9

Consequently, combining copper and bismuth oxides to form
ternary oxides such as copper bismuth oxide CuBi2O4 (CBO)
yields p-type conductivity.22 Here, the alloying decreases the
rate of CBO self-reduction by guiding the electrons away from
the Cu 3d-orbitals. Thereby, the reduced electronic band gap
achieves efficient solar absorption.23

Besides CBO another promising candidate for photocathode
materials is CuFeO2 (CFO) containing Cu+ ions. Among
cuprous delafossites, CFO possesses the smallest band gap
(1.1−1.5 eV), consists of earth-abundant elements, and can be
prepared by various scalable and low-cost deposition
methods.24−29 CFO is known to produce efficiently hydrogen
from water splitting and formic acid from CO2 reduction.30,31

In most studies, only the structural and electronic properties
of the bulk phases of CBO and CFO have been
investigated.28,32−34 However, the photocathode’s properties
are predominantly influenced by their surface properties and so
are the PEC reaction processes themselves. The surface
provides active sites for PEC reactions and beyond that the
essential location for photogenerated charge carrier transfer.
Thus, investigating surface terminations is necessary to fully
understand the photocatalytic activity of these interesting
ternary alloy systems.35 Therefore, the main focus of this work
is to study the surface properties of different CBO and CFO
surface orientations, predicting stable terminations and their
electronic features. How do these predicted terminations and
electronic features contribute to our understanding of surface
behavior in materials science? The article is structured as
follows. First, we will provide a concise overview of our
computational methodology. Subsequently, we will explore the
electronic properties of CBO’s and CFO’s bulk phases and the
conditions required for the thermodynamic stability of the
CBO and CFO bulk compounds, considering a range of
chemical potentials for their constituent elements. Next, we
will discuss the electronic structure of diverse surfaces and
different terminations, using density of states (DOS) and
Bader charge analysis. Finally, we will analyze the stability of
the surfaces and their terminations using ternary surface phase
diagrams.

■ METHODS
Theoretical Background. The thermodynamic stability of

each surface was evaluated using the ab initio atomistic
thermodynamics formalism.36 Here, the surface is assumed to
be in equilibrium with an oxygen atmosphere at a fixed
temperature and pressure, meaning that the environment acts
as a reservoir with a certain chemical potential. To evaluate the
thermodynamic stability of each surface morphology, the
Gibbs free energy is used

A
G N1

2
( )

i
i i=

(1)

where G = E + pV − TS with the internal energy E, pressure p,
volume V, temperature T, and entropy S. Ni is the number of
atoms in the system, and μi is the chemical potential of species
i, respectively. The Gibbs free energy is normalized to the
surface areas of the two surfaces of the symmetric slab model.
Due to the small contribution of the terms pV and TS, the
terms are negligible, as shown in literature.9,36,37 Hence, the
Gibbs free energy is described by the total DFT energy of the
system, and eq 1 changes to

A
E N1

2
( )

i
i i=

(2)

where E is the calculated total energy of the system.36,38,39

Using eq 2, the surface energy calculation of nonstoichiometric
surfaces is possible.40 Due to the thermodynamic equilibrium
between the surface and the bulk material, the following
stability condition for CFO arises

2CFO
bulk

Cu Fe O= + + (3)

μCFO
bulk depends on the experimental conditions, but it can be

approximated as the total energy ECFO
bulk per formula unit of the

bulk phase at T = 0 K and p = 0 atm.36 Here, it is directly
derived from our DFT calculations. Thus, there are only two
independent chemical potentials remaining. Additionally, the
chemical potentials μi of the three species in the ternary oxide
are referenced to the energy in their respective bulk/gaseous
reference phases
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The chemical potential of oxygen is calculated by its zero-
temperature energy term (from DFT) plus a correction
ΔμO(T, p), depending on the temperature and pressure
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where ΔμO(T, p) depends on temperature and pressure
through the ideal gas law. The chemical potential values of
oxygen at 1 atm are obtained from the thermochemical data
reported in the NIST-JANAF database.41

Therefore, eq 3 transforms into

2CFO
bulk

Cu Fe O= + + (6)

where ΔμCFO
bulk = ECFO

bulk − EFe
GGA+U − ECu

GGA+U − EO
GGA+U is the

change of the Gibbs free energy of formation of bulk CFO
from bulk metal Fe, bulk metal Cu, and gaseous O2.

Combining eqs 3 and 6 and choosing the chemical
potentials ΔμCu and ΔμO to be independent, then eq 2 gives

A
E N E N N E

N N E

1
2

( ( )( )

( 2 )( ))

U

U

Fe CFO
bulk

Cu Fe Cu Cu
GGA

O Fe O O
GGA

= +

+

+

+
(7)

To guarantee that CFO does not decompose into Cu and Fe
bulk metals as well as O2, the following conditions for the
chemical potentials must be satisfied
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0,

0, and

1
2

0

CFO
bulk

Cu

CFO
bulk

Fe

CFO
bulk

O (8)

The inequalities eq 8 are derived from eq 6. The upper
boundaries of Δμi are also known as the i-rich environment
because a higher value of the chemical potential corresponds to
a higher concentration of the ith species.36

Besides decomposition into pure bulk metals, the decom-
position into binary bulk metal oxides must also be assessed.
As an example, the formation energy from Cu bulk metal and
O2 gas to bulk CuO is ΔμCuO

bulk = μCuO
bulk − ECu

GGA+U − EO
GGA+U.

Here, μCuO
bulk can be approximated by the energy per unit

formula of the bulk phase, which is directly obtained from
DFT calculations at T = 0 K and p = 0 atm for all the bulk
systems. If the equation

0Cu O+ (9)

is satisfied, then the decomposition of CFO into CuO is
restricted. This analysis was carried out for Cu2O, FeO, Fe2O3,
and Fe3O4, which is reported in the Supporting Information.

To derive the thermodynamically most stable surface
composition and geometry, one has to minimize γ from eq
7. The surface energy can be plotted in a ternary surface phase
diagram, showing only the lowest surface energy values for a
set of triplets of chemical potentials (ΔμO, ΔμCu, and ΔμFe).40

Computational Settings. The Vienna ab initio simulation
package (VASP) version 6.2 was employed to facilitate DFT-
based electronic structure spin-polarized simulations, utilizing
the projector augmented wave approach.42−46 The Perdew−
Burke−Ernzerhof (PBE) exchange−correlation functional,
augmented with Hubbard U corrections (PBE + U), was
applied to estimate the exchange−correlation potential.47,48

The influence of localized Cu-3d, Fe-3d, and Bi-5d orbitals in
CFO and CBO has a mitigating effect on the Coulombic
interaction in the context of PBE.49,50 To handle the strongly
correlated orbitals of the d electrons of the materials, the DFT
+ U method with the rotationally invariant formulation of
Dudarev was employed for the d electrons of Cu (U = 8 eV),
Fe (U = 4 eV), and Bi (U = 8 eV).48 The chosen U values were
determined by investigating the lattice parameter, the magnetic
moment, and the band gap of CFO and CBO for various
values of the Hubbard U parameter, as reported in the
Supporting Information (Tables S1 and S2). After comparing
the results to experimental and theoretical data, the closest
representation was used for all further calculations.22,28,34,51,52

Thus, the U values are in agreement with the published values
for mixed transition-metal oxides.31,32,53

A Monkhorst−Pack grid was chosen according to a k⃗-
spacing of at least 0.16 to sample the Brillouin Zone during the
full structural relaxation and optimization until the Hellmann−
Feynman forces and self-consistent total electronic energy
convergence reached below values of 10−3 eV·A−1 and 10−5 eV,
respectively. The DOS was visualized with the help of
VASPKIT54 and was evaluated with a total electronic energy
convergence criteria of 10−6 eV and a denser k⃗-point grid of at
least 0.08. The plane wave cutoff was set to 500 eV for both
materials. The exact k⃗-point grid for each system can be found
in the Supporting Information (S3 and S4). To prevent the
creation of a net dipole moment within the unit cell, symmetric

slabs with two identical terminations were employed to model
the surfaces. Additionally, the slabs were padded with a 10 Å
vacuum region added in the direction perpendicular to the
surface to avoid artificial interactions between periodic replicas.

Furthermore, Bader charge analysis was performed for all
surfaces to investigate the charge distribution among the
surface atoms and the effect on the surface stability.55 We have
investigated the (110), (100), (111), (001), and (012) surfaces
for CFO and (110), (100), and (001) surfaces for CBO. The
side views of the geometries have been created with the
VMD56 molecular graphics viewer.

■ RESULTS AND DISCUSSION
Structural and Electronic Properties of CBO and CFO.

The calculated lattice parameters of CFO yield a = 3.057 Å
and c = 17.250 Å, while CBO crystallizes with lattice
parameters of a = 8.517 Å and c = 6.205 Å. The corresponding
unit cells of the two materials are shown in Figure 1. CBO

comprises square-planar CuO4
6[ ] units stacked along the c-

axis, with Bi3+ ions in-between the stacks and coordinated to
six O2−. The Cu−O bonds within the CuO4

6[ ] units are at
1.946 Å, and the Bi−O bonds are at 2.260 and 2.433 Å,
respectively. In contrast to CBO, CFO belongs to the Cu(I)-
based oxides with two alternating layers. It comprises a planar
layer of Cu cations, arranged in a triangular pattern, and a layer
of edge-sharing FeO6-distorted octahedra, where each O2− ion
is coordinated by one Cu+ and three Fe3+ cations. The Cu−O
and Fe−O bond lengths are at 1.846 and 2.018 Å, respectively.
There are two possibilities for stacking the FeO6 octahedra,
leading to two different crystal structures: the rhombohedral
R m( 3 ) and the hexagonal (P63/mmc) space groups. In this

work, we focus on the rhombohedral structure of CFO, which
is often used in experimental studies.57,58

The calculated structural parameters of CFO and CBO are
summarized in Table 1. Using the GGA + U approach, the
CBO’s lattice parameter c = 6.205 Å is overestimating the

Figure 1. Unit cells of CBO (left) and CFO (right). Cu atoms are
colored brown, Fe atoms in blue, Bi atoms are purple, and O atoms
are red.

Table 1. Lattice Parameters and Bond Lengths Calculated
for Both Materials, Using the DFT + U Approach

material method a/Å c/Å band gap/eV

CFO this work 3.057 17.250 1.33
CFO DFT + U 3.06029 17.2129 1.3631

CFO exp. 3.03457 17.16257 1.4328

CBO this work 8.517 6.205 1.91
CBO DFT + U 8.49422 6.02522 1.9059

CBO exp32 8.481 5.807 1.80
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experimental value of 5.807 Å.32 This overestimation is well-
known as the PBE-functional tends to underbind the atoms in
the unit cell.32 Additionally, the Hubbard U parameter can
increase the lattice parameters as well.60 Nevertheless, the
lattice parameters of CFO agree with the equilibrium lattice
constants obtained experimentally and theoretically at the PBE
+ U level of theory.28,31

The photocatalyst’s optical band gap should fall within the
visible light spectrum to fulfill the essential requirement for an
effective conversion of solar energy. Figure 2 compares the
DFT and DFT + U calculations of CFO and CBO.

The valence band of CBO calculated by PBE + U is
composed of narrow Cu-3d states at −7.5 and −6.5 to −5 eV.
For energy values higher than −5 eV, the Cu-3d states and the
Bi-5d states are weaker, while the O-2p states are dominant
between −5 and 0 eV. In contrast, the Cu-3d and O-2p states
calculated by PBE are diffused between −6 and −1 eV.
Additionally, an isolated narrow state in the valence band
maximum arises. This mixed state results from significant
hybridization between Cu-3d and O-2p orbitals, accompanied
by minor contributions from Bi orbitals. In the conduction
band of the DOS calculated by PBE, a narrow state at 0.45 eV
is characterized by strong interactions between Cu-3d and O-
2p orbitals as well. The two narrow states yield a small band
gap of 0.37 eV, confirming the well-known underestimation of
PBE in describing band gaps.61

In the conduction band calculated by PBE + U, there is an
equal contribution of states between O and Bi. The empty Cu-
3d states are only present in the conduction band minimum at
1.91 eV. The O-2p and Cu-3d states interact, leading to a
dominant contribution at 1.95 eV. At higher energy values, the
Bi-6p states have a significantly higher contribution to the
conduction band. The contribution of the Cu-3d states at the
valence band maximum and the conduction band minimum
mainly originates from the Cu-3dx2−y2 states that are hybridized
with the O-sp3 orbitals in the square-planar CuO4

6[ ] units.
Thus, the lowest-energy optical absorption is provided by the
Cu d−d excitation and not by the O-2p to Cu-3d transition.
However, the efficiency of d−d transitions is known to be
lower in converting photons to photocurrent compared to O2−

ligand to metal cation charge-transfer transitions.22 Higher

energy values are necessary to generate a significant photo-
current efficiency, leading to an optical absorption correspond-
ing to the O-2p to Cu-3d transition.51

Moreover, the CuO4
6[ ] units are isolated from each other in

the bulk with a minimal distance of 3.10 Å between the Cu
atoms in two neighboring CuO4

6[ ] units. As a consequence,
the photogenerated electrons and holes are localized in the
CuO4

6[ ] units, giving rise to a deceleration of the charge
carriers and the formation of polarons. The polaron formation
can be seen in the PDOS as the states in the conduction band
minimum are almost segregated from the states larger than 2
eV in the conduction band. The small polaron hopping is
widely discussed in the literature as the main reason for the
poor charge carrier transport in CBO.5,33,62

Introducing the U parameter to Cu and Bi gives a larger
band gap of 1.91 eV, now laying within the range of 1.5−2.11
eV as reported in experimental and theoretical studies.22,33,51,63

Additionally, the nature of the magnetization of CBO is
antiferromagnetic with an absolute magnitude of the magnetic
moment of 0.68 μB for the Cu atoms, which is in agreement
with neutron diffraction measurements and DFT + U
calculations.22,64 This manuscript provides fundamental results
for follow-up studies on surface reactions, and how these are
influenced by the magnetic properties of the materials and
their surfaces. Hence, we will not elaborate any further on
magnetization for both materials as there are already a lot of
publications covering this topic.34,65−68 Literature has shown
that applying the Hubbard parameter to the Cu-3d and Bi-5d
states enhances the Coulombic interaction of both Cu-3d and
Bi-5d states, thus increasing the band gap to a value in
agreement with experiments.32 As indicated in Table 1,
experimental studies can yield lower band gap values of 1.5−
1.8 eV which could be a consequence of Cu defects in the
material.59,61

For CFO, the valence band mainly consists of Cu-3d states
at −3.5 eV and hybridized Fe-3d states at −8 to −6 eV. These
hybridized Fe states occur only in the DOS calculated on the
DFT + U level. In the DOS calculated without the U
parameter, the Fe-3d states are distributed over the valence
band with states at −5 eV and from −1 to 0 eV. The Fe states
are thus more separated when using the DFT + U approach. In

Figure 2. DOS of the CBO (a) and CFO (b) bulk system calculated with PBE (left) and PBE + U (right).
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both methods, the O-2p states cover the DOS from −7 to 0
eV.

The conduction band of the DOS with and without the U
parameter is predominantly composed of empty Fe-3d states.
Only very weak contributions of O states can be seen for
higher energy values in the conduction band. This agrees with
previously reported experimental and theoretical studies.28,31,69

In the DOS calculated by DFT + U, the Fe-3d states cover a
larger region from 1.33 to 3 eV. The lowest optical transition is
thereby achieved by an electron excitation from O 2p states to
Fe-3d states. Studies suggest that the electron excitation is
followed by an electron transfer from Cu-3d states to deeper
O-2p states, facilitating the charge separation process in the
surface.70 This effect enhances the charge carrier lifetime and
improves the stability significantly compared to the binary
oxide Cu2O.30 Despite the longevity of excited electrons in
CFO, studies indicate a self-trapping effect due to polaron
hopping, which is based on an electron excitation into a Fe-3d
orbital in the conduction band.71 Consequently, a reduction of
Fe3+ to Fe2+ occurs, leading to a change in the Fe−O bond
length.71

For CFO, the DFT + U approach yields a band gap of 1.33
eV, which agrees with experimental and theoretical values
reported in literature.28,31,52 However, the band gap calculated
without the U parameter almost yields a metallic character.
Thus, applying Hubbard corrections is required for realistic
predictions of the semiconducting behavior of both materials.
Furthermore, the presence of lower-energy Fe-3d orbitals
accounts for the smaller band gap observed in CFO compared
to other delafossite compounds.72 The absolute magnitude of
the magnetic moment for the Fe atoms in CFO is 4.27 μB,
which is also reported in literature.34,69,73

Stability Regions of CBO and CFO. The synthesis of
ternary oxides strongly depends on the stability of the
corresponding binary metal oxides. Therefore, the decom-
position into different metal oxides or pure elemental phases
needs to be addressed. The probability of decomposition in
competing compounds can be minimized by controlling the
chemical potentials as in (eq 9), which directly correspond to
temperature and pressure. Figure 3 shows the stability region
for CBO and CFO, respectively. The axes represent the
referenced chemical potential ΔμCu between the copper in

CBO or CFO and the metallic bulk reference phase. The upper
horizontal axis shows the temperature in Kelvin, corresponding
to the chemical potential of oxygen. The lines depict the
borders of the thermodynamic stability region for each bulk
phase.

The area above the copper oxide lines is favorable for
decomposition into CuO and Cu2O, respectively. The region
below the lines, corresponding to the binary iron oxides FeO,
Fe2O3, and Fe3O4 indicates decomposition into these iron
oxides. This leaves an area from about 800 K to almost 1700 K
as the stability region for the CFO. According to the calculated
stability region, CFO forms at higher temperatures, but there
are also experimental studies showing CFO exists at ambient
temperatures, probably as meta-stable phase.66,74 This
observation indicates the existence of a high energy barrier,
preventing the decomposition of CFO to its binary oxide
compounds.

The calculated stability region is larger than what has been
reported in experimental studies so far.57,75 The larger stability
region in our work mainly results from the chosen U
parameters, resulting in different Gibbs free energy of
formation values of the binary iron and copper oxides.52

Furthermore, it is important to note that the selected U
parameter for Cu and Fe in the ternary copper oxide may not
be optimal for their respective metallic phases as these
parameters are primarily chosen for the CFO phase.76 Besides,
in experimental papers diverse Fe/Cu stoichiometric phases,
liquid phases, and solid spinel phases have also been
considered, while here we concentrate on the solid
stoichiometric phases only.57,75 Moreover, the overbinding
issue of GGA for the oxygen molecule has not been addressed
in our work, which would influence the Gibbs free energy of
formation for the bulk oxides as well.77,78 However, despite the
limitations of PBE + U, the relative stability of competing
phases is in agreement with literature.57,79

Most experimental articles describe phase diagrams for
Bi2O3−CuO systems or similar two- or three-component
systems.80−84 They all consider different stoichiometric
mixtures and liquid phases, making it difficult to compare
the same stability region of solid stoichiometric CBO.

There are ternary oxides containing bismuth, for example,
BiFeO3 (BFO), showing also a narrow and elongated stability

Figure 3. Stability region of the bulk system of CFO (left) and CBO (right) and the equilibrium lines with other Cu−Fe−O and Cu−Bi−O
materials as a function of the chemical potential of Cu and O. The red cross represents the point at which the chemical potentials have been chosen
to compute the surface energy values for all investigated surface terminations, as shown in Tables S5 and S6.
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region.85 Bi2O3 shows thermodynamically higher stability than
other bismuth oxides; thus, it creates the lower boundary for
the stability region. Only at high temperatures, Cu2O sets the
stability region of CBO, below 1300 K CuO creates the upper
boundary for the stability region. The narrow stability region
indicates that the heat of reaction between Bi2O3 and CuO is
small, and CBO is borderline.

The stability region of CBO gives rise to high stability even
under strongly oxidizing conditions (ΔμO = 0) and therefore
ambient conditions, as reported in literature as well.86 While
lower temperatures create smaller particles and poorly
crystallized products, higher temperatures of 1200 K facilitate
larger grain growth.32,81,86,87 The narrow stability region
complicates the synthesis of a pure CBO phase, leading to
grains with different Cu/Bi ratios. Moreover, the binary and
nonstoichiometric oxides are photoelectrochemically active,
providing different electronic and optical properties. Thus, the
position of the valence and conduction bands, hence the band
gap value, can easily differ, depending on the Cu/Bi ratio.88

Electronic Properties of CBO and CFO Surfaces. Figure
4 shows the total density of states (TDOS) and its projection
onto relevant orbitals for different terminations of the (012)
and (001) surfaces of CFO and CBO, respectively. These
surfaces were chosen because of their higher stability compared
to others, as will be discussed in the next section. The
annotation located in the corners depicts the constituent
elements present on the surface for this particular termination.
Additionally, the numbers in the index describe the ratio of the
corresponding element in the surface. Thereby, surface
terminations, containing half the number of oxygen atoms,
can be expressed. The side views of the geometries in the
Supporting Information may give a better insight into the
annotation.

The PDOS of CFO in Figure 4 is symmetric for all
terminations, reflecting the antiferromagnetic ordering of the
Fe atoms in the symmetric slab. The Fe/O2/2 and Cu/O2/2
terminations of CFO, as shown in the left Figure 4b,c
respectively, indicate metallic behavior. There are small p and
d states within the band gap. The metallic character of those
terminations is a consequence of the loss of the Cu/Fe/O
stoichiometry. Specifically, as depicted by the dashed lines in

Figure 4, these peaks demonstrate the delocalization among
the O atoms within the outermost O−Fe−O and O−Cu−O
layers. The metal-deficient terminations create an excess of
holes due to the surface’s missing Cu or Fe atoms. The
formation of the midgap states provided by the charge
reorganization is known to be a possible mechanism for
sustaining polar surface layers.89,90 Due to the proximity of the
midgap states to the Fermi level, a partial occupation of the p
and d states can be suggested.

On the contrary, an oxygen deficiency in the outermost layer
could provide the opposite charge for the missing cations,
resulting in compensation of the excess holes and loss of the
metallic character in the slab, as shown in Figure 4d. Hence,
introducing Cu or Fe vacancies and interstitial oxygen can alter
the PEC performance.30 In particular, Cu vacancies enhance
the PEC efficiency by facilitating the generation of electron−
hole pairs.30 The rapid delocalization of photogenerated holes
creates the charge separation to Cu-3d and O-2p states.70 The
surface states in the metal-deficient surfaces are mainly
composed of Cu- and Fe-3d states, suggesting that Cu and
Fe atoms act as the functional sites on the surface. Thereby,
surface states near the Fermi level decrease the band gap and
enhance the surface’s reactivity for photocatalytic reactions.

The stoichiometric and O-deficient terminated surfaces
show a typical DOS plot for a semiconductor. The missing
states in the band gap and at the Fermi level are due to non-
existent holes in the stoichiometric termination and the non-
delocalized charge in the O-deficient termination in the
outermost layer. Therefore, no redistribution of charge is
necessary to stabilize the surfaces.

The DOS for the (111), (110), (100), and (001) surfaces
are reported in the Supporting Information. The cation-
deficient surface terminations show similar behaviors in the
band gap. The generated holes in the cation-deficient surfaces
are then delocalized among surface atoms, giving rise to peaks
at the Fermi level and above.

For CBO, the stoichiometrically terminated (001) surface
exhibits a similar DOS to the bulk’s DOS in Figure 2,
indicating equal electronic properties as in the bulk. The Cu-3d
states are located in the conduction band minimum, and the
O-2p states are at the valence band maximum. In the band gap,

Figure 4. DOS of the (012)-CFO and (001)-CBO surfaces with different terminations. The dashed lines represent the contribution of the 3d (light
blue) states of Cu/Fe atoms and p states (brown) of O/Bi atoms in the outermost surface layer.
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there are no states present. The Cu-deficient surface, as shown
in Figure 4b, features states comprising 3d and 2p orbitals in
the band gap. The dashed lines indicate that the states are
formed by the Cu and O atoms in the outermost layers. Cu
vacancies on the surface can lead to partially empty states in
the valence band. Similarly to CFO, the loss of the
stoichiometry generates an excess of holes in the surface,
providing O-2p states at the Fermi level and above. The small
states within the band gap at 1.1 eV belong to the CuO4

6[ ]
unit within the subsurface layer. As suggested in literature,
these CuO4

6[ ] units serve as conduction paths for the
photogenerated holes and electrons.62 Compared to the
DOS of the bulk, these states are completely isolated from
the conduction band, leading to localization of electrons at the
CuO4

6[ ] unit in the subsurface layer. The midgap states are
stabilized at lower energy values compared to the conduction
band minimum in the bulk’s DOS, which supports the
formation of polarons. The Cu/O4/4-terminated surface
exhibits states within the band gap as well. Here, the isolated
states within the band gap originate from the CuO4

6[ ] units
too. Like for the Bi2/2/O4/4-terminated surface, the conduction
band minimum in the Bi-deficient surface termination is
completely separated from the rest of the conduction band.
Beyond that, the states are shifted to lower energy values,
depending on the position of the CuO4

6[ ] within the slab. The
surface states at 1.7 eV belong to the outermost CuO4

6[ ] unit,
while CuO4

6[ ] in the subsurface layer and deeper provide the
other two isolated surface states at around 1.0 and 0.5 eV,
respectively. Hence, the polaron formation at the CuO4

6[ ]
sites can be stabilized further beneath the surface.

The Bi2/2-terminated surface in Figure 4d provides Bi-6p
and O-2p states above the Fermi level due to the under-
coordination of the Bi atoms on the surface. Unlike in the
Bi2/2/O4/4-terminated surface, the isolated Cu and O states are
shifted to lower energy values near the Fermi level, giving rise
to a delocalization of charge between the Bi atoms and the
CuO4

6[ ] unit in outer layers.
The DOS for the (110) and (100) surfaces are reported in

the Supporting Information. The formation of midgap states in
the Cu/O4/4- and Bi/O4/4-terminated surfaces is similar to the
(001) surface, depending on the surface cleavage of the
orientation and the coordination of the CuO4

6[ ] units
changes, leading to different positions of the isolated states.

The asymmetry of the PDOS, especially in the (001) surface
of CFO in the Supporting Information, is caused by the
dangling bonds in the outermost layers, indicating higher
reactivity.35 Additionally, the DOS for the (001) surface of
CFO shows a metallic character, emphasizing the fast
recombination of photogenerated electron−hole pairs from
the conduction band to the valence band.35 Thus, the surface
and its termination have to be chosen carefully as this can limit
the photocatalytic performance.

Moreover, a Bi-terminated surface gives rise to peaks at the
Fermi level and above. This metallic character can be seen in
the (110) and (100) surfaces of CBO reported in the
Supporting Information as well.

Furthermore, we calculated the Bader charges for different
surfaces of CFO and CBO. Figure 5 shows the Bader net
charges of the stoichiometrically terminated (a), the Fe/O2/2-
terminated (b), and the Cu/O2/2-terminated (012) surfaces of
CFO. In the bulk phase, Cu, Fe, and O atoms have a Bader net
charge of 0.51, 1.74, and −1.13 e, respectively. According to
the coordination environment, this indicates a charge transfer
of 0.26 e from a Cu atom and 0.28 e from a Fe atom to an
adjacent O atom. Comparing the bulk values with the charges
in the stoichiometrically terminated surface in Figure 5a, we
can see that the charges of the surface atoms are converged to
the charges of the bulk atoms within the outermost layer. A
similar charge distribution gives rise to the same charge
transfer in the stoichiometric surface and the bulk. The charge
values for the Cu atoms can also be found in other
delafossites.72 The charge distribution for the Fe/O2/2-
terminated surface is very similar to the stoichiometrically
terminated surface. Here, the outermost O atoms are
unsaturated, leading to a more positive charge of −0.81 e.
Thus, the charge transfer of the cations to the O atoms on the
surface is less, indicating partially unoccupied states.

The charges in the Cu/O2/2-terminated surface differ from
the bulk values, even in deeper layers of the slab. The missing
coordination environment of the outermost O atom leads to a
lower negative charge transfer of −0.46 e as the outermost Cu
atom is the only bound atom. To keep the negative charge at
the O atoms, the O atom in the subsurface with a charge of
−0.96 e moves closer to the neighboring Cu atom, which
results in a change in the coordination number of the Cu atom
from two to three. Hence, this Cu atom is bound to three O
atoms and doubles its charge to 1.03 e. The two outer Cu
atoms have a change in their Bader net charge of at least 0.30
and 0.50 e, respectively, giving rise to a change of the oxidation
state from Cu+ to Cu2+.91 The oxidation of the outer Cu atoms

Figure 5. Side views of the Cu/Fe/O2/2-, Cu/O2/2-, and Fe/O2/2-termination of the (012)-CFO surface. The values on the atoms show their Bader
net charges. Atoms without a value have the same Bader net charges as in the bulk.
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generates partially empty states of the outer surface Cu atoms,
confirming the midgap states above the Fermi level in the
PDOS in Figure 4c. The higher charge of the Cu atoms is then
compensated by the Fe atom’s lower Bader net charge. As a
result, charge fluctuations are present in at least four layers
deep in the surface slab. Depth profiling X-ray photoelectron
spectroscopy measurements support the higher concentration
of Cu2+ ions in surface layers, while Cu+ ions are more present
in the bulk phase of CFO.30,92

In the Supporting Information, the Bader charge distribution
for the (110), (001), (111), and (100) surfaces are reported as
well. For these surfaces, the charge distribution is very similar
compared to the (012) surface. The Fe-deficient surface
terminations lead to surfaces containing Cu2+ ions in the outer
layers and charge fluctuations across multiple layers, while the
Cu-deficient surfaces show less disturbed charge distributions
compared to the bulk values. Beyond that, all the
stoichiometric terminations of the surfaces exhibit bulk-like
charge distributions, providing higher stabilities as we will see
in the last section.

Additionally, we analyzed the Bader charges for different
surface terminations of CBO, as shown in Figure 6. The bulk’s
Bader net charge values for Cu, Bi, and O are 1.02, 1.69, and
−1.10 e, respectively. Thus, the O atoms receive a net charge
of 0.25 e of the Cu atom and 0.85 e of the surrounding Bi
atoms. The Bader net charges in binary bismuth oxides such as

Bi2O3 show similar values for Bi atoms.93−95 The net charges
of the stoichiometrically terminated (001)-surface in Figure 6a
are already converged to the bulk charges within the outermost
layer, indicating equal charge distribution between bulk and
surface.

The removal of Cu atoms in the outermost layer increases
the net charges of the surrounding Bi and O atoms of at most
0.06 e. The O atoms in the sublayer experience a greater
increase in charge transfer of 0.13 e compared to the bulk
value. This shows that there is a charge delocalization taking
place between the O and Bi atoms in the two outer layers,
confirming the states at the Fermi level of the O and Bi atoms
in the PDOS in Figure 4. The charge distribution of the other
atoms is only weakly disturbed, giving rise to a stable surface
composition despite the Cu deficiency. On the contrary, the
Bi-deficient surface in Figure 6c shows an increase of the
charges for the outermost O atoms by 0.30 e. Additionally, the
charges of the outermost Cu atoms and the Bi atoms in the
sublayer are slightly higher at 1.10 and 1.73 e, respectively. In
the (110) and (100) Cu/O4/4-terminated surfaces, the Bader
net charges of the O and Cu atoms differ even greater from the
bulk values, as shown in the Supporting Information (Figures
S10 and S11). The outermost O atoms are undercoordinated,
receiving therefore less charge. Thus, the p orbitals of the
outermost O atoms are partially unoccupied, generating states
above the Fermi level, as shown in the PDOS in Figure 4.

Figure 6. Side views of the Cu/Bi2/2/O4/4-, Cu/O4/4-, and Bi2/2/O4/4-termination of the (001)-CBO surface. The values on the atoms show their
Bader net charges. Atoms without a value have the same Bader net charges as in the bulk.

Figure 7. Ternary surface phase diagram for CFO with the stability region and the optimized geometries of the most stable surface terminations.
Each colored area in the ternary diagram represents the surface with the lowest surface energy.
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Besides, Cu terminations indicate a reduction of the outermost
Cu atoms as the Bader net charge decreases to 0.49 e. The Bi-
terminated surface shows a significant decrease of the Bi
atoms’s charge transfer by almost 0.80 e, giving rise to a
reduction of Bi3+ to Bi2+ or Bi+. The decrease in the Bader net
charge of the Bi atoms in the outermost layer is a consequence
of the removed O atoms in this layer. Hence, the Bi atoms
have fewer O atoms to distribute their charge, leading to
unsaturated coordination and thus partially occupied 6p states,
which can be seen in the PDOS in Figure 4d. The Bader net
charges for the (110) and (100) surfaces with their
terminations are reported in the Supporting Information.
The charge distribution of the stoichiometric terminations
tends to be almost converged in the outermost layer as well.
Surface Stabilities of CBO and CFO. Figure 7 shows the

most stable surface terminations of CFO, comparing the (001),
(100), (110), (111), and (012) surfaces, as a function of Δμi =
μi − Ei

GGA+U, as defined in eq 4, in a ternary surface phase
diagram. The chemical potentials are then normalized by the
Gibbs free energy of formation ΔμCFO

bulk in eq 8. This leads to

n
0 1i

i
i

CFO
bulk=

(10)

where the stoichiometric coefficient ni equals 1 for Cu and Fe
and 2 for O. The ternary surface phase diagrams of each
surface are shown in Figures S12−S19. Additionally, the
surface energy values for all investigated surface terminations
are reported in Tables S5 and S6. The small region within the
white borders is the stability region of the bulk CFO, as
presented in Figure 3.

Only the (001)-Fe/O2/2, (100)-Cu/O2/2, and the (012)-
Cu/Fe/O2/2 terminations are preferred within the ranges of
the chemical potentials. The (001)-Fe/O2/2-terminated surface
covers a large area in the surface phase diagram for

0.3, 1Cu [ ]. T h e s t o i c h i o m e t r y o f t h e s l a b
(Cu15Fe20O40) is consistent with the Cu-poor conditions.
The (100)−Cu/O2/2 surface is only stable at low temperatures
in the Cu-rich region. During the optimization of the Cu/O2/2-
terminated surfaces, the outermost O−Cu−O atoms are
arranged perpendicular to the surface, forming a 90-degree

angle. Only at the (100)-Cu/O2/2-terminated surface do the
neighboring O−Cu−O atoms get too close during the
optimization, forming a pyramid-like shape on the surface.
Despite the surface reconstructions in the Cu/O2/2-terminated
surfaces, the surface stability has not increased. This is because
Cu is undercoordinated, leading to higher surface energy
values.78 Besides that, the instability of Cu-rich surface
terminations is supported by the charge fluctuations across
multiple layers and the presence of Cu2+ ions within the
surface, as shown in the Bader charge analysis in Figure 5. In
the ternary surface phase diagram of the (001) surface, a Cu-
stoichiometric-terminated surface (Cu24Fe24O48) is only
thermodynamically stable under Cu-rich conditions ( Cu
0.05). Hence, a Cu-terminated surface is only thermodynami-
cally stable if the stoichiometry of the slab is conserved. The
(001) surface is the only surface with two different surface
terminations, the Cu-stoichiometric, and the Fe/O2/2-termi-
nated surface, within the stability region. The Fe/O2/2-
terminated surface dominates the phase diagram for the
other conditions.

In the (110) surface, a small region for a Cu/O2/2-
terminated surface is shown under Cu- and O-rich conditions
( Cu = 0 and O = 0). According to the stability region in
Figure 3, the Cu-based binary oxides are thermodynamically
more stable for Cu and O close to 0. As soon as the
chemical potential of oxygen decreases (higher temperatures),
Fe binary oxides become more stable, as indicated in the
stability region of the bulk phase. A large area surrounding the
stability region belongs to the stoichiometric-terminated
surface, indicating that the stoichiometrically terminated
surface is the thermodynamically most stable one for the
(110) surface. Under Fe-rich conditions, the Fe/O2/2- or Fe/
O1/2-terminated surfaces are favored, which is also in
agreement with the phase stability in Figure 3. When the
chemical potential of oxygen is increased to O-rich conditions,
the Fe/O2/2-terminated surface is more stable than the Fe/
O1/2-terminated surface. This result is consistent with the
stoichiometry of the slabs (Cu18Fe24O48 and Cu18Fe24O42).

The (100) surface represents a narrow area for the
stoichiometric termination under Cu-rich conditions. A Cu/

Figure 8. Ternary surface phase diagram for CBO with the stability region and the optimized geometries of the most stable surface terminations.
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O2/2-termination is only stable under Cu- and O-rich
conditions. The Fe/O2/2-termination covers predominantly
the ternary surface phase diagram, proving the high stability
under different conditions of Fe/O2/2-terminated surfaces.

The ternary surface phase diagrams for the (012) and the
(111) surfaces have the same partition as the summarized
phase diagram in Figure 7 of all surfaces. Therefore, the
stoichiometrically terminated surface is thermodynamically
stable. The increased stability of the stoichiometrically
terminated and Cu-deficient surfaces is in good agreement
with the Bader charge analysis because the charge values in the
surface are almost equal to the charge values in the bulk. The
(012)-terminated surface is also found to be the preferred
orientation in experimental studies using X-ray diffraction and
scanning electron microscopy.96,97 Moreover, theoretical
studies indicate higher stability for the (012) surface compared
to the (110) surface, which is in agreement with the calculated
surface energy values in Table S5.97

In general, terminations containing less Cu contribute
predominantly to the most stable surfaces for all surface
facets. This trend can be seen in a previous study as well.52

Figure 8 shows CBO’s most stable surface terminations of
the (001), (110), and (100) surfaces. The white lines present
the stability region described in Figure 3. Here, three different
terminations are favored: the (100)-Cu/O4/4-, the (100)-Bi2/2/
O4/4-, and the stoichiometrically terminated (001) surface.
Similar to CFO, the surface phase diagram indicates that the
stoichiometric-terminated (001) surface is the only thermo-
dynamically stable surface for CBO. The (001) surface has
been reported in experimental studies as well.62,98 Like in
CFO, the stoichiometry and the converged charge distribu-
tions provide higher stability of the surface. The (100)-Cu/
O4/4-terminated surface maps a small area in the surface phase
diagram under Cu- and O-rich conditions ( Cu, O 0.1).
This is in good agreement with the bulk phase stability of the
copper oxides, as shown in Figure 3. Unlike CFO, Cu- and
Cu/O4/4-terminated surfaces are more stable in CBO,
confirmed by the weaker Bader net charge fluctuations across
multiple layers. In the surface phase diagram for the (100)
surface, the Cu- and the Cu/O4/4-terminated surfaces are
stable under Cu-rich conditions. Furthermore, these two
terminations are presented predominantly in the stability
region of the (100) surface at higher temperatures. The rest of
the diagram is covered by the Bi2/2/O2/4- and Bi2/2/O4/4-
terminated surfaces, as shown in the Supporting Information
(S13 and S14).

When Cu is increased to Cu-poor conditions, the Bi2/2/
O4/4-terminated surface has the lowest surface energy. This
trend can be seen for all three surfaces. The Bi/O-terminated
surfaces with different Bi/O ratios are predominantly present
throughout all three surfaces. The high stability of the Bi2/2/
O4/4-termination reflects the stability of the Bi oxide bulk
phases in Figure 3. Beyond that, the Bader net charge analysis
supports the improved stability of Cu-deficient surface
terminations by the relatively stable charge values across
multiple layers.

■ CONCLUSIONS
We have investigated the electronic and structural properties of
CFO and CBO, using DFT on the PBE + U level. According to
the DOS and compared to experiments, the PBE + U is the
better approach to describe the semiconducting behavior of

CBO and CFO compared to PBE. Despite the agreement of
their electronic properties to experimental studies, the
calculated stability region of CFO is larger than that found
in experimental studies, indicating the limitations of PBE + U
to provide accurate Gibbs free energy of formation values for
CFO. The narrow stability region for CBO agrees with the
reported experimental results.

The DOS of stoichiometrically-terminated surfaces is similar
to the DOS of the corresponding bulk phases. Cation-deficient
surface terminations generate midgap states in both materials.
The midgap states, formed by atoms in the outermost layer,
can be confirmed by the Bader charge analysis. With the help
of the Bader charges, we could see fast convergence of charges
within the outermost layer of the stable and stoichiometrically
terminated surfaces of CFO and CBO. Additionally, charge
fluctuations for Fe- or Bi-deficient surface terminations can
lead to unstable surfaces. For the (001) surface of CBO, the
midgap states are mainly formed by the CuO4

6[ ] units in the
outer layers. For CFO, the Cu- and Fe-atoms are responsible
for the surface states above the Fermi level. Therefore, these
sites could be highly reactive in CBO and CFO, respectively.

Furthermore, we have calculated surface energy values for
different terminations of the (100), (110), and (001) facets of
CBO and (110), (111), (100), (001), and (012) facets of
CFO. The surface energy values were compared in ternary
surface phase diagrams, including the calculated stability region
of the bulk phases of CFO and CBO. The stoichiometrically
terminated (001) and (012) surfaces of CBO and CFO,
respectively, are the surfaces with the lowest formation energy
within the stability region. Cu-deficient surfaces are favored
compared to Fe-deficient surfaces in CFO. In CBO, the Cu
deficiency is preferred as well.

Combining our results, we propose that the synthesis of
these photocathodes has to be considered carefully as cation-
deficient surface terminations could limit the PEC performance
due to the generated surface states. Moreover, stoichiometry
plays a key role in the stability of the photocathode’s surface.
Our calculations present a solid theoretical analysis of the
surface properties of CBO and CFO, providing the theoretical
basis for further studies on the catalytic behavior of these
interesting materials.
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surface defects in CO2 adsorption and activation on CuFeO2
delafossite oxide. Mol. Catal. 2020, 496, 111181.

(32) Hossain, Q. S.; Ahmed, S.; Nishat, S. S.; Hossain, M. Z.; Khan,
M. N. I.; Hasan, T.; Bashar, M. S.; Hakim, M.; Syed, I. M.; Hossain,
K. S.; et al. An ab initio DFT perspective on experimentally
synthesized CuBi2O4. RSC Adv. 2023, 13, 14291−14305.

(33) Berglund, S. P.; Abdi, F. F.; Bogdanoff, P.; Chemseddine, A.;
Friedrich, D.; van de Krol, R. Comprehensive Evaluation of CuBi2O4
as a Photocathode Material for Photoelectrochemical Water Splitting.
Chem. Mater. 2016, 28, 4231−4242.

(34) Eyert, V.; Frésard, R.; Maignan, A. Long-range magnetic order
and spin-lattice coupling in delafossite CuFeO2. Phys. Rev. B 2008, 78,
052402.

(35) Zheng, H.-S.; Yao, G.-Y.; Zhao, Z.-Y. Microstructure and
Electronic Properties of Low-Index Stoichiometric CuFeO2 Surfaces:
DFT Calculations. J. Electron. Mater. 2022, 51, 2316−2336.

(36) Reuter, K.; Scheffler, M. Composition, structure, and stability of
RuO2(110) as a function of oxygen pressure. Phys. Rev. B 2001, 65,
035406.

(37) Soon, A.; Todorova, M.; Delley, B.; Stampfl, C. Thermody-
namic stability and structure of copper oxide surfaces: A first-
principles investigation. Phys. Rev. B 2007, 75, 125420.

(38) Kratzer, P.; Penev, E.; Scheffler, M. Understanding the growth
mechanisms of GaAs and InGaAs thin films by employing first-
principles calculations. Appl. Surf. Sci. 2003, 216, 436−446.

(39) Jacob, T. Theoretical investigations on the potential-induced
formation of Pt-oxide surfaces. J. Electroanal. Chem. 2007, 607, 158−
166.

(40) Jiang, Y.; Shi, Y.; Xiang, X.; Qi, J.; Han, Y.; Liao, Z.; Lu, T.
Thermodynamic Stabilities of Perfect and Vacancy-Defected Li2TiO3
(001) Surfaces From First-Principles Analyses. Phys. Rev. Appl. 2019,
11, 054088.

(41) Allison, T. C. NIST-JANAF Thermochemical Tables - SRD 13;
National Institute of Standards and Technology, 2013.

(42) Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the
projector augmented-wave method. Phys. Rev. B 1999, 59, 1758−
1775.

(43) Kresse, G.; Furthmüller, J. Efficient iterative schemes forab
initiototal-energy calculations using a plane-wave basis set. Phys. Rev.
B 1996, 54, 11169−11186.

(44) Kohn, W.; Sham, L. J. Self-Consistent Equations Including
Exchange and Correlation Effects. Phys. Rev. 1965, 140, A1133−
A1138.

(45) Kresse, G.; Furthmüller, J. Efficiency of ab-initio total energy
calculations for metals and semiconductors using a plane-wave basis
set. Comput. Mater. Sci. 1996, 6, 15−50.

(46) Kresse, G.; Hafner, J. Ab initio molecular-dynamics simulation
of the liquid-metal−amorphous-semiconductor transition in germa-
nium. Phys. Rev. B 1994, 49, 14251−14269.

(47) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865−3868.

(48) Dudarev, S. L.; Botton, G. A.; Savrasov, S. Y.; Humphreys, C. J.;
Sutton, A. P. Electron-energy-loss spectra and the structural stability
of nickel oxide: An LSDA + U study. Phys. Rev. B 1998, 57, 1505−
1509.

(49) Fardush Tanha, J.; Farhad, S. F. U.; Honey, U.; Tanvir, N. I.;
Hasan, T.; Shahriyar Nishat, S.; Kabir, A.; Ahmed, S.; Hakim, M.;
Khan, M. N. I.; et al. A DFT + U look into experimentally synthesized
monoclinic scheelite BiVO4. J. Appl. Phys. 2021, 130, 235107.

(50) Matsushima, S.; Yamada, K.; Nakamura, H.; Arai, M.;
Kobayashi, K. Electronic structure of Bi2CuO4 with antiferromagnetic
spin ordering. J. Ceram. Soc. Jpn. 2008, 116, 589−592.

(51) Oropeza, F. E.; Dzade, N. Y.; Pons-Martí, A.; Yang, Z.; Zhang,
K. H. L.; de Leeuw, N. H.; Hensen, E. J. M.; Hofmann, J. P. Electronic

Structure and Interface Energetics of CuBi2O4 Photoelectrodes. J.
Phys. Chem. C 2020, 124, 22416−22425.

(52) Ferri, M.; Elliott, J. D.; Camellone, M. F.; Fabris, S.; Piccinin, S.
CuFeO2-Water Interface under Illumination: Structural, Electronic,
and Catalytic Implications for the Hydrogen Evolution Reaction. ACS
Catal. 2021, 11, 1897−1910.
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