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Abstract

The development of efficient, earth-abundant photocatalysts for
solar water splitting remains a central challenge in renewable-
energy research. The electronic properties of a — Fe 03, a
Cu0/Fe,03 heterojunction, and the adsorption of water-derived
species on the a — Fe,03 surface were investigated using spin-
polarized first-principles calculations within the DFT+U
framework, as implemented in the Vienna Ab initio Simulation
Package (VASP) with the GGA-PBE functional and Hubbard
corrections of U = 5.3 eV (Fe-3d) and U=6.5 ¢V (Cu-3d). The
pristine & — Fe,03 slab exhibits an indirect band gap of 1.28 eV,
with the valence band maximum (VBM) at I" and the conduction
band minimum (CBM) between Y and I'; the valence band is
dominated by O-2p states and the conduction band by Fe-3d states,
while symmetric spin channels confirm its antiferromagnetic
character. Formation of the CuO/Fe,03 heterojunction widens the
indirect gap to 1.61 eV (A= +0.33 eV), driven by hybridization of
Cu-3d and Fe-3d orbitals that lifts the lower conduction band, with
empty Cu-s states appearing near 2.8 eV above the Fermi level. The
orbital redistribution is suggestive of an S-scheme charge-transfer
mechanism in which CuO acts as the reduction photocatalyst and
Fe, 03 as the oxidation photocatalyst. Among the adsorbed species,
the interaction strength increases in the order H,0 <+*OH <+00H,
with *O0H showing the strongest Fe—O orbital hybridization. The
gap remains below experimental value (=2.1 eV). These results
as candidate visible-light S-scheme
photocatalyst for the oxygen evolution reaction, while a
quantitative assessment of the reaction is left for future work.

gap engineering; S-scheme;
water splitting

point to CuO/Fe,0;
INTRODUCTION

Rising global energy demand and the
urgent need to move beyond fossil fuels have
intensified the search for clean, storable energy
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carriers. Photocatalytic water splitting, in which
a semiconductor uses solar photons to drive the
decomposition of water into hydrogen and
oxygen, offers an attractive route to carbon-free
fuel (Alamgir et al.,, 2025). Since the
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demonstration of photoelectrochemical water
splitting, sustained effort has focused on
identifying stable (Fujishima & Honda, 1972),
inexpensive and visible-light-active
semiconductors able to carry out the hydrogen
evolution reaction (HER) and the oxygen
evolution reaction (OER) with high efficiency
(Guo et al., 2026).
Among candidate photoanode materials,
a — Fe,03 (hematite) is especially attractive
because it 1s earth-abundant, non-toxic,
chemically stable in aqueous media and
inexpensive. Its experimental optical gap of
about 2.1 eV permits absorption over much of
the visible spectrum (Sivula et al., 2011). In
practice, however, the performance of hematite
is limited by rapid recombination of
photogenerated carriers, a very short hole-
diffusion length and sluggish surface OER
kinetics, all of which suppress its solar-to-
hydrogen efficiency (Gao et al., 2023).
Copper(Il) oxide (CuO) is a p-type
semiconductor with a narrow experimental band
gap near 1.5 eV (Kyesmen et al., 2021), which
makes it an effective visible-light absorber that
complements hematite. Used on its own,
however, CuO suffers from limited
photochemical stability and modest efficiency.
Coupling p-type CuO with n-type hematite to
form a heterojunction is therefore a natural
strategy for combining their favourable optical
properties while mitigating their individual
weaknesses (Nallapureddy et al., 2025) .
Constructing a CuO/Fe,03; composite
establishes an internal electric field at the
interface that promotes spatial separation of
photogenerated electrons and holes. When the
two oxides are arranged with staggered band
edges, charge transfer can follow a step-scheme
(S-scheme) pathway, in which CuO serves as the
reduction photocatalyst and Fe,0z; as the
oxidation photocatalyst (Lv et al., 2025). Unlike
a conventional type-II junction, the S-scheme
preferentially recombines the less energetic
carriers while preserving the strongly reducing
electrons and strongly oxidizing holes, thereby
maximizing the redox driving force (Low et al.,
2017).
Experimentally,
heterostructures show enhanced
photoelectrochemical water-splitting activity
relative to bare hematite (Kyesmen et al., 2021).
Although many experimental studies have

CUO/F€203
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addressed Cu0/Fe,03 composites, the atomistic
origin of the band-gap modification and the
charge-transfer mechanism remains
incompletely  understood.  First-principles
modelling is well suited to this problem, but
standard semilocal functionals such as GGA-
PBE severely underestimate the band gaps of
transition-metal oxides because of the self-
interaction error associated with the localized
Fe-3d and Cu-3d electrons (Huang et al., 2016).
The Hubbard-corrected DFT+U approach
partially restores a correct description of these
correlated states, yet systematic DFT+U studies
of CuO/Fe,03 heterojunctions are still scarce
(Naveas et al.,, 2023). Specifically, how the
band-edge positions and orbital character of
CuO/Fe,05; are altered relative to pristine
hematite, and how this orbital redistribution
relates to a candidate S-scheme charge-transfer
pathway, have not been resolved at the DFT+U
level for this composite. The present work
therefore employs spin-polarized DFT+U
calculations to investigate (i) the electronic
structure of the pristine & — Fe,03 slab, (ii) the
band-gap engineering and charge-transfer
behaviour of the CuO/Fe,03 composite, and
(iii) the adsorption of the OER intermediates
H,0, ¢ OH and  OOH on the hematite surface,
in order to clarify the potential of Cu0/Fe,03 as
an S-scheme photocatalyst for water splitting.

METHOD

All calculations were carried out using
spin-polarized density functional theory (DFT)
as implemented in the Vienna Ab initio
Simulation Package (VASP) version 5.4.4
(Kresse & Hafner, 1993). Electron—ion
interactions were described with the projector
augmented-wave (PAW) method (Blochl, 1994),
and exchange—correlation effects with the
generalized gradient approximation in the
Perdew—Burke—Ernzerhof (GGA-PBE) form
(Perdew et al.,, 1996). To correct the self-
interaction error of the localized d electrons, the
rotationally invariant DFT+U scheme of
Dudarev (LDAUTYPE = 2) was applied
(Dudarev & Botton, 1998).

U-]J
Eppr+u = Eppr + TZ [Tr(n?) — Tr(n°n?)]
g
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with effective Hubbard parameters U =
5.3 eV for Fe-3d and U = 6.5 eV for Cu-3d
(Naveas et al., 2023).

A plane-wave kinetic-energy cutoff
(ENCUT) of 520 eV was used, and the Brillouin
zone of the two-dimensional periodic slab was
sampled with a I'-centered 3x3x1 k-point mesh
(Monkhorst & Pack, 1976). Electronic self-
consistency was converged to 1x10° eV
(EDIFF), and ionic relaxation was stopped once
residual forces fell below 0.02 eV/A (EDIFFG =
—0.02 eV/A). Gaussian smearing (ISMEAR = 0)
with a width of ¢ = 0.05 eV was applied. To
stabilize convergence of the antiferromagnetic
(AFM) state, the mixing parameters AMIX = 0.2
and BMIX = 0.0001 were used, and the AFM
order of hematite was imposed through the initial
magnetic moments (MAGMOM), with Fe
moments arranged as 5x5.0, 5x—=5.0, 6x5.0 uB.

The a — Fe,05(102) surface, one of the
most thermodynamically stable hematite
terminations, was adopted as the slab model
(Tanwar et al., 2007). A vacuum spacing of at
least 20 A was inserted along the surface normal
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to remove spurious interactions between
periodic images (Hofmann et al., 2021).
Selective dynamics were employed: the bottom
atomic layers were frozen (F F F) to mimic the
bulk, while the topmost layers and the adsorbates
were fully relaxed (T T T). The CuO/Fe,05
composite was modelled by bringing CuO units
into contact with the hematite slab to form an
interface.

To probe the OER, the intermediates H,0,
*OH and *O0H were adsorbed individually at
the coordinatively unsaturated surface iron (Fe-
top) site. After relaxation, band structures along
the high-symmetry k-path together with the total
and projected densities of states (DOS and
PDOS) were extracted and post-processed using
the VASPKIT package (Wang et al., 2021). The
band-gap type and the orbital character of the
VBM and CBM were identified from the PDOS,
and the strength of the surface interactions was
assessed from the energy shifts and broadening
of the Fe-3d, O-2p and H-s projections. The
main computasional paramters use in this study
are summarize on Table 1.

Table 1. Main Computational Parameters Used in the DFT+U Calculations.

Parameter Value / setting
Software VASP v5.4.4
Pseudopotential PAW
Exchange—correlation functional GGA-PBE
Hubbard correction DFT+U, Dudarev (LDAUTYPE = 2)
U (Fe-3d) / U (Cu-3d) 53eV/65eV
Plane-wave cutoff (ENCUT) 520 eV
k-point mesh I'-centered 3x3x1
Energy convergence (EDIFF) 1x107¢ eV
Force convergence (EDIFFG) -0.02 eV/A

Smearing (ISMEAR)
Spin polarization (ISPIN)
Surface model

Gaussian, 6 = 0.05 eV
2 (spin-polarized, AFM)
a — Fe,05(102), vacuum >20 A

RESULT AND DISCUSSION
Electronic Structure of the a — Fe,03 Slab
Eg = Ecgm — EvBMm

Note: Ecgy conduction band minimum
energy; Ey gy valence band maximum energy.
The gap is indirect if both are at different k-
points

The calculated band structure of the
pristine @ — Fe,05 slab is shown in Fig 1a. The
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material behaves as a semiconductor with an
indirect band gap of 1.28 eV: the VBM is located
at the I' point (0,0,0), whereas the CBM lies
along the path between Y and I'. Because the
band extrema occur at different k-points,
transitions across the gap are indirect and require
phonon assistance, consistent with the optical
behaviour of hematite. The Fermi level lies
within the gap, confirming the semiconducting
character.

The orbital composition is revealed by the
PDOS (Fig. 1c). The upper valence band,
extending from about —1 to —6 eV below the
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Fermi level, is dominated by O-2p states, while
the lower conduction band, between roughly 1.3
and 2.5 eV, is governed by Fe-3d states. This O-
2p — Fe-3d character of the fundamental
transition is typical of charge-transfer-type
transition-metal oxides. The spin-up and spin-
down channels of the total DOS are essentially
symmetric (Fig. 1b), giving =zero net
magnetization, fully consistent with the
antiferromagnetic ground state imposed through
the MAGMOM setting.

The computed gap of 1.28 eV (1.29 eV
from the PDOS) is smaller than the experimental

DFT+U Investigation of Electronic ...

optical gap of =2.1 eV. This underestimation is
expected: even with a Hubbard correction,
GGA+U tends to place the gap of hematite
within the broad 1.0-2.2 eV range reported in the
literature (Naveas et al., 2023), reflecting the
residual self-interaction error of semilocal
functionals and the sensitivity of the gap to the
chosen U value, surface termination and slab
thickness. Despite this quantitative offset, the
qualitative picture—an indirect, O-2p/Fe-3d gap
with antiferromagnetic order—is robust and
provides a reliable reference for analysing the
composite.
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Figure 1. Electronic structure of the pristine a — Fe,03 slab: (a) band structure along I'-X—-S-Y-T"
with an indirect gap of 1.28 eV; (b) spin-resolved total density of states (TDOS); (¢) projected
density of states (PDOS). The symmetric spin-up/spin-down channels in (b) confirm the
antiferromagnetic ground state, and the valence and conduction bands are dominated by O-2p and
Fe-3d states, respectively.

Electronic Structure of the CuO/Fe,0;3
Composite

Upon formation of the CuO/Fe,03
heterojunction, the indirect band gap increases
from 1.28 to 1.61 eV, an upward shift of +0.33
eV (Figs. 1 and 2). The PDOS yields a gap of
1.61 eV (Fig. 2¢), and the band structure gives a
consistent indirect gap of 1.59 eV (Fig. 2a); the
small difference reflects the k-mesh and DOS-
grid resolution. The gap remains indirect, so the
heterojunction retains phonon-assisted
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absorption. A wider gap does not by itself
improve visible-ligth harvestin, widening the
gap can in principle narrow arbsorbate spectral
rang. However, 1.67 eV still corresponds to a
photon wavelegength of about 770 nm, well
within the visible range, so the gap increases
reported here is not expexted to compromise
visible-light absorption. A definitive assessment
would require computing the optical absorption
spectrum and the absolute band-edge positions
relative to the redox potentials of water, which is
left for future work (Walter et al., 2010).
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Figure 2. Electronic Structure of the Cu0/Fe,03; Composite: (a) Band Structure with an Indirect
Gap of 1.59 eV; (b) spin-resolved TDOS; (¢) PDOS with a Gap of 1.61 eV, Showing Hybridization
of Cu-3d and Fe-3d States in the Conduction Band and Empty Cu-s states near 2.8 ¢V above the
Fermi Level.

Analysis of the composite PDOS clarifies
the origin of this widening (Fig. 2c). The lower
conduction band now arises from hybridization
between Cu-3d and Fe-3d states: mixing of the
two metal d manifolds pushes the effective CBM
to higher energy, which directly accounts for the
larger gap. In addition, empty Cu-s states appear
approximately 2.8 eV above the Fermi level,
contributing to the upper conduction band and
marking the unoccupied Cu-derived levels. The
valence band continues to be dominated by O-2p

states, now with an additional Cu-3d
contribution, indicating electronic coupling
between the CuO and Fe,03; components across
the interface. The overall shift of the composite
PDOS relative to pristine hematite is direct
evidence of interfacial electronic interaction
rather than a simple physical mixture. The
resulting band-edge alignment and orbital
character are summarized schematically in Fig 3.

a-Fe, 05

Energy (eV)

Ep -

CuO/Fe; 03

VB

(0-2p+Cu-3d)

Figure 3. Schematic band-edge Diagram Illustrating the band-gap Engineering of Cu0O/Fe,03
(1.28 — 1.61 eV) and the Orbital Character of the Band Edges.

These features are compatible with, and
suggestion of, an S-scheme charge-transfer
mechanism (Fig. 4), although this assignment is
based on orbital hybridization and DOS analysis
alone, explicit confirmation would require band-
alignment, work-function, and charge-density-
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different calculation, which are recommended
for future work. In this picture CuO, with its
more negative conduction band, acts as the
reduction photocatalyst (RP), while Fe,03, with
its more positive valence band, acts as the
oxidation photocatalyst (OP) (Xu et al., 2020).
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Under illumination, the internal electric field and
band bending at the interface drive
recombination of the less energetic electrons in
the Fe,03 conduction band with the holes in the
CuO valence band, leaving strongly reducing
electrons in the CuO conduction band and
strongly oxidizing holes in the Fe,03 valence

DFT+U Investigation of Electronic ...

band (Jiang et al., 2023). This spatial separation
enhances simultaneous reduction and oxidation
while  suppressing bulk  recombination.
Importantly, a gap of 1.61 eV remains within the
visible range, so the improved charge separation
is achieved without sacrificing light
absorption—a key requirement for an efficient
water-splitting photocatalyst.

Potential (V vs NHE)

CuO (RP)

Interface: bullt-in field + band bending drive S-scheme transfer

Fe;0; (OP)

Figure 4. Proposed S-scheme Charge-Transfer Mechanism at the Cu0 /Fe,03 Interface, with CuO
as the Reduction Photocatalyst (RP) and Fe,03 as the Oxidation Photocatalyst (OP).

Adsorption of Water Species on the a — Fe,05
Surface

The OER proceeds through a sequence of
surface intermediates, conventionally H,0 —
*OH — *0O0H — 0,. To assess how strongly
each intermediate binds to hematite, H,0, *OH
and *O0OH were adsorbed at the surface Fe-top
site, and the resulting PDOS were compared
with that of the clean surface (Fig. 5) (Nerskov
et al., 2004).

For adsorbed H,0 (Fig. 5a), the molecular
O-2p states appear in the —1 to —3 eV region and
the H-s contribution below the Fermi level is
small, while the surface Fe-3d profile shifts only
slightly to lower energy relative to the clean slab.
Together these features indicate a comparatively
weak, largely physical interaction with weak O—
H related coupling.

For the *OH radical (Fig. 5b), the O-2p
states move closer to the Fermi level than in the
H,0 case, and the surface Fe-3d states also shift
toward the Fermi level. The reduced PDOS gap
signals a stronger, more chemical interaction
between OH and the surface Fe atom than for
water.

For *O0H (Fig. 5¢), the PDOS displays
two O-2p peaks, reflecting the two inequivalent
oxygen atoms of the OOH group, while the Fe-
3d states become noticeably broadened; a small
H-s contribution is detected near —2.5 eV. The
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broad Fe-3d distribution indicates strong Fe—O
orbital hybridization and a coordinative bond,
characteristic of chemisorption at the Fe-top site.

To complement the PDOS analysis, the
relaxed Fe—O bond distances at the adsorption
sites were examined as a structural indicator of
the interaction strength. The Fe—-O distances
decreased significantly, from 2.26 A for cap H »
cap O to a range of 1.83-1.84 A for *OH and
*OOH . The complete thermodynamic ranking
via adsorption energies (E ads = E(slab
adsorbate) — E(slab) — E(adsorbate, gas)) was
not calculated in this study due to limited
computational resources, and is recommended as
a direction for future work.

The three adsorbates therefore follow a
clear order of increasing interaction strength,
H,0 <+0H < *00H (Table 2). The pronounced
broadening of the Fe-3d states upon *OOH
adsorption is consistent with a more reactive
OER intermediate and supports facile O:
formation as the final OER product. The strong,
selective binding of *OOH at the hematite
surface complements the improved charge
separation of the CuO/Fe,0s junction,
suggesting that the composite can both generate
and deliver the carriers required to drive water
oxidation. The trend H,0 < *OH < *0O0OH
obtained here is qualitatively consistent with the
binding-strength ordering reported for OER
intermediates on Fe-based oxide surfaces in the
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computational hydrogen-electrode framework of
(Norskov et al., 2004), where absorption
strengthens as radical character od intermediate
increases. A quantitative comparison with the
absorption-energy and overpotential values
reported in such studies was not possible in this
work because the gas-phase reference energy

DFT+U Investigation of Electronic ...

required for E, = E (slap adsorbate)- E (slap)
— E (absorbate, gas ) could not be obtained, this
calculation, together with the reaction-
thermodynamic analysis needed to evaluated the
OER over potential, is identified as a priority for
follow-up the work.

(a) (b) (c)
6 6 — 6;
4 4 = 4t =
=== _ === _
> e > = >
2 i v 9. : &
B O 5 0 5
2 ) < g 2
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Figure 5. Projected Density of States (PDOS) of the @ — Fe, 03 Surface with Adsorbed (a) H,0,
(b) *OH and (c) *O0H at the Fe-top site. The Progressive Broadening of the Fe-3d States Reflects
the Increasing Interaction Strength H,0 < *OH <<00H.

Table 2. Summary Of the Computed Electronic and Adsorption Trends.

System / species Key computed result dygs Q)
_ Indirect gap 1.28 eV; VB: O-2p, | -
« — Fez0s CB: Fe-3d; AFM
Indirect gap 1.61 eV (+0.33 eV); | -
CuO/Fe,0; Cu-3d/Fe-3d hybridization; Cu-s
~2.8¢eV
H,0 on Fe,05 Weak interaction; O-2p at —1 to 2.255
—3eV
. Stronger; O-2p nearer E_F; Fe- 1.825
OH on Fe;05 3d shifts toward E_F
. Strongest; two O-2p peaks; broad | 1.842
OOH on Fez05 Fe-3d (chemisorption)
Interaction strength order: H,0
< +*OH < *00H.

PDOS-based): H20 < *OH < *OOH. The Fe-O bond distance decreases from 2.26 A (H,0) to 1.83-1.84 A

(+OH, *OOH).

CONCLUSION

Spin-polarized DFT+U calculations were
used to investigate the electronic structure of a-
Fe,03, the CuO/Fe,03 heterojunction and the
adsorption of OER intermediates on the hematite
surface. The pristine a — Fe,03 slab is an
antiferromagnetic ~ semiconductor with an
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indirect band gap of 1.28 eV, a valence band
dominated by O-2p states and a conduction band
dominated by Fe-3d states. Forming the Cu0/
Fe,03 heterojunction widens the indirect gap to
1.61 eV (+0.33 eV) through hybridization of Cu-
3d and Fe-3d orbitals, with empty Cu-s states
appearing near 2.8 eV above the Fermi level. The
orbital redistribution evident in the composite
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PDOS suggest an S-scheme charge-transfer
mechanism, in which CuO and Fe,05 act as the
reduction and oxidation photocatalysts,
respectively. Adsorption of water-derived
species follows the interaction order H,O0 <
*OH < +<00H, with <OOH exhibiting the
strongest Fe—O hybridization. Together these
results indicate the potential of the Cu0O/Fe,03
heterojunction as a candidate visible-light S-
scheme photocatalyst for the oxygen evolution
reaction in water splitting, with band-alignment,
charge-density, and reaction-themodynamics
calculation identified as the necessary next steps
to substantiate this assignment.
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