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Unraveling the origin of the high photocatalytic
properties of earth-abundant TiO2/FeS2

heterojunctions: insights from first-principles
density functional theory†

Oluwayomi F. Awe, a Henry I. Eya, a Ricardo Amaral, a Nikhil Komalla, a

Pascal Nbelayimb and Nelson Y. Dzade *a

Herein, first-principles density functional theory calculations have been employed to unravel the interfacial

geometries (composition and stability), electronic properties (density of states and differential charge

densities), and charge carrier transfers (work function and energy band alignment) of a TiO2(001)/FeS2(100)

heterojunction. Analyses of the structure and electronic properties reveal the formation of strong interfacial

Fe–O and Ti–S ionic bonds, which stabilize the interface with an adhesion energy of �0.26 eV Å�2. The

work function of the TiO2(001)/FeS2(100) heterojunction is predicted to be much smaller than those of the

isolated FeS2(100) and TiO2(001) layers, indicating that less energy will be needed for electrons to transfer

from the ground state to the surface to promote photochemical reactions. The difference in the work func-

tion between the FeS2(100) and TiO2(001) heterojunction components caused an electron density rearran-

gement at the heterojunction interface, which induces an electric field that separates the photo-generated

electrons and holes. Consistently, a staggered band alignment is predicted at the interface with the conduc-

tion band edge and the valence-band edge of FeS2 lying 0.37 and 2.62 eV above those of anatase. These

results point to efficient charge carrier separation in the TiO2(001)/FeS2(100) heterojunction, wherein photo-

induced electrons would transfer from the FeS2 to the TiO2 layer. The atomistic insights into the mechanism

of enhanced charge separation and transfer across the interface rationalize the observed high photocatalytic

activity of the mixed TiO2(001)/FeS2(100) heterojunction over the individual components.

I. Introduction

Rising global energy demand and related environmental pollu-
tion issues are among the greatest technological challenges
facing humanity in the 21st century. To ensure environmental
sustainability and the long-term development of human society,
there is a pressing need for the development of environmentally
friendly and renewable technologies for green energy production
and environmental remediation. Among the various emerging
technologies, semiconductor-based photocatalysis has immense
potential owing to its ability to directly utilize the abundant and
freely available solar energy for both the production of valuable
chemical fuels, such as hydrogen and hydrocarbon fuels, and the
degradation of harmful pollutants.1–6

The development of inexpensive, highly stable, and recycl-
able photocatalysts with large specific surface areas and high
photocatalytic activity is the key to the large-scale implementa-
tion of photocatalytic technology. In the past decade, several
photocatalytic materials including TiO2,7,8 g-C3N4,9 Ga2O3,10

ZnIn2S4,11 Bi2WO6,12 SrNb2O6,13 and ZnO14 have been devel-
oped. Among them, TiO2 has attracted the most attention
as an active photocatalyst for several environmental and
energy applications owing to its abundance, low cost, chemical
stability, non-toxicity, and resistance toward photocorrosion.15,16

However, the restricted light absorption ability (3–5% of the entire
sunlight spectrum) owing to the wide band gap (3.2–3.35 eV) and
the fast recombination of photogenerated electron–hole pairs
remain as two major factors that limit the practical applications
of TiO2.17 To overcome these limitations and promote efficient
separation of photogenerated charge carries, various strategies
including doping,18 metal loading,19 surface modification,20 and
introducing heterojunctions21 have been adopted.

Among the various strategies explored to efficiently separate
the photogenerated electron–hole pairs in semiconductor photo-
catalysts, heterojunction formation using different functional
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materials in a single photocatalyst has been proven to be one
of the most effective strategies.22–26 The combined beneficial
synergistic effects in heterojunction photocatalysts (particularly,
properly engineered type-II band aligned heterojunctions) have
he potential for broadening light harvesting properties, improving
chemical stability, promoting the efficient separation and transfer
of charge carriers to the appropriate active sites for the desired
redox reactions, and thus boosting photocatalytic activity.22,27

Therefore, photoelectrochemical devices based on dual absorbers
(heterojunctions) can achieve thermodynamic efficiencies of up to
41% for water splitting and 32–42% for CO2 reduction.28–30 For
instance, enhanced photocatalytic activity has been reported for
Cu2O/TiO2,31 WO3/TiO2,32–34 TiO2/CdS,35,36 and TiO2/CsPbBr3

37

heterojunctions.
Pyrite (FeS2) is a potential earth-abundant and non-toxic

cocatalyst for next-generation photoelectrochemical (PEC)
applications owing to its narrow band gap (0.95 eV) and large
optical absorption coefficient (4105 cm�1).38 Furthermore,
FeS2 displays great stability against photocorrosion in photo-
electrochemical (PEC) applications.39,40 Because the coupling
of FeS2 with a large band gap semiconductor like TiO2 can
promote the efficient separation of photogenerated carriers, the
fabrication of TiO2/FeS2 heterojunction photocatalysts has
recently been explored for photoelectrocatalytic reduction of
CO2 to methanol under visible light,41 the hydrogen evolution
reaction (HER),39,42 the oxygen evolution reaction (OER),43 and
photocatalytic degradation of organic compounds.44 The TiO2/
FeS2 heterojunction photocatalysts show enhanced photocata-
lytic activity compared with the corresponding single photo-
catalysts. For instance, the formation of FeS2/anatase-TiO2 core/
shell composites has been demonstrated to enhance hydrogen
production by methanol/water (1 : 1) due to a narrower
band gap than those of isolated TiO2 and FeS2.45 Furthermore,
the coupling of pyrite FeS2 with hierarchical top-porous bottom-
tubular TiO2 nanotubes has been applied to realize PEC perfor-
mance enhancement by more than 3-orders of magnitude from
the ultraviolet and visible light regions compared to that of the
isolated TiO2 nanotubes.46 However, the origin of the enhanced
photocatalytic performance is not well known and there have
been no comprehensive theoretical studies dedicated to unco-
vering the detailed mechanism of carrier dynamics of FeS2-based

heterostructures. It is, therefore, highly desirable to investigate
the factors influencing the photocatalytic properties of the TiO2/
FeS2 composite and the nature of the interfacial interactions
between them.

In this work, first-principles density functional theory (DFT)
calculations have been employed to unravel the interfacial struc-
ture and stability, density of states, differential charge densities,
work function, and energy band alignment of the TiO2(001)/
FeS2(100) heterojunction. The TiO2/FeS2 heterojunction is demon-
strated to be stabilized by the formation of interfacial Fe–O and
Ti–S ionic bonds. A staggered band alignment with a small
conduction band offset of 0.37 eV is predicted for the TiO2(001)/
FeS2(100) heterojunction, which is small enough to promote
the efficient separation of photogenerated electrons from FeS2

to TiO2 under light irradiation. Consistently, a lower work func-
tion is predicted for the FeS2(100) surface (f = 5.03 eV) than the
TiO2(001) surface (f = 5.22 eV). Compared to the isolated materi-
als, the TiO2(001)/FeS2(100) heterojunction has a much lower
work function (f = 4.09 eV), which should promote the easy
transfer of electrons to the photocatalyst surface for photochemi-
cal reactions. The efficient separation of electron–hole pairs in the
TiO2(001)/FeS2(100) junction is beneficial for improving the
photocatalytic activity, explaining well the high-photocatalytic
performances reported in previous experimental investigations.

II. Computational details

The first-principles calculations were performed using the
plane augmented-wave (PAW)47 as implemented in the Vienna
Ab initio Simulation Package (VASP).48,49 Geometry optimiza-
tions were performed using the PBE (Perdew–Burke–Ernzerhof)
generalized gradient approximation functional50 until the resi-
dual forces on all atoms reached 10�3 eV Å�1. The kinetic plane-
wave energy cut-off was set to 600 eV, which converged the total
energies of the studied materials to within 10�6 eV. Non-local
dispersion forces were accounted for using the Grimme DFT-D3
scheme.51 Monkhorst–Pack52 k-points meshes of (7 � 7 � 7)
and (9 � 9 � 5) were used to sample the Brillouin zone of FeS2

and TiO2, respectively. The pyrite FeS2 was modeled in the
cubic Pa3 space group, whereas anatase TiO2 was modeled in

Fig. 1 The total and partial density of states of (a) pyrite FeS2 and (b) anatase TiO2. The Fermi level is set to zero. The insets are the optimized crystal
structures in polyhedral representation.
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the tetragonal I41/amd space group as shown in Fig. 1. To
accurately predict the electronic bandgap of FeS2 and TiO2, we
have used the Hubbard correction (DFT+U) approach,53 which
adds an on-site Coulomb repulsion to the DFT Hamiltonian,
providing a better treatment of the strong electron correlation
in the localized Fe and Ti d-orbitals. An effective U of 2.0 eV for
Fe-3d in FeS2 and that of 7.3 eV for Ti-3d in TiO2 have been
tested to provide an accurate description of the structural
parameters and the electronic bandgaps. Fig. S1 and S2 (ESI†)
show the variation of the bandgap and lattice parameters
calculated at different effective U-values.

The FeS2(100) and TiO2(001) surfaces were coupled together
to form the TiO2(001)/FeS2(001) heterojunction because they
are often reported as the stable surfaces and they do not
contain dangling bonds that could lead to the formation of a
non-coherent interface.54,55 A vacuum region of 20 Å was added
to the c-direction to avoid spurious interactions between peri-
odic slabs. The work function (F), which represents the mini-
mum energy needed to remove an electron from the bulk of a
material through a surface to a point outside the material, was
calculated as F = Evac � EF, where Evac is the vacuum level and
EF is the Fermi level. Dipole corrections perpendicular to all
surfaces were accounted for using the Makov–Payne scheme,56

which ensured that there is no net dipole perpendicular to the
surfaces that may affect the potential in the vacuum level.
Charge transfer between the FeS2(100) and TiO2(001) slabs in
the TiO2(001)/FeS2(001) heterojunction is quantified using the
Bader charge analysis code developed by Henkelman and co-
workers.57

III. Results and discussion
A. Structural and electronic properties of bulk FeS2 and TiO2

Pyrite FeS2 crystallizes in the cubic Pa3 space group.58 The
cubic pyrite structure can be described as trigonally distorted
FeS6 octahedra and tetrahedrally coordinated sulfur atoms
(inset in Fig. 1a).58–61 The lattice parameter of FeS2 is predicted
at a = 5.409 Å in close agreement with the experimental value
(5.416 Å)62,63 and a range of earlier theoretical results of
pyrite.64–68 The Fe–S and S–S bond distances in pyrite are calcu-
lated as 2.252 and 2.159 Å, respectively.

Anatase TiO2 crystallizes in the tetragonal structure with the
space group I41/amd symmetry (inset in Fig. 1b).69,70 The struc-
ture consists of distorted TiO6 octahedra sharing two adjacent
edges so that infinite planar double chains are formed. In the
ab-plane, every O ion has neighboring Ti ions either in the a or
the b directions. The equilibrium lattice parameters of anatase
TiO2 are predicted at a = 3.803 Å and c = 9.517 Å, in good
agreement with the experimental lattice parameters (a = 3.785 Å
and c = 9.514 Å).70 The electronic density of states projected
(PDOS) on the Fe d-states and S p-states of FeS2 is displayed in
Fig. 1a. An analysis of the PDOS of FeS2 reveals that the valence
and conduction band edges are composed mainly of the Fe 3d
states with a small contribution of the S 3p states, indicating that
the pyrite Fe 3d - Fe 3d charge transfer semiconductor is in
good agreement with earlier theoretical predictions.64,71 The
band gap of pyrite is calculated to be 0.96 eV, in good agreement
with the value obtained from photoconductivity measurements
(0.90–1.00 eV).38,72,73 The electronic PDOS of anatase TiO2 is

Fig. 2 Surface structures and the corresponding total and partial density of states (PDOS) of (a–b) FeS2(100) and (c–d) TiO2(001) surface models. The
Fermi level is set to zero.
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shown in Fig. 1b, wherein the valence band edge is dominated by
O 2p, and the conduction band edge is dominated by Ti 3d
states. The electronic band gap of anatase TiO2 is predicted to
be 3.21 eV, in good agreement with the experimental value of
3.23 eV.74

The pyrite FeS2(100) and anatase TiO2(001) surfaces (Fig. 2a
and b), which have been investigated extensively in previous
studies75–78 because of their stability and expression in the
morphology of their respective crystals,79,80 were employed as a
reference for comparison with the interface models, wherein we
analyze the interactions between these two surfaces. The elec-
tronic project density of states (PDOS) of the pyrite FeS2(100)
and anatase TiO2(001) are shown in Fig. 2c and d, respectively.
The semiconductor characters of both FeS2 and TiO2 were
observed with the bandgaps computed at 0.96 eV and
2.46 eV, respectively. The reduction in the TiO2(001) surface
compared to the bulk value can be rationalized by considering
the fact that the change in the coordination of the surface
atoms compared to those in the bulk modifies the shape of the
bands of the O 2p and Fe 3d hybridization, which consequently
reduce the bandgap.

B. Structural, electronic and optical properties of the
TiO2(001)/FeS2(100) heterojunction

Considering their surface stabilities and reasonable lattice
match, the FeS2(100) and TiO2(001) surfaces were employed
in building the TiO2(001)/FeS2(100) interface model. The
FeS2(100) unit cell was placed on the relaxed TiO2(001) surface
and adjusted along the interfacial plane to fit the substrate’s
lattice parameters. A (2 � 2) supercell of the FeS2(100) surface

(10.808 � 10.808) and a (3 � 3) supercell of the TiO2(001)
surface (11.588 � 11.588) were employed, which yield a small
lattice mismatch of 6.73% in both the x and y directions in the
interface of FeS2(100) epi-layer and a TiO2(001) substrate.
Fig. 3a shows that the TiO2(001)/FeS2(100) interface is stabilized
through the formation of Fe–O and Ti–S bonds. The average Fe–
O and Ti–S bond distances are predicted to be 2.176 Å and
2.634 Å, respectively, which are short enough, in particular the
Fe–O bonds, to stabilize the interface structure.

The interfacial adhesion energy (Ead) was calculated to
ascertain the stability of the TiO2(001)/FeS2(100) interface. It
is defined as Ead = (ETiO2/FeS2

� (ETiO2
+ EFeS2

))/S, where ETiO2/FeS2

is the total energy of the TiO2/FeS2 heterojunction with the
interface surface area S, while ETiO2

and EFeS2
are the total

energies of the TiO2 and FeS2 surfaces, respectively. The inter-
face adhesion energy between the TiO2(001) and FeS2(100)
surfaces was predicted to be �0.26 eV Å�2, which indicates
that the interface structure is thermodynamically stable. To
understand the charge transfer and bonding type in the
TiO2(001)/FeS2(100) nanocomposite, the differential charge
density iso-surface contours are determined as shown in
Fig. 3b. The formation of a stable interface is evident by the
accumulation of charges between the Fe–O and Ti–S atoms.
Further insight into the bonding nature at the TiO2(001)/
FeS2(100) interface was gained by determining the electron
localization function plots as shown in Fig. 4. It can be evident
from Fig. 4a that the electron clouds are localized around S and
O atoms (yellow color) and delocalized from Fe and Ti atoms,
suggesting ionic bonds in both FeS2 and TiO2. In the two-
dimensional electron localization function (Fig. 4b), the

Fig. 3 (a) The optimized structure of the FeS2(100)–TiO2(001) interface model and (b) the differential charge density iso-surface contours with an iso-
value of 0.01 eV Å�3 showing electron density accumulation (green) and depletion (orange) within the interface region.
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localized electron clouds on the FeS2 interface atoms do not
connect with those of the TiO2 interface atoms, which suggests
the formation of Fe–O and Ti–S atom ionic bonds at the
TiO2(001)/FeS2(100) interface.

Furthermore, Bader charge analysis (Table S1, ESI†)
was carried out to quantify any charge transfer between the
FeS2(100) and TiO2(001) layers when they are coupled together.
A total charge of 0.87 e� is predicted to be transferred from the
FeS2(100) layer to the top of the TiO2(001) layer. The work
functions (F) of FeS2(100) and TiO2(001) surfaces were calcu-
lated to help understand the origin of the charge transfer across

the interface. The work function of the FeS2(100) surface is
5.03 eV vs. vacuum as shown in Fig. 5a, which is in excellent
agreement with the value of 5.0 eV obtained from ultraviolet
photoelectron spectroscopy measurements.38,81 As shown in
Fig. 5b, the work function of the TiO2(001) surface is 5.22 eV,
which is larger than that of the FeS2(100) surface and
is consistent with experimental results (5.1 eV).82 Therefore,
the spontaneous interfacial charge transfer from the FeS2(100)
layer to the TiO2(001) layer when they are coupled together can
be rationalized by the higher work function of the TiO2(001)
surface.

Fig. 4 The three-dimensional (a) and two-dimensional (b) electron localization function plots of the FeS2(100)–TiO2(001) interface. The isosurfaces in
(a) are determined at an iso-value of 0.72 eV Å�3 and clearly show the electron distributions are localized around O and S atoms. In (b), the blue and red
regions denote low and high electron localization, respectively. ELF values of 0 and 1 correspond to perfect delocalization and localization, respectively.

Fig. 5 The electrostatic potentials for the (a) FeS2(100) surface, (b) TiO2(001) surface, and (c) FeS2(100)–TiO2(001) nanocomposite. The red and green
dashed lines represent the vacuum level (Ev) and the Fermi level (EF), respectively. (d) Work function (f = Ev � EF).
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Generally, when two photocatalytic materials are coupled to
fabricate heterojunction photocatalysts, the electrons tend to
transport from the material with the lower work function
(where they are less tightly bound) and travel to the higher
work function material. The work function difference between
the components of the heterojunction causes a rearrangement
of electron density at the heterojunction interface (Fig. 3b) and
results in an induced electric field that separates the oppositely
charged photo-generated electrons and holes. The work func-
tion of the TiO2(001)/FeS2(100) heterojunction calculated to be
4.09 eV vs. vacuum as shown in Fig. 5c is lower than those of
isolated FeS2(100) and TiO2(001) surfaces. As the value of the
photocatalyst work function dictates its ability to easily transfer
electrons and thus its photoactivity, the predicted lower work
function for the TiO2(001)/FeS2(100) heterojunction is the ori-
gin of the observed enhanced photocatalytic performances.31–36

To further ascertain the effect of coupling FeS2(100) and
TiO2(001) on the photocatalytic performance, the layer-resolved
projected density of states of the TiO2(001)/FeS2(100) heterojunc-
tion was determined as shown in Fig. 6. The PDOS indicates the
presence of strong interfacial interactions between FeS2(100) and
TiO2(001). Compared to the isolated surface models (Fig. 2), it is
worth noting that the variations in the interface PDOS are
particularly strong in the TiO2(001) layer (L4) interacting with
the FeS2(100) surface. We observe a reduction in the bandgap of
the TiO2(001) layers towards the interface region, calculated to be
3.07, 2.70, 2.45, and 1.11 eV for L1, L2, L3, and L4, respectively.
The reduction and the changes in the features of the PDOS of the
TiO2(001) interface layer (L4) can be rationalized by considering
the fact that the interactions between Fe 3d and O 2p states at
the interface (average Fe–O = 2.176 Å) are much stronger than
between Ti 3d and S 2p states (average Ti–S = 2.634 Å). The
stronger interface Fe–O bond formation resulted in the pulling
up of the interacting O atoms towards the interface FeS2 layer
(L5) by 0.521–0.696 Å. However, due to the weaker interface Ti–S
bonds, the S atoms remained negligibly displaced upward/down,
which is consistent with small variations observed in the PDOS
features and bandgaps of the different FeS2(100) layers, which

remained at 1.1 eV. These results indicate that the electronic
structure and bandgap of TiO2 can be modified by the introduc-
tion of FeS2 thin films.

Considering that the optical absorption properties of photo-
catalysts are of great importance for their photocatalytic activity,
we have determined the absorption spectra of isolated FeS2(100)
and TiO2(001) and compared them with that of the TiO2(001)/
FeS2(100) heterojunction as shown in Fig. 7. The linear absorp-
tion properties were calculated from the frequency-dependent
complex dielectric function e(w) and expressed as e(w) = e1(w) +
ie2(w), where e1(w) and e2(w) are the real and imaginary parts of
the dielectric function, respectively, and w is the photon fre-
quency. The absorption coefficient a(w) is calculated from e1(w)
and e2(w) as follows:

a wð Þ ¼
ffiffiffiffiffiffi
2w
p

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e12 þ e22

p
� e1

h i1
2 (1)

Compared to isolated TiO2(001), the optical absorption edge
of the TiO2(001)/FeS2(100) heterojunction is clearly red-shifted
to lower photon energy with a higher absorption intensity
observed in the visible-light region. Consistent with its lower
bandgap, the FeS2(100) surface shows the highest absorption
intensity. The enhancement in the optical absorption of
TiO2(001) when coupled with FeS2(100) suggests improvement
in the photocatalytic activity of the heterojunction.

C. Band alignment at the TiO2(001)/FeS2(100) interface

The band alignment of the heterojunction is of fundamental
importance to achieve an efficient charge carrier separation,
i.e., to reduce electron–hole recombination and improve photo-
activity. Thus, an accurate prediction of the nature of band
alignment and offsets of valence and conduction bands in the
heterojunction is of key importance. Herein, the band align-
ment at the TiO2(001)/FeS2(100) interface has been estimated
by the potential line-up method.83,84 The first step requires the
determination of the electronic structure (density of states or
band structure) calculation for the bulk materials.85 From the
bulk electronic structure, the position of the valence-band

Fig. 6 The calculated layer-resolved density of states (PDOS) for the FeS2(100)–TiO2(001) heterojunction. The Fermi level is set to zero.
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maximum (VBM) can be determined with respect to the average
electrostatic potential in the infinite solid. However, the aver-
age electrostatic potential is not properly defined for bulk
calculations using periodic boundary conditions.86 To obtain
an appropriate reference for aligning the valence and conduc-
tion bands, a superlattice calculation is performed, which
allows aligning the electrostatic potentials in the bulk-like
regions of the two materials, as shown in Fig. 8a. The space-
dependent electrostatic potential V(%r) is calculated by solving
the Poisson equation. The planar-averaged potential %V(z) across
the interface was obtained by the following equation:

�V zð Þ ¼ 1

S
V �rð Þdxdy; (2)

where S is the interface surface area parallel to the x–y plane.
This planar-average potential exhibits periodic oscillations
along the z axis due to the spatial distribution of the electrons
and ionic cores. These bulk-like oscillations in the %V(Z0) with
respect to the z-direction in the two phases can be removed by
determining the macroscopic average potential

¼
V(z), which is

given by:

��V zð Þ ¼ 1

L

ðZþL=2
Z�L=2

�V z0ð Þdz0; (3)

where L is the oscillation period of %V(Z0). Using the macroscopic
average

¼
V(z) as in ref. 85 and 87, the valence band offset (DEVBO)

at the TiO2(001)/FeS2(100) heterojunction was determined as
follows:

DEVBO¼D��V zð ÞTiO2=FeS2
þ ��V zð Þ�EVMB

� �
FeS2
� ��V zð Þ�EVMB

� �
TiO2

;

(4)

where D
¼
V(z) denotes the difference of

¼
V(z) between the two

materials in the heterojunction as shown in Fig. 8a. The last
two terms denote the difference between the valence band
maximum energy (EVBM) and

¼
V(z) of the corresponding isolated

materials in the heterojunction. The conduction-band offset
(DECBO) at the TiO2(001)/FeS2 (100) can be calculated using the

following formula:

DECBO¼ETiO2
g �EFeS2

g �DEVBO; (5)

where the first two items in eqn (4) represent the band gaps of
the bulk TiO2 and FeS2.

The macroscopic average (
¼
V(z)) values of FeS2 and TiO2 far

away from the interface of the TiO2(001)/FeS2(100) heterojunc-
tion are �17.67 and �13.62 eV, respectively, giving rise to a
D
¼
V(z) value of 4.05 eV. The energy differences between the

macroscopic average potential and the VBM for the bulk TiO2

and FeS2 are calculated to be 1.24 eV and 7.91 eV, respectively.
Based on eqn (3), the DEVBO value at the FeS2/TiO2 heterojunc-
tion is determined to be 2.62 eV, whereas the DECBO value is
calculated to be 0.37 eV based on eqn (4). As schematically
shown in Fig. 8b, the band alignment shows both the VBM and
CBM of FeS2 to be above that of TiO2, resulting in the formation
of a type-II band alignment.

The higher valence and conduction band edges of FeS2 than
those of TiO2 suggest that upon irradiation of the TiO2(001)/
FeS2(100) heterojunction, photogenerated conduction electrons
will transfer from FeS2 to TiO2, and vice versa for photogenerated
valence holes. The spatial distribution of the photogenerated

Fig. 7 Calculated optical absorption spectra of FeS2(100), TiO2(001), and
FeS2(100)–TiO2(001) heterojunctions as a function of photon energy.

Fig. 8 (a) Electrostatic potential profile of the TiO2(001)/FeS2(100) inter-
face along the [001] direction. The black solid line denotes the planer
average whereas the blue solid line represents the macroscopic average of
the electrostatic potential across the interface and DV��(z) stands for the
resulting line up. (b) Schematic band alignment diagram of the TiO2(001)/
FeS2(100) heterojunction.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 8
/2

9/
20

25
 6

:2
7:

31
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp04453j


12876 |  Phys. Chem. Chem. Phys., 2024, 26, 12869–12879 This journal is © the Owner Societies 2024

electron–hole pairs in the two materials will inhibit their recom-
bination, which is of great benefit for enhancing photocatalytic
activity. Consistently, enhanced photocatalytic activity has been
reported for methanol under visible light,41 a hydrogen evolution
reaction (HER),42 an oxygen evolution reaction (OER),43 and
photocatalytic degradation of organic compounds over FeS2/
TiO2-based semiconductor composites.44 Our results on the
electronic properties and band alignment characteristics com-
pare well with previous theoretical and experimental investiga-
tions that observed type-II band alignment formation at SrTiO3/
TiO2,88 CeO2/TiO2,89 and Cu2O/TiO2

90 heterojunctions as the
primary reason for favoring efficient charge-carrier separation
to enhance photocatalytic activity.

IV. Summary and conclusions

In summary, the interface structure and stability, electronic struc-
ture, and charge carrier dynamics in the TiO2(001)/FeS2(100)
heterojunction were unraveled by the first-principles density func-
tional theory methodology. It is demonstrated that the FeS2(100)
surface can form a stable interface with the TiO2(001) surface via
strong ionic Fe–O and Ti–S interactions. A strong variation in the
interface density of states is observed particularly in the TiO2

region compared to isolated surface models, which can be
ascribed to the stronger Fe–O bonds and surface reconstruction
induced by the introduction of FeS2. Based on calculated electronic
work functions and predicted type-II staggered band alignments at
the TiO2(001)/FeS2(100) interface with both the conduction band
edge and the valence-band edge of FeS2 lying above that of TiO2,
efficient separation and transfer of photogenerated charge carriers
from the FeS2 layer to the TiO2 layer would occur. The migration of
electrons to the TiO2 layer is also expected to enhance its stability
by keeping it in a reduced state. The atomic-level insights provided
into the structure and interfacial phenomena in TiO2(001)/
FeS2(100) heterojunctions rationalizes the often-observed enhance-
ment of photocatalytic performance and provides promising stra-
tegies for designing and engineering more efficient TiO2-based
photocatalysts.
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