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Abstract: First-principles calculations based on density functional theory (DFT) were carried out to
study the energetic stability and electronic properties of a bimetallic-doped α-Fe2O3 photoanode
surface with (Zn, Ti) and (Zn, Zr) pairs for enhanced PEC water splitting. The doped systems
showed negative formation energies under both O-rich and Fe-rich conditions which make them
thermodynamically stable and possible to be synthesised. It is found that in a bimetallic (Zn, Ti)-
doped system, at a doping concentration of 4.20% of Ti, the bandgap decreases from 2.1 eV to
1.80 eV without the formation of impurity states in the bandgap. This is favourable for increased
photon absorption and efficient movement of charges from the valance band maximum (VBM) to the
conduction band minimum (CBM). In addition, the CBM becomes wavy and delocalised, suggesting
a decrease in the charge carrier mass, enabling electron–holes to successfully diffuse to the surface,
where they are needed for water oxidation. Interestingly, with single doping of Zr at the third layer
(L3) of Fe atoms of the {0001} α-Fe2O3 surface, impurity levels do not appear in the bandgap, at both
concentrations of 2.10% and 4.20%. Furthermore, at 2.10% doping concentration of α-Fe2O3 with Zr,
CBM becomes delocalised, suggesting improved carrier mobility, while the bandgap is altered from
2.1 eV to 1.73 eV, allowing more light absorption in the visible region. Moreover, the photocatalytic
activities of Zr-doped hematite could be improved further by codoping it with Zn because Zr is
capable of increasing the conductivity of hematite by the substitution of Fe3+ with Zr4+, while Zn can
foster the surface reaction and reduce quick recombination of the electron–hole pairs.

Keywords: first principles; bimetallic doping; water splitting; bandgap

1. Introduction

Photoelectrochemical water splitting (PEC-WS), using sunlight and appropriate semi-
conductors (SCs) to split water molecules into constituent hydrogen (H2) and oxygen (O2)
gases, is a promising route to solve both the production of clean H2 fuel and storage for
solar energy. Since the demonstration of the first PEC cell by Fujishima and Honda in
1972 [1], significant research efforts have been directed toward the development of new
photoelectrode materials that can efficiently harvest solar energy and catalyse the photoelec-
trolysis of water into molecular O2 and H2 [2]. A large number of inorganic materials have
been studied as photoelectrodes for PEC-WS [3]. Of interest have been particularly semi-
conductors such as TiO2 [1,4,5], WO3 [4–6], BiVO4 [4,5,7], and α-Fe2O3 (hematite) [4,5,8,9]
as photoanode materials for PEC devices. Compared to other semiconductors, hematite
stands out [10] as photoanode material due to its various advantages such as a favourable
bandgap, ranging from 1.9 to 2.2 eV [2,4,11–15], capable of absorbing about 40% solar
energy with a potential of converting 16.8% of this energy into H2 fuel [4,8,15,16], high
stability in aqueous solutions, nontoxicity, abundant and cost effective. On the other hand,
its poor electrical conductivity [17–19], low carrier mobility (<1 cm2 V−1 s−1) [2,4,16], short
hole diffusion length (~2 to 4 nm) [2,4,16,20], and fast recombination of the charge carriers
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(~10 ps) [4,18–20] have limited its full potential for PEC applications. Moreover, the CBM of
α-Fe2O3 lies ~0.2 eV below the H+/H2 redox potential [14,21–23]. Therefore, an electrical
voltage is needed for H2 evolution at the cathode.

To overcome these challenges, different approaches such as nanostructuring, hetero-
junctions, incorporating conducting scaffolds, surface modification, and doping have been
explored both theoretically and experimentally [13,14]. Doping is well known to increase
the carrier concentration leading to improved electron conductivity, extended lifetime
of photo-generated charge carriers [24], decreased bandgap, and increased absorption
spectrum of the SC [25,26]. Despite several positive reports on doping [9,18,19,25,27–29],
negative effects of bulk doped systems, for example, induced impurity states in the
band structure which act as recombination centres for electron–hole pairs have been
reported [2,19,30,31]. One way of circumventing the problem of charge recombination in
hematite is surface doping at or near the surface (surface doping). Surface doping can
strengthen the PEC performance of α-Fe2O3 by fostering interfacial charge transfer to
adsorbates [13,32,33].

In addressing the performance enhancement of photoelectrodes, it is important to
realise that a photoelectrode has at least a twofold task. First, it absorbs photons and
converts them into electric charge carriers; this is accomplished usually by the bulk of
the electrode material because light absorption and conversion occur over the absorption
length and thus via the volume of the electrode [34]. An entirely different task is the use of
the charge carriers in the chemical splitting of water into H2 and O2. This chemical reaction
occurs at the surface and may require a different electronic and molecular structure of the
material than underneath in the bulk.

In our immediate past study [13], the effect of Zn on the {0001} and {01
–
1 2} surfaces

was studied. The study showed that when doped on layer L1 of the {0001} surface,
Zn can both narrow the bandgap and eliminate unwanted states in the band structure.
However, when doping was performed slightly deep on layers L2 and L3 of the {0001}
surface, localised states appeared above VBM which may trap the created electron–hole
pairs. With an understanding that Zn has the potential of enhancing the separation of
electrons and holes at the surface, thereby reducing the quick recombination of the charge
carriers [5,35,36], our focus in this study is to explore strategies that can circumvent the
challenge of localised impurity states which appeared in layers L2 and L3 of our previous
study upon monodoping with Zn [13]. This can be carried out by codoping anion with
cation which is an effective way of increasing the solubility of the dopants in the crystal
lattice and strengthening the conductivity of the SC material [5,19,30,37–39].

In this study, first-principles calculations based on density functional theory were
carried out to study the energetic stability and electronic properties of bimetallic-doped
{0001} α-Fe2O3 surface with (Zn, Ti) and (Zn, Zr) pairs for enhanced PEC water splitting.
Bimetallic doping is an important and executable way of increasing the conductivity
of semiconductor materials and reducing the quick recombination of the electron–hole
pairs [5,40–42]. Recently, Mirbagheri et al. [4], and later, Zhu et al. [5] carried out a (Zn,
Ti) codoping on bulk hematite and found that Zn dopant was capable of reducing the
recombination of the charge carriers, while Ti increased the conductivity and carrier density
of α-Fe2O3. This resulted in a 2.5-times enhancement of the photocurrent density than that
of undoped hematite. Kaouk et al. [40] codoped hematite with (In, Sn) and reported an
increase in PEC efficiency which they attributed to higher electron mobility and reduced
recombination of the electron–hole pairs. Wang et al. [41] synthesised (Co, Sn)-codoped
α-Fe2O3 and found that Sn doping increased carrier density of α-Fe2O3, while Co improved
the surface reactions. Our results showed negative formation energies for all doped systems
under both O-rich and Fe-rich conditions which make them thermodynamically stable
and possible to be synthesised in the laboratory. It is found that in a bimetallic (Zn, Ti)
doped system, at a doping concentration of 4.20% of Ti, the bandgap decreases from 2.1 eV
to 1.80 eV with no impurity state in the band structure which is favourable for increased
photon absorption and efficient movement of charges from VBM to CBM. Interestingly, we
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find that with single doping of Zr at the third layer (L3) of Fe atoms of the {0001} α-Fe2O3
surface, impurity levels do not appear in the band structure, at both concentrations of
2.10% and 4.20%.

2. Results and Discussions
2.1. Energetic Stability of the Doped Systems

One important parameter to evaluate thermodynamic stability and optimal growth
conditions in experiments for doped systems is formation energy (E f orm). E f orm provides
important information in understanding the relative difficulty of incorporating the dopant
elements into the host lattice in experiments [30,43]. Therefore, E f orm for all the doped
systems had to be evaluated using Equations (1) and (2).

E(X doped) f orm = E(X doped)− E(pure)− nµX + nµFe (1)

E(X, Zn doped) f orm = E(X, Zn doped)− E(pure)− nznµZn − nXµX + mµFe (2)

where E(pure), E(X doped) and E(X, Zn doped) are the total energies of the pristine sur-
face, mono, and bimetallic-doped systems, respectively, where (X = Ti or Zr). µX,µZn,
and µFe are the chemical potentials of X, Zn, and Fe, respectively; n is the number of X
atoms in substitution of Fe atoms in a mono doped system; nX and nZn is the number of X
and Zn atoms substituting Fe atoms in the bimetallic doped system, respectively, where
m = nX + nZn. As stated earlier, E f orm is strongly related to the growth conditions of the
doped systems in experiments which could vary between O-rich and Fe-rich conditions
(known as oxidising and reducing atmosphere for synthesis and processing of ceramic
materials) [19,30]. To obtain the chemical potentials µFe and µO, Equation (3) must be
satisfied [19,30,33], where µFe2O3 is the total energy of the α-Fe2O3 unit cell.

2µFe + 3µO = µFe2O3 (3)

For O-rich limits, µO is obtained from, while µFe is calculated from the restrictive
conditions in Equation (3). In an O-poor environment, µFe corresponds to the energy of a
single atom of Fe in its stable bulk α-Fe, while µO is calculated using Equation (3). Figure 1
depicts (a) mono X-doped, (b) bimetallic (Zn, X)-doped, and (c) bimetallic (Zn, 2X)-doped
{0001) surfaces. The calculated formation energy E f orm of all the doped {0001) hematite
systems is presented in Table 1.
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Figure 1. The relaxed mono and bimetallic doped {0001) surfaces: (a) mono X doped, (b) bimetallic (Zn, X) doped,
and (c) bimetallic (Zn, 2X) doped. Colour scheme: red (big spheres) and green (small spheres) denote Fe and O atoms,
respectively; blue and grey (big sphere) represent X and Zn atoms, where (X = Ti or Zn).
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Table 1. E f orm of mono and bimetallic-doped {0001} hematite systems in O-rich (oxidising) and
Fe-rich (reducing) conditions.

Dopants
Formation Energy (eV)

Fe-Rich O-Rich

Ti −3.59 −5.10
(Zn, Ti) 1.46 −1.59

(Zn, 2Ti) −0.39 −4.93
Zr −2.25 −3.76

2Zr −8.21 −11.23
(Zn, Zr) −4.34 −7.37

(Zn, 2Zr) −5.32 −9.87

From Table 1, we notice that the formation energy for one Ti or Zr atom substituting
Fe atom in the {0001} α-Fe2O3 surface is negative in both O-rich and Fe-rich conditions, in
agreement with Pan et al. [19]. This implies that Ti dopant can easily be incorporated in the
{0001} surface and also that the structure is thermodynamically stable. As for the bimetallic
(Zn, Ti)-doped system, E f orm is negative in the O-rich condition, while it is positive in the Fe-
rich condition. This indicates that bimetallic doping of (Zn, Ti) is favoured under oxidising
conditions and not under reducing conditions. We thus can provide recommendations for
synthetic chemists and processing engineers for the synthesis of the materials. Furthermore,
we notice that when the concentration of Ti is increased in the bimetallic-doped system
from (Zn, Ti) to (Zn, 2Ti), representing a change of concentration from 2.1% to 4.2% for Ti
dopant, E f orm becomes negative in both O-rich and Fe-rich. This shows an increase in the
stability of the (Zn, Ti)-codoped system, with the increasing concentration of Ti atoms. The
rest of the doped structures Zr, 2Zr, (Zn, Zr), and (Zn, 2Zr) show that their incorporation
in the host lattice is relatively easy to achieve under both O-rich and Fe-rich and could be
synthesised, as inferred by their negative formation energies.

2.2. Charge Density Difference Plots

In a quest to understand the nature of bonding and charge distribution among the
atoms of the mono and bimetallic-doped {0001} hematite system, the charge density differ-
ence (∆ρ) [33,44–46] is plotted using Equation (4).

∆ρ = ρtotal − ∑
i

ρ
f ragments
i (4)

where ρtotal and ρ
f ragments
i are the total and individual fragments charge density of the

system, respectively. ρ
f ragments
i is calculated from a pseudo structure in which the i-th

fragment is kept in place, while the other fragments are deleted. The lattice parameters
and symmetry of the pseudo structure remain the same as the original supercell. Figure 2
presents the top and side views of the ∆ρ plots for (a) mono-doped X element (b) bimetallic-
doped (Zn, X), and (c) bimetallic-doped (Zn, 2X) of {0001} α-Fe2O3 at the isosurface value
of 0.020 electrons/bohr3. It is seen that in all the three doped systems (a, b, and c), the
concentration of charges is at the top of the surface, similar to our earlier observations in
the previous studies [13,33]. It is further observed that more charges depleted (denoted
by cyan colour) from the dopant elements (Ti, Zr, and Zn) and accumulated (denoted by
the yellow colour) on the surrounding Fe and O atoms. The Bader charger analysis [47]
revealed that on average Ti, Zr and Zn donated 2.20 e, 2.53 e, and 1.37 e, respectively,
to form bonds with adjacent O atoms. It is proved that surface doping is advantageous
because the charge carriers are formed in the vicinity of reaction centres with hydroxyl
adsorbate, overcoming the issue of short diffusion lengths in α-Fe2O3 [32,33].
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2.3. Electronic Band Structure and Density of States

Figure 3 presents the PDOS and band structure of pristine {0001} surface (a,b) Ti doped
(c,d) and (Zn, Ti) codoped (e,f). In Figure 3a, it is noted that the VBM of the pristine surface
comprises mainly of O 2p states with a small portion of Fe 3 d states, while the CBM is
composed of largely the Fe 3 d orbitals. The calculated bandgap of the pristine surface is
2.10 eV [13,33]. Moreover, when one Fe atom is replaced by one Ti atom, as depicted in
Figure 1a, corresponding to a doping concentration of 2.10%, an impurity state comprising
of Ti 3d states and O 2p states appears within the band structure, as seen in Figure 3c,d,
similar to what was found in another study [19]. The calculated bandgap of Ti-doped {0001}
hematite surface is 1.93 eV which shows a decrease from the pristine surface bandgap
of 2.10 eV. The decrease in the bandgap implies more photon absorption in the visible
spectrum leading to improved PEC performance. However, the impurity state in the band
structure may reduce the carrier mobility and also act as a recombination centre for the
electron–hole pairs, resulting in low PEC performance [19,30].

Moreover, Zhu et al. [5] argue that among the dopants that have been incorporated
in hematite, Ti stands out because of its ability to increase the photocurrent significantly
through enhanced conductivity and carrier density. However, Ti’s capability to resolve
the challenge of recombination of electron–hole pairs is comparatively limited. The so-
lution to this challenge lies in codoping Ti with a p-type element such as Zn [4,5,30].
Many studies have shown that Zn is a p-type dopant for α-Fe2O3, while Ti is an n-type
element [5,19,28,36,48,49]. Therefore, the combination of (Zn, Ti) forms an acceptor–donor
pair. Codoping both n-type and p-type elements is expected to offset the negative effects
aroused by each element while at the same time enhancing their positive effects. Addition-
ally, Zn is capable of promoting faster charge transfer at the surface, resulting in reduced
recombination of the electron–hole pairs [4,5]. Therefore, the combination of Zn with Ti or
Zr is expected to improve the PEC performance of hematite due to increased conductivity
and improved surface reaction kinetics. As stated earlier, Figure 3e,f presents PDOS and
band structure of (Zn, Ti) codoped {0001} hematite surface. It is inferred from Figure 3e,f
that although the codoping localised acceptor states consisting of Zn 3d orbitals and O
2p orbitals appear above the VBM of the surface, the Fermi level embeds in the VBM due
to the upshift in the valence band edge, and the bandgap narrows down to 1.70 eV. We
observe that although there is an appreciable decrease in the bandgap and an upshift in
the CBM, compared to mono-doped Ti which effectively suggests increased photocatalytic
efficiency of the {0001} hematite surface, the PEC activity is not likely to increase much due
to localised acceptor states.
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surface (c,d), and (Zn, Ti)-doped {0001} α-Fe2O3 surface (e,f). The Fermi level is set to zero.

On the other hand, we notice from Figure 4a,b that when the concentration of Ti is
increased in the bimetallic-doped {0001} surface from 2.10% (Zn, Ti) to 4.20% (Zn, 2Ti),
the localised states within the band structure are eliminated, while the bandgap decreases
to 1.80 eV. Zhu et al. [5] carried out both an experimental and a theoretical study of
(Ti, Zn)-codoped bulk hematite and reported an increased photocurrent density when the
concentration of Ti was raised from 1% to 3%. They further pointed out that the detrimental
effect of Zn dopant may overweigh its positive effect when the concentration of Ti dopant
is low. Thus, there must be a good quantity control of dopant concentration to coordinate
well the delicate balance between the two dopants in attaining a higher PEC performance of
hematite. We note that the absence of impurity states in the band structure due to increased
concentration of Ti dopant which also increases the charge carrier density, coupled with
the decrease in the bandgap, is likely to increase the PEC performance in a bimetallic (Zn,
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2Ti)-doped α-Fe2O3. Additionally, the CBM in Figure 4b becomes wavy and delocalised,
suggesting a decrease in the charge carrier mass, enabling them to successfully diffuse to
the surface where they are needed for hydrogen evolution [13,19].
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Since Ti and Zr have similar outer electronic structures, we further examined the
effects of Zr and Zr codoped with Zn (Zn, Zr) on the {0001} α-Fe2O3 surface. The calculated
PDOS and band structure for Zr-doped {0001} α-Fe2O3 surface systems are shown in
Figure 5. With 2.10% of Fe atoms replaced by Zr atoms, CBM moves towards VBM, and
the bandgap decreases to 1.73 eV from the initial 2.1 eV. Moreover, the CBM in Figure 5b
becomes delocalised, suggesting improved carrier mobility, as earlier noted. VBM mainly
constitutes of O 2p states and the 4d states of Zr, while CBM is composed of O 2p states, Fe
3d states, and Zr 4d states.

When the concentration of Zr was raised from 2.10% (Zr) to 4.20% (2Zr), CBM moved
further towards VBM. However, the bandgap remained unchanged, compared to the
pristine surface at 2.10 eV because VBM also moved towards the lower energy. Interestingly,
we observe that with single doping of Zr at the third layer (L3) of Fe atoms, as depicted
in Figure 1a of the {0001} α-Fe2O3 surface, impurity levels do not appear in the band
structure, at both concentrations of 2.10% and 4.20%. Experimentally, Kumar et al. [50]
doped α-Fe2O3 nanostructured with Zr at various concentrations and recorded the highest
photocurrent density of 2.1 mA/cm2 at a doping concentration of 2.0 at.% Zr.

The calculated bandgap energy for all their doped hematite samples was ~2.10 eV.
They inferred that since there was no change in the bandgap energy of all the Zr-doped
α-Fe2O3 samples, Zr doping may not produce any intermediate level within the band struc-
ture of α-Fe2O3. Using DFT calculations, our results show that at the doping concentration
of 2.10% of Zr atoms, the bandgap can be narrowed to 1.73 eV, and no unwanted states
are present, while at 4.20% doping concentration, the bandgap remains unchanged, in
agreement with Kumar et al. [50]. Moreover, apart from the substitutional doping of Fe3+

by Zr4+ in α-Fe2O3 lattice as the source of the enhanced photocurrent density, the decrease
in the bandgap of 1.73 eV at 2.10% doping concentration and the removal of unwanted
states in the band structure and the delocalisation of CBM are other microscopic sources
for improved PEC activity of Zr doped hematite.
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The photocatalytic activities of Zr-doped hematite could be improved further by
codoping it with Zn for the reasons advanced earlier. Zr, being an n-type dopant [19,50],
has the potential of increasing the conductivity and carrier density of α-Fe2O3, while Zn, as
a p-type dopant, could foster the surface reaction and reduce recombination of the electron–
hole pairs [5,51]. In Figure 6, the calculated PDOS and band structure for Zr-codoped with
Zn at 2.10% (Zn, Zr) and 4.20% Zr concentration (Zn, 2Zr) are presented. It is found that
in both systems, no impurity states appeared in the band structure which is favourable
for the mobility of the charge carriers from VBM to CBM. VBM at 2.10% and 4.20% Zr
concentrations consists of O 2p orbitals, Zn 3d orbitals, and Zr 4d orbitals, while CBM
constitutes mainly of Fe 3d and Zr 4d orbitals, with a small portion of O 2p orbitals. It is
also observed that the concentration of Zr 4d states is more in CBM of the 4.20%-doped
system which may be the reason for the upward shift of CBM, as compared to the other
two Zr mono-doped systems in Figure 5 and the 2.10% (Zn, Zr- codoped system, presented
in Figure 6a,b. The bandgaps for both systems remain almost unchanged, as compared to
the pristine surface at 2.09 eV and 2.08 eV, respectively.
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To examine how these dopants influenced the band edge positions, we plotted the
VBM and CBM of the doped systems and compared them with pristine hematite, as shown
in Figure 7. It is observed that apart from (Zn, Ti)-doped pair at 2.10% concentration whose
CBM and VBM were raised by 0.10 eV and 0.11 eV, respectively, with respect to pristine
α-Fe2O3, the rest of the doped system had their CBM and VBM lowered. This implies that
in addition to the positive effects brought about by these dopants on α-Fe2O3 which we
have discussed earlier, a bias voltage will still be needed to elevate CBM for the production
of H2. It is also interesting to note that (Zn, 2Zr) codoped at 4.20% Zr concentration had its
CBM lowered by 0.14 eV, compared to that of pristine α-Fe2O3 which means a lower bias
voltage may be required for this system, as compared to others.
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3. Method

All calculations were performed using the DFT method [52,53], as implemented within
the plane–wave (PW) quantum–espresso code [54]. The Vanderbilt Ultrasoft Pseudopo-
tential (USPPs) [55] were used to describe the valence electrons, while the exchange and
correlation energies are treated at the level GGA of PBE [56]. Generally, the standard DFT
exchange–correlation functionals such as the local density approximation (LDA) and the
GGA fail to correctly describe systems characterised by strongly correlated and typically
localised d or f electrons [57–60]. This failure is mainly due to the incomplete cancellation of
the Hartree self-interaction error resulting in over-delocalisation of the f and d electrons [59]
and also the absence of integer discontinuity in the exchange and correlation energy. One
of the simplest approaches to correct this error is to use DFT with on-site coulomb en-
ergy (DFT+U), based on the corrective functional inspired by the Hubbard model [61,62].
Consequently, we used the DFT+U method with the converged U = 5 eV [13,33,63–65] to
correctly study the electronic structure of bulk and doped surfaces of hematite (α-Fe2O3).
A kinetic energy cut-off of 350 eV was used in the expansion of the electronic wave function
in the PW basis set. The energy convergence threshold was set to 10−5 eV and 10−2 eV/Å
for the force. A vacuum space of 20 Å was introduced to avoid interactions between the
periodic surface images. A supercell method was used to examine the influence of Zn,
Ti, and Zr on the energetic stability and electronic properties of the {0001} surface. The
Brillouin zone integration was performed with Monkhorst-Pack (MP) k-point grids [66] of
2 × 2 × 1 and 6 × 6 × 2 for the calculations of the total energies and the density of states
(DOS), respectively, for the 120 atoms in a supercell surface.

4. Conclusions

We examined the energetic stability and electronic properties of bimetallic-doped
{0001} α-Fe2O3 surface for enhanced PEC water splitting using DFT calculations. The doped
systems showed negative formation energies under both O-rich and Fe-rich conditions
which make them thermodynamically stable and possible to be prepared experimentally.
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The results show that bimetallic doping decreases the bandgap without impurity state
in the band structure which is favourable for increased photon absorption and efficient
movement of charges from VBM to CBM. In addition, CBM becomes wavy and delocalised,
suggesting a decrease in the charge carrier mass enabling them to successfully diffuse to the
surface where they are needed for hydrogen evolution. Moreover, single doping of Zr at
layer 3 (L3) of Fe atoms of {0001} α-Fe2O3 surface, impurity levels can be eliminated in the
band structure. Furthermore, the PEC activities of Zr-doped hematite could be improved
further by codoping it with Zn because Zr is capable of increasing the conductivity of
hematite by the substitution of Fe3+ with Zr4+, while Zn can foster the surface reaction and
reduce quick recombination of the electron–hole pairs. It is proved that surface doping is
advantageous because the charge carriers are formed in the vicinity of reaction centres with
the adsorbates, overcoming the challenge of short diffusion length in α-Fe2O3. Bimetallic
doping of (Zn, Ti) and (Zn, Zr) on the {0001} surface is expected to enhance the PEC
performance of hematite due to the advantages of both surface and bimetallic doping.
According to our knowledge, the study on Zn being codoped with Zr is being carried out
for the first time, and therefore, we hope that our results provided here will be of great
interest to both experimentalist and theoretical researchers.
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