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Hematite has been widely studied as one of the most promising photoanodes in the photoelectrochemical
decomposition of water. At present, a prevailing strategy of coupling dopant (Ti or Sn) with oxygen
vacancies has been proposed by experiment, and effectively improves the photocatalytic activity. In
order to clarify the intrinsic reasons for the improvement of the photochemical activity, density
functional theory is adopted to calculate the formation mechanism and electronic properties of hematite
with doping ions and oxygen vacancies. The result shows that the doped atom is beneficial to the
formation of oxygen vacancies in hematite, thus forming a stable structure containing doping ions and
oxygen vacancies. Due to the synergistic effects of dopant and oxygen vacancies, the bandgap of
hematite decreases, and donor levels are introduced into the bandgap, which lead to the increase of
carrier concentration. In the system with doped Ti and oxygen vacancies, donor levels are introduced at
147 eV and 1.73 eV below the bottom of the conduction band, respectively. For the case containing Sn
and oxygen vacancies, the donor level is introduced at 1.75 eV from the conduction band minimum. Our
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Introduction

Since Fujishima used TiO, to split water into H, under ultra-
violet light, photoelectrochemical (PEC) systems have long been
considered as methods to produce clean hydrogen by solar
energy harvesting, gradually becoming the focus of world
attention." Among various oxide semiconductor photocatalysts,
hematite (a-Fe,O3) has been capturing considerable research
attention by serving as a water oxidation photoanode. Hematite
is abundant in minerals, non-toxic and chemically stable in
aqueous solution. In addition, hematite has a favorable
bandgap (~2.2 eV), which corresponds to the major part of the
solar spectrum.>®* What is more, its valence band locates below
the oxidation potential of water, possessing strong oxidation
ability.* Theoretically, the solar to hydrogen (STH) efficiency of
Fe,O; can reach as high as 12.9%, with a photocurrent density
of 12.6 mA cm ™ 2.> However, the reported efficiency of hematite
is much less than the theoretical value. Generally, the reason for
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and provide some guidance for the future modification of photocatalysts.

this inconsistency lies in the short hole-diffusion length (2-4
nm),® the short lifetimes of the excited electrons (<10 ps),” and
low electron mobility in hematite.®

Doping has been employed as one of the important methods
in improving the photocatalytic performance of Fe,0;. Among
numerous doped ions, Sn** doping®** and Ti*" doping**’ can
greatly enhance the photocatalytic activity and photocurrent of
Fe,0;. The experimental and theoretical analysis show that
enhancement of its photocatalytic activity is mainly due to the
increase of carrier concentration, the reduction of electron-hole
recombination rate and the decrease of optical bandgap. Also,
doping can alert the interfacial properties between catalyst and
electrolyte, such as electric field across the space charge layer
and charge transfer kinetics.

Preparation of oxygen vacancy (Vo) in Fe,0; has been proved
to be another effective method to improve its photocatalytic
activity. Experimentally, Ling et al. decomposed the p-FeOOH
nanowires at 550 °C in an oxygen-deficient condition to obtain
hematite nanowires containing oxygen vacancies, which yielded
a substantially enhanced photocurrent density.'® Li et al
present the preparation of H,-treated hematite nanostructures
by a pyrolysis of NaBH, in a crucible.'® The H,-treated hematite
photoelectrode displays a photocurrent of 2.28 mA cm > at
1.23 V vs. RHE, which is over 2.5 times higher than that of
pristine hematite. Rioult et al. prepare the single crystalline film
of hematite through atomic oxygen assisted molecular beam
epitaxy, and adjust the concentration of oxygen vacancy through
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annealing in UHV.* For the optimal oxygen vacancy concen-
tration, the sample shows a 50% photocurrent gain and
reduction for the onset potential by 0.2 V with respect to stoi-
chiometric hematite. In terms of electronic properties, the
formation of oxygen vacancies is supposed to lead to an increase
in donor concentration in Fe,Os.

From a design perspective, synergistic effect of ion doping
and oxygen vacancy can produce a cumulative effect on elec-
tronic properties, which is necessary to achieve sufficiently
higher photocatalytic efficiency. Experimentally, many
researchers have found that the presence of oxygen vacancy can
further enhance the photocatalytic performance of doped
Fe,0;. Through control of the oxygen partial pressure, Sn doped
hematite with Vo can exhibit a higher photocurrent than that of
normally prepared hematite. This enhancement can be attrib-
uted to the improvement of electrical conductivity due to carrier
generation from defects.*® The results obtained by Pu et al
suggest that oxygen vacancies in Ti doped hematite mainly
affect the performance by improving the donor densities with
lower oxidation state of Fe, while Ti-doping might affect the
performance of hematite by surface catalytic effects or more
active sites for water oxidation.”> Wang et al. conclude that the
presence of Vo can not only promote surface electrocatalytic
oxygen evolution reaction (OER) processes, but also increase the
carrier concentration.”® Zhou et al. annealed Sn doped Fe,O; in
a reducing atmosphere created by partial oxidation of graphite
to produce oxygen vacancies. The donor density increases by
73% in Sn-doped Fe,O; annealed on graphite at 770 °C for
20 min, and ~70% enhancement in photocurrent density is
observed.”* Other experiments also indicate that carrier densi-
ties or conductivity enhancement is one of key reasons for the
enhanced photoactivity.?>*® Actually, the existence of oxygen
vacancies and doped ions in Fe,O; is very complex, and syner-
gistic effects of them on the electronic properties of hematite
are still not clear.

This paper mainly focus on the interaction between oxygen
vacancy and doped ion in Fe,Oj3, and the corresponding elec-
tronic properties in order to reveal the fundamental reasons for
the improvement of photocatalytic performance. The results
indicate that the doped atom (Sn or Ti) is beneficial to the
formation of oxygen vacancy in hematite. In addition to
reducing the bandgap width, the synergistic effects of oxygen
vacancy and doping can introduce donor levels into the
bandgap, which is responsible for improvement of electrical
conductivity.

Computational methods

Hematite has a hexagonal close-packed crystal structure with
the space group of R32/C (no. 167), and one unit cell contains 12
Fe and 18 O atoms. Here, we construct a 120-atom 2 X 2 X 1
supercell in order to understand synergistic effects of doping
and oxygen vacancy on the electronic properties of hematite,
which are shown in Fig. 1(a). For metal atom doping, we use one
metal atom (Ti or Sn) to replace one Fe atom in the supercell. As
for oxygen vacancy, one of equivalent O atoms is artificially
removed. As can be seen in Fig. 1(b), the supercell containing
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Fig. 1 (a) Schematic plot of the 2 x 2 x 1 supercell of Fe,Os3 (b) the
supercell of Fe,O3z containing Vo and dopant. The Fe atom and O atom
are represented by golden yellow and red spheres, respectively. Vo
and dopant are represented by blue and green spheres, respectively.

doped atom and oxygen vacancy is modelled by replacing a Fe
atom with a metal atom around the oxygen vacancy. In addition
to the most stable model mentioned above, other possible
models have been carefully examined, which are provided in
Fig. S1 and Table S1 in the ESLf

All calculations are performed in the framework of the spin-
polarized density functional theory with Vienna ab initio
simulation package (VASP) code.?” The valence electron and ion
core interactions are described by the projector augmented
wave (PAW) potential.® The exchange-correlation potential is
described by generalized gradient approximation (GGA) with
the Perdew-Burke-Ernzerhof (PBE) scheme.* The cutoff energy
for electronic wave functions is 500 eV, which is high enough for
energy convergence. The Brillouin-zone integration is per-
formed using Monkhorst-Pack grids of 3 x 3 x 1.*° The lattice
parameters and atomic positions of pure and doped hematite
are fully relaxed using a conjugate gradient minimization
algorithm until force convergence of 1 meV A~! and energy
convergence of 107> eV are reached. The framework of GGA + U
invented by Dudarev et al. is selected in this simulation.** The
value of U-J is set to 4.3 eV, which is symmetrically picked out by
Mosey et al.*

Results and discussion
The formation energy

The formation energies of various defects in Fe,O; are investi-
gated in order to know the growth mechanism and relative

This journal is © The Royal Society of Chemistry 2020
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stability of new systems. With respect to neutral defects in
Fe,03, the formation energies can be calculated as follows:*

E(Vo)r = E(Vo) — E(pure) + o
E(Mg.); = E(Mg.) — E(pure) — um + Hge

EME. + Vo)r = E(MEg. + Vo) — E(pure) — um + ppe + to

E(pure) is the total energy of the hematite 2 x 2 x 1 super-
cell. E(Vo), E(Mg.) and E(Mg. + Vo) are the total energy of the
systems containing Vo, Mge = Tige Or Shge, and (Mg + Vo),
respectively. uy;, pre and po represent the chemical potential
of M, Fe, and O, respectively.

As is well known, the chemical potential is closely related to
the sample growth condition, which could be very different
from O-rich to Fe-rich conditions. Under Fe-rich growth
condition, the chemical potential ug. is calculated from the
energy of one bulk Fe atom, and the corresponding uo can be
obtained from pge,0, = 2ptpe + 31o. Under O-rich condition, the
chemical potential ug is determined by half of the energy of an
0, molecule, and the ug. can be calculated from the formula
above. The formation energy as a function of oxygen chemical
potential is plotted in Fig. 2. Regardless of the preparation
conditions, the formation energy of oxygen vacancy is always
positive, indicating that the formation of oxygen vacancy will be
inhibited during the growth of Fe,0;. Relatively small forma-
tion energy of Tig. (Sng.) over the entire range of ug illustrates
that Ti (Sn) substitution for Fe can be easily achieved, which has
been confirmed by experimental results. More interestingly, the
formation energy of Tig. (or Sng) and oxygen vacancy is much
lower than that of oxygen vacancy in Fe,O;. This result shows
that the introduction of doped ions would promote the occur-
rence of oxygen vacancy. In experiment, Pu et al. verifies the
production of oxygen vacancy in Ti-doped hematite could be
easier compared to that in undoped hematite under a moderate
partial oxygen pressure range.*

Electronic structures

In this section, we first analyze the electronic structure and
charge distribution of Fe,O; with low concentration dopant.
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Fig.2 The formation energy of Vo, Tire, SNre, Tire + Vo OF Snge + Vo as
a function of the chemical potential of O.
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Furthermore, we discuss the changes of them caused by the
interaction between oxygen vacancy and doped ions, so as to
explain the nature of the enhancement of photocatalytic prop-
erties observed in experiments.

In Fig. 3(a1), it can be found that the Fe 3d states are the
main component of conduction band minimum, and the
valence band maximum is composed of Fe 3d and O 2p states. It
is reported that the hematite possess a stable antiferromagnetic
(AFM) ground state below —10 °C, in which the magnetic
moment direction of Fe atom is along the [0001]. In Fig. 3(a2)
and (a3), density of states of a single atom is plotted. It shows
that Fe 3d electrons have weak interaction with O 2p electrons
in the range of —8-—4 eV, which leads to the emergence of
unpaired spin electrons. Thus, the magnetic moment on the Fe
atom mainly originates from these unpaired Fe 3d electrons in
this energy range. The calculated magnetic moment around
iron atoms is 4.15 ug, which is consistent with the experimental
results in the literature.*»* The bandgap is predicted to be
2.20 eV. The electronic structure of pristine Fe,Oj3 is consistent
with previous computational observations.'* For charge transfer
in Fe, 03, Bader charge analysis (Fig. S2at) points out that the Fe
atom loses 1.72e to surrounding O atoms, and O atom obtains
1.15e from nearby Fe atoms. Correspondingly, the XPS result in
the experiment indicates that the Fe and O atom convert to Fe**
and O”~ state after the formation of Fe,Os, respectively.®

The introduction of oxygen vacancy changes local atomic
structure and the interaction between O and Fe atoms, leading
to a significant change in the electronic structure of Fe,O;.
Fig. 3(b2) and (b3) shows the electronic density of states of
typical O and Fe atoms near the oxygen vacancy. Compared with
pristine Fe, O3, it can be seen that there is a stronger interaction
between the Fe 3d orbital electrons and the surrounding O 2p
electrons in —6-0 eV. Therefore, the number of spin unpaired
electrons in Fe 3d orbital decreases, and magnetic moment of
Fe atom reduces to 3.69 ug. Due to the presence of oxygen
vacancy, only 1.33 charges are supplied to the lattice by the
surrounding iron atoms.

For Ti doping at low concentration, electronic structure
(Fig. 4(a4)) shows that hybrid orbits are first formed by 3d and
4s orbitals of Ti atom, and then interact with O 2p orbitals. In
Fig. S3c¢,T the Bader charge analysis indicates that the doped Ti
atom will lose 1.94e to the Fe,O; lattice. Although Ti atom has
one more valence electron than Fe atom, the charge on oxygen
atoms surrounding Ti atom does not increase compared to
undoped Fe,Os;. The reason for this phenomenon is that the
introduction of Ti atoms weakens the interaction between the
surrounding O atoms and Fe atoms, which reduces the charge
transfer between Fe and O atoms. At the same time, the charge
on the Fe atoms will increase. The electronic property of the Fe
atom closest to the Ti atom in the adjacent atomic layer is the
most sensitive to this lattice distortion. Fig. 4(a2) and (a3) state
that Fe 3d electrons have a strong hybridization with O 2p
electrons in the range of —6-0 eV. On this typical Fe atom, the
magnetic moment is changed into 3.60 ug.

For Sn doping at low concentration, electronic structure
(Fig. 4(b4)) shows that hybrid orbits are first formed by 5s and
5p orbitals of Sn atom, and then interact with O 2p orbitals. In
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Fig. 3 The projected density of states of (a) perfect Fe,Os and (b) Fe,Oz containing V. The Fermi level is set to zero.
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this process, Sn atom will provide 2.28e to the crystal lattice,
displaying a stronger degree of ionization than Fe atom, while
the surrounding oxygen atoms get 1.17e. The experimental
results show that Sn atom possesses 4+ state in Sn doped Fe,O3.
Compared to pure hematite, an extra electron would be intro-
duced by Sn*" and hope between Fe*' ions. The calculation
result shows that the extra electron mainly distributes over
oxygen atoms, and needs to be excited from O 2p to Fe 3d before
transfer across the Fe*" ions.® As with Ti doping, Sn doping can
also change the bonding mode between Fe and O atoms(shown
in Fig. 4(b)). The magnetic moment on the typical Fe atom
becomes to 3.62 ug.

In order to clarify the enhancement of photocatalytic activity
observed by experiments, the change of electronic properties
caused by the presence of doped ion and oxygen vacancy are
calculated. The density of states of (Tig. + Vo)-Fe,O3 is plotted in
Fig. 5(a). The spin-up and -down donor states are introduced at
1.47 eV and 1.73 eV from the bottom of the conduction band
minimum, respectively. As shown in Fig. 5(a2) and (a3), the
interaction between Fe 3d and O 2p electrons in the range of
—1-—6 eV reduces the number of unpaired electrons in 3d orbit,
which leads to the reduction of the magnetic moment on Fe
atom (3.60 ug). Besides, it also contributes to the local donor
levels, which indicates the emergence of Fe** ion.*” In order to
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explain the formation of donor levels, the average changes of
Fe-O bond length around oxygen vacancy are compared when
various defects appear. In Fe,O; containing O vacancy, the bond
length of the Fe-O bond around the oxygen vacancy decreases
by about 0.026 A on average, indicating that the five coordinated
Fe atom has stronger interaction with the surrounding O atom.
Thus, there are no mid-gap levels in Fig. 3(b). In (Tige + Vo)
Fe, 03, the average increase of Fe-O bond length is about 0.008
A for the five coordinated Fe atom. By comparing the change of
bond length, it is pointed out that the additional nonlocal
electrons brought by Ti will weaken the bonding strength
between the Fe and O atoms near the O vacancy, which cause
the increase of the unbonded electrons in Fe atoms. Therefore,
the properties of the donor states mainly possess the electronic
properties of Fe 3d and O 2p. The Bader charge analysis shows
that there are 6.68e on each Fe atom adjacent to O vacancy,
which is 0.5e more than that in the perfect Fe,O;. The partial
charge density of the intermediate state is plotted in Fig. S3.1 It
points out that the partial charge density of donor states is
mainly distributed on the Fe atom around the O vacancy than
others. In addition, the bandgap width decreased to 2.07 eV due
to the downward movement of the conduction band. The
density of states of (Sng. + V)-Fe,Oj3 is plotted in Fig. 5(b). The
donor level is introduced at 1.75 eV from the conduction band
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Fig. 5 The projected density of states of (a) (Tire + Vo)—Fex03 (b) (Snge + Vo) —Fe,Os. The Fermi level is set to zero.
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minimum in the system with doped Sn ions and oxygen
vacancy. As shown in Fig. 5(b2) and (b3), Fe 3d have obvious
hybridization with O 2p in the range of —1-—6 eV, and the
occupied energy level is introduced into the bandgap. The
magnetic moment of Fe atom changes to 3.63 ug due to the
change of electron configuration in 3d orbital. In (Sng. + Vo)-
Fe, 03, the average increase of Fe-O bond length is about 0.018
A for the five coordinated Fe atom. By comparing the change of
bond length, we conclude that the additional nonlocal electrons
brought by Sn can also weaken the bonding strength between
the Fe and O atoms around the O vacancy, causing the increase
of the unbonded electrons in Fe atoms. Therefore, the proper-
ties of the donor states possess the electronic properties of Fe 3d
and O 2p. The Bader charge analysis indicates that the Fe atom
adjacent to O vacancy has 0.5e more than that in Fe,O;, which
leads to local donor levels as mentioned above. The partial
charge density plotted in Fig. S37 mainly distribute on the
atoms around O vacancy. The co-existence of oxygen vacancy
and Sn doping also reduce the bandgap width of hematite to
2.09 eV. From the analysis of electronic properties, synergistic
effects of oxygen vacancy and doping make the band gap width
decrease, and donor levels appear, which are beneficial to the
absorption of photons and the increase of carrier concentration
observed in experiment.

The prediction of optical properties helps us to understand
optical photons interacting with the electrons in the pure and
impurity-contained hematite. The absorption coefficient «(w)
can be derived from the real and imaginary parts of the
dielectric function as follow:

a(w) = V2w | /e2(w) + &2 (w) — & (w)

1/2

Absorption Coefficient

Absorption Coefficient

0 200 400 600 800 1000
Wavelength (nm)

Fig. 6 The absorption coefficient of (a) (Tige + Vo)—Fe,03 (b) (Snge +
Vo)—Fezo3.
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As is shown in Fig. 6, the absorption edge of perfect Fe,O3 in the
visible light region is about 560 nm, which is in agreement with
experimental measurements. The optical absorption edge is
about 600 nm (or 590 nm) for Fe,O; containing O vacancy and
Ti atom (or Sn), which is attributed to the bandgap reduction.
Besides, it can be seen that low-energy photons (<bandgap) can
still be absorbed for the two investigated systems. The reason
for the improvement of light absorption ability lies in the deep
donor levels, which act as ‘steps’ in electronic transition from
valence band to conduction band. For (Tig. + V)-Fe,0; system,
the wavelength of the absorbed photons can reach 3600 nm,
which corresponds to excite electrons in the valence band to the
donor energy level. For the case of (Snge + Vp)-Fe, 03, this value
is 3650 nm.

Conclusions

In brief, this paper investigates the formation mechanisms and
the electronic structures of Fe,O; with doped atom and oxygen
vacancy by first principles calculation. Our results demonstrate
that: (1) the oxygen vacancy is easier to be created due to the
introduction of doped atom Ti or Sn. (2) The interaction of
oxygen vacancy and doping has obvious effects on the electronic
structure around the bandgap of hematite. The oxygen vacancy
and doped Ti make the bandgap decrease from 2.20 eV to
2.07 eV. Meanwhile, two donor levels are generated at 1.47 eV
and 1.73 eV under the bottom of the conduction band, respec-
tively. For the system with oxygen vacancy and doped Sn ions,
the bandgap width shrinks to 2.09 eV, and the donor level is
introduced at 1.75 eV from the conduction band minimum. (3)
The interaction of doping and oxygen vacancy can enlarge
visible light absorption edge and improve utilization of low
energy photons due to intermediate bands within bandgap.
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