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Narrowing the Band Gap and Suppressing Electron–Hole 
Recombination in β-Fe2O3 by Chlorine Doping
Gaoxiang Hea, Linguo Lub, Ningsi Zhanga, Wangxi Liua, Zhongfang Chen*b, Zhaosheng Li*a, Zhigang 
Zoua

The effects of halogen (F, Cl, Br, I, and At) doping in the direct-band-gap β-Fe2O3 semiconductor on its band 
structures and electron–hole recombination have been investigated by density functional theory. Doping Br, I, and 
At in β-Fe2O3 leads to transformation from a direct-band-gap semiconductor to an indirect-band-gap semiconductor 
because their atomic radii are too large; however, F- and Cl-doped β-Fe2O3 remain as direct-band-gap 
semiconductors. Due to the deep impurity states of the F dopant, this study focuses on the effects of the Cl dopant 
on the band structures of β-Fe2O3. Two impurity levels are introduced when Cl is doped into β-Fe2O3, which 
narrows the band gap by approximately 0.3 eV. After doping Cl, the light-absorption edge of β-Fe2O3 redshifts from 
650 to 776 nm, indicating that its theoretical solar to hydrogen efficiency for solar water splitting increases from 
20.6% to 31.4%. In addition, the effective mass of the holes in halogen-doped β-Fe2O3 becomes significantly larger 
than that in undoped β-Fe2O3, which may suppress electron–hole recombination.

Introduction
With the rapid development of industrialization, extensive 
exploitation of fossil fuels has resulted in excessive greenhouse 
gas emissions.1, 2 To achieve the goal of carbon neutrality, there 
is an urgent need to develop technologies to produce renewable 
and green energy.3-5 One promising strategy is to use 
inexhaustible solar energy to produce hydrogen by 
photoelectrochemical (PEC) or photocatalytic water splitting.6-11 
Therefore, it is imperative to develop visible-light-responsive, 
environmentally friendly, low-cost, and robust semiconductors 
to realize efficient PEC or photocatalytic water splitting.12-14

Great achievements have been made in developing visible-
light-responsive semiconductor photocatalysts, such as BiVO4, 
Ta3N5, WO3, SrTaO2N, and α-Fe2O3.15-19 Recently, as an isomer 
of α-Fe2O3, the metastable β-Fe2O3 semiconductor has emerged 
as a promising photocatalyst for solar water splitting owing to its 
direct band gap of 1.9 eV and wide spectral response range (≤650 
nm).20 The theoretical solar-to-hydrogen (STH) efficiency of the 
β-Fe2O3 semiconductor for solar water splitting is 20.6%. 
However, the poor electrical conductivity and severe electron–
hole recombination of β-Fe2O3 photoanodes hinder their PEC 

water-splitting performance. To overcome these disadvantages, 
cation doping, such as Zr and Ti doping, has been used to 
improve the conductivity and reduce the charge recombination 
of β-Fe2O3. Still, the Zr and Ti dopants do not significantly affect 
the band gap and light-absorption ability of β-Fe2O3

21, 22. In 
comparison, the effects of anion doping on the band structure of 
β-Fe2O3 have not been explored to our best knowledge. 

Here, we investigated the effect of halogen (F, Cl, Br, I, and 
At) doping of β-Fe2O3 by density functional theory (DFT) 
computations. The effects of both dopant types and doping 
concentrations on the band gap were studied, and the effective 
masses of electrons and holes were also calculated. Our results 
suggest that Cl doping in β-Fe2O3 can narrow its band gap, 
suppress electron–hole recombination, and thus significantly 
improve the photocatalytic performance for water splitting. 

Computational Method
Computational details

The DFT calculations were performed with the Vienna Ab 
initio Software Package.23 The generalized gradient 
approximation (GGA) was used for the exchange–correlation 
potential.24 The Perdew–Burke–Ernzerhof (PBE)25 density 
functional was used to describe the core and valence electrons. 
After a series of tests, the plane-wave cut-off energy of 500 eV 
was used to achieve reasonable convergence. Geometries were 
optimized until energy and force convergence were less than 10-5 
eV and 0.02 eV/Ǻ, respectively. Considering that β-Fe2O3 is 
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strongly correlated with the electron system, the GGA+U 
method was used to remedy the effect derived from localized d 
electrons, for which the effective on-site Coulomb interaction 
parameter of Fe was chosen as 5.3.26, 27 Brillouin zone integration of 
β-Fe2O3 was performed with 7×7×7 k-point meshes.28

Crystal structure

β-Fe2O3 is a transition-metal oxide with point group  and 𝑚3
space group .29 In this study, the conventional standard cell 𝐼𝑎3
is used, which contains 32 Fe and 48 O atoms with a = b = c = 
9.556 Å. Each angle between the two base vectors of the unit cell 
is 90°. The metal site at the top makes up the tetrahedron, and 
each O atom is at the center of the tetrahedron. We doped 
halogen family elements into β-Fe2O3. The halogen element 
replaces the O site at the center of the tetrahedron in β-Fe2O3.

Formation energy

The defect-formation energy ( ) is used as the 𝐸f
defect (XO )

descriptor to evaluate the structure's stabilities and is calculated 
as follows:30

𝐸f
defect (XO) = 𝐸t

defect (XO) ― 𝐸t
bulk + ∑

𝑖
 𝑛𝑖𝜇𝑖

where X represents the doping elements (X = O, F, Cl, Br, I, or 
At);  represents the atom to be replaced (  = X);  and 𝑖 𝑖 𝐸t

defect (XO )
 are the total energies of the structures with and without 𝐸t

bulk

defects, respectively;  is the number of defects; and  is the 𝑛𝑖 𝜇𝑖

chemical potential of the  atom. When the  atom is moved from 𝑖 𝑖
the vacuum to the conventional cell,  is negative; in contrast, 𝑛𝑖

when the  atom is transferred from the conventional cell to the 𝑖
vacuum,  is positive. By the above definition, a smaller defect-𝑛𝑖

formation energy indicates a more stable lattice structure.
Calculation of solar-to-hydrogen efficiency 
The solar-to-hydrogen efficiency (STH) for a PEC system can be 
calculated by the following equations.

STH =
𝐽p × 1.229

𝐼0
× 100%

𝐽p = 𝑞∫1240/𝐸𝑔

0  IPC𝐸(𝜆)𝑁(𝜆)d𝜆
In theoretical calculations, the incident photon-to-electron conversion 
efficiency (IPCE) should be 100%.  represents the incident 𝑁(𝜆)
photon flux set to wavelength . q is applied to describe the charges 𝜆
of electrons.  is the light intensity of solar illumination.  is the 𝐼0 𝐸𝑔

band gap of a semiconductor.31

Results and discussion
Structure optimization

The optimized structure of pure β-Fe2O3 is shown in Fig. 1a. 
The equilibrium lattice parameters (a = b = c = 9.546 Å) are in 
good agreement with the experimental data (a = b = c = 9.393 
Å),32 with deviations of less than 1.7% in the structural 
parameters. Each halogen atom doped into the unit cell replaced 
an O atom at the center of a tetrahedron, as shown in Figs. 1b–g 
and S1. The atom numbers in the CONTCAR file were used to 
label the different Fe atoms (Fe6, Fe14, Fe19, and Fe28). The 

defect-formation energies for halogen atoms with different radii 
are summarized in Fig. S2. The lattice parameters and bond 
length between doping sites and surrounding Fe increase with 
increasing radius of halogen atoms, as shown in Fig. 1h and 1i. 
In addition, for all the halogen dopants, the doping site with Fe28 
has the shortest interbond length, which may cause strongly 
directed electronic property control.

Fig. 1 (a) Optimized geometric structure of pure β-Fe2O3. The Fe atoms 
surrounding an O atom form a tetrahedron, as shown by the bonds 
(sticks) between an O atom and four Fe atoms. (b)–(g) Tetrahedra of the 
pure and halogen-doped β-Fe2O3 structures after geometry 
optimizations. (h) Lattice parameters of the optimized pure and 
halogen-doped β-Fe2O3. (i) Bond lengths between the X and Fe atoms (X 
= O (pure), F, Cl, Br, I, and At).

Band structure and density of states

To explore the electronic properties, we calculated the band 
structures of the halogen-doped β-Fe2O3 systems (Fig. S3; the 
details about the k-point path33 (Γ–H–N–Γ–P–H) are given in 
Fig. S4 and Table S2). 

The atomic substitution by an element with a larger size will 
introduce deep energy states that can act as centers for the 
recombination of carriers,34 and the pure and Cl-doped β-Fe2O3 
will be investigated in detail. Furthermore, Br, I, and At in β-
Fe2O3 leads to transformation from a direct-band-gap 
semiconductor to an indirect-band-gap semiconductor because 
of their atomic radii are too large, thus will not be discussed in 
detail. 

Pure β-Fe2O3 is a direct semiconductor with a band gap of 1.4 
eV at the PBE level of theory (Fig. 2a).21 Even though the PBE 
functional underestimates the band gap value (compared with the 
experimental value of 1.9 eV) as expected, it can still predict the 
variation tendency and provide some details of the band structure 
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change.35 The difference between the calculation and experiment 
is because the Hartree–Fock exchange energy is not considered 

Fig. 2 (a) Band structure of pure β-Fe2O3. (b) Electronic density of states 
of pure β-Fe2O3. (c) Band structure of Cl-doped β-Fe2O3. (d) Electronic 
density of states of Cl-doped β-Fe2O3. (e) Electronic partial density of 
states of pure β-Fe2O3. (f) Electronic density of states of Cl-doped β-
Fe2O3.

in the PBE functional.36-38 At the H point in Fig. 2a, the band 
structure possesses high degeneracy due to its high symmetry. 

However, heteroatom doping breaks the high symmetry of the 
pure β-Fe2O3, and eliminates the band degeneracy, especially at 
the H point. The symmetry breaking is mainly from the change 
in atomic radii and electronegativities. Note that the symmetry 
breaking observed here is consistent with previous DFT 
calculations of BiOBr by Guo et al.39 Along with degeneracy 
elimination, the curvature of the valance-band maximum (VBM) 
becomes flatter, leading to a larger effective mass and enhanced 
electron localization.

Cl doping introduces two impurity levels (Fig. 2c and d), 
similar to the F- and Cl-doped anatase TiO2.40, 41 One impurity 
level is located at the Fermi level, which is marked as impurity 
band Ι (B-Ι). In other words, the Fermi level is raised owing to 
the introduction of this impurity level. The other impurity level 
is located between the Fermi level and VBM, denoted as 
impurity band II (B-II). As carrier donors, the gap between the 
impurity levels and conduction-band minimum (CBM) is 
significantly smaller than that between the VBM and CBM.

To identify the influence of doping atoms on the coordinated 
Fe, we compared the partial density of states (PDOS) of the pure 
and Cl-doped β-Fe2O3 (Fig. 2e and 2f). 

Upon doping, one new peak (B-I), mainly contributed by Fe 
3d, appears at approximately 3.4 eV. This indicates that the 
excess electron of the Cl atom (relative to the O atom) is 
transferred to the Fe28 atom (Cl has seven valence electrons, 
while O has six valence electrons). In the pure β-Fe2O3 (Fig. 2e), 
there exists the Fe 3d unoccupied conductive band above 4.54 
eV; however, this band disappears in the C-doped system, 
instead, a new peak appears around the Fermi level (3.30 to 3.37 
eV, Fig. 2f). The shift of the Fe 3d band from above 4.54 eV in 
the pure β-Fe2O3 to the Fermi level in the C-doped system can be 
easily understood: the redundant electron quickly occupies the 
unoccupied Fe 3d conductive band, as shown by the band-
decomposed charge densities (Fig. 3b). 

The peak from 3.16 to 3.18 represents B-II (Fig. 2f), composed 
of Fe 3d, O 2p, and Cl 2p orbitals. Clearly, in the Cl-doped 
system, Cl replaces the position of O to form some bonding with 
Fe, and the Fe 3d orbital combines with both the O 2p and Cl 2p 
orbitals, while the bonding of Fe-Cl does not exist in the pure β-
Fe2O3. Because the Cl atom has smaller electronegativity than 
the O atom, more electrons transfer from the Cl 2p orbital to the 
Fe 3d orbital. Consequently, the density of states of the Cl 2p 
orbital is significantly lower than that of the Fe 3d orbital and 
slightly lower than that of the O 2p orbital. The introduction of 
halogen atoms brings some covalent bond character to the 
otherwise pure ionic bonds in the pristine β-Fe2O3. Such a 
phenomenon was also observed in Cl-doped TiO2.40 

Band-decomposed charge densities

To better understand the impurity bands, we calculated the 
band-decomposed charge densities of these bands to examine the 
charge-density distribution in real space. 

As shown in Fig. 3a, most electrons of B-I are distributed 
between Fe28 and its adjacent O atoms, while some are between 
Fe28 and Cl. For B-II, there is no electron cloud between Fe and 
Cl, which suggests that all the excess electrons transfer from Cl 
to the Fe28 atom. The bonding electron and excess electron are 
always located at Fe28 (Fig. 3a and b), indicating strong 
directivity of the Cl–Fe bond. Note that Galli and coworkers 
derived similar results for excess electrons near defects.42 
The band-decomposed charge densities of B-I and B-II bands 
around the VBM were also studied (Fig. 3c). The dashed line 
pointing to the Fe28 atom represents the direction of the charge 
density of the O atom. The bonding between the Fe28 and O 
atoms is the strongest, and such bonding leads to a shorter bond 
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length (Fig. 1i). Because the Fe–Cl bond replaces the Fe–O bond, 
the character of the Fe–Cl bond is similar to that of the Fe–O 
bond. Consequently, the length of the Fe28–Cl bond is shorter 
than the other three Fe–Cl bonds, and electrons prefer to locate 
at Fe28 rather than the other Fe atoms.

Fig. 3 (a) Electron distribution of B-II with an isosurface level of 0.005 e 
bohr−3. (b) Electron distribution of B-I with an isosurface level of 0.015 
e bohr−3. (c) Sum of all of the bands around energies of 2.65 and 3.02 eV 
of pure β-Fe2O3 with an isosurface level of 0.01 e bohr−3. (d) Differential 
charge of Cl-doped β-Fe2O3 with an isosurface level of 0.005 e bohr−3. 
The yellow region represents an increase in the number of electrons, 
and the blue region represents a decrease in the number of electrons. 
(e)–(f) Charge-density contour plots in the planes for selected atoms, 
(Fe28, Cl, Fe6); (Fe28, Cl, Fe6) and (Fe28, Cl, Fe6), respectively.

Electron density
We further investigated the interaction between the Cl and Fe 

atoms by calculating the charge-density difference (Fig. 3d). The 
electrons tend to accumulate in the vacuum area between the Fe 
atom and Cl atom and in the area around the Fe28 atom. To better 
understand the chemical bonding, we examined the charge-
density contour plots in the planes for selected atoms (Fig. 3e–g, 
respectively). Electrons accumulate around the Cl atom rather 
than at the core of the atom. Both the charge-density difference 
and the charge-density contour plots indicate that the Cl–Fe bond 
tends to possess more covalent character than the O–Fe bonds.

The effective Bader charge43 is defined as , 𝑞 = 𝑍val ― 𝑞Bader

where  is the number of valence electrons and  is the 𝑍val 𝑞Bader

calculated Bader charge. To provide deeper insight into the 
charge transfer at the atomic level, we calculated the effective 
Bader charges of Fe, O, and Cl in β-Fe2O3 and Cl-doped β-Fe2O3 

by Bader charge analysis (Table 1).44, 45 The valence electrons 
are Cl 3 s2p5, O 2 s2p4, and Fe 3p6d64s2. The results show that for 
pure β-Fe2O3, the Fe and O atoms have effective Bader charges 
of +1.85 e and −1.23 e, respectively. For Cl-doped β-Fe2O3, the 
Fe6, Fe14, and Fe19 atoms have effective Bader charges of 
+1.80 e, +1.79 e, and +1.78 e, respectively. The effective Bader 
charges of Fe6, Fe14, and Fe19 in Cl-doped β-Fe2O3 are less than 
those in pure β-Fe2O3 because the electronegativity of Cl is lower 
than that of O. The effective Bader charge of Fe28 is +1.37 e, 
which is significantly less than those of Fe6, Fe14, and Fe19. 
This is because the bond length between Fe28 and Cl is the 
shortest, and Fe28 can attract more electrons. The Cl atom has 
an effective Bader charge of −0.60 e. Compared with the 
effective Bader charge of O of −1.23 e, Cl has 0.63 fewer 
electrons, which can be understood by its lower electronegativity 
and the fact that part of the redundant electron being attracted by 
Fe28.

Table 1 Effective Bader charges ( ) of pure and Cl-doped β-𝑞
Fe2O3.

Fe6 Fe14 Fe19 Fe28 O Cl

pure +1.85 +1.85 +1.85 +1.85 −1.23

Cl-doped +1.80 +1.79 +1.78 +1.37 −0.60

Fig. 4 DOS diagrams of (a) pure, (b) 1.25% Cl-doped, (c) 2.50% Cl-doped, 
and (d) 3.75% Cl-doped β-Fe2O3. The density in the purple area increases 
with increasing Cl concentration.
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Effect of the Cl doping concentration

The above results show that the introduction of impurity bands 
can remarkably reduce the band gap and improve the light-
absorption ability. However, the low density below the Fermi 
level may limit the photoexcited rate of electrons. Therefore, to 
increase the density of the impurity bands, we investigated 
different doping concentrations of Cl (1.25%, 2.50% and 3.75%) 
(Fig. S7).

Fig. 4 summarizes the density of states of undoped, 1.25% 
Cl-doped, 2.50% Cl-doped, and 3.75% Cl-doped β-Fe2O3. In the 
purple area, the density of states remarkably increases with 
increasing Cl concentration, suggesting improved effective 
electrons during photocatalysis. The interval between B-II and 
the valence band disappears, which causes an increase in the 
valence band. The energy gap of pure β-Fe2O3 is 1.4 eV, whereas 
the energy gap of 3.75% Cl-doped β-Fe2O3 is 1.1 eV, which 
means that the band gap narrows by approximately 0.3 eV at 
such a high doping concentration. Considering that the β-Fe2O3 
semiconductor has a band gap of 1.9 eV and spectral response 
range (≤650 nm), we can estimate that the actual 3.75% Cl-doped 
β-Fe2O3 has a band gap of 1.6 eV, the absorption edge increases 
from 650 to 776 nm, and the theoretical STH efficiency for solar 
water splitting increases from 20.6% for undoped β-Fe2O3 to 
31.4% for Cl-doped β-Fe2O3.31 

Effective carrier mass

Fast carrier migration and reduced combination of electrons 
and holes are beneficial to the performance of a photocatalyst. 
Since carriers with smaller effective mass have higher mobilities, 
we calculated the effective mass of electrons and holes for both 
the pure and Cl-doped β-Fe2O3 (doping concentration of 1.25%). 
For pure β-Fe2O3, the effective carrier masses in the VBM and 
CBM were examined (Table 2); while for the Cl-doped β-Fe2O3, 
we studied the effective masses of holes and electrons in the 
VBM, B-I, B-II, and CBM (Table 3). 

Table 2 Effective masses of carriers in pure β-Fe2O3.
Γ-H Γ-N Γ-P

holes VBM −5.97 −6.17 −5.78

electrons CBM 1.68 1.69 1.59

Table 3 Effective masses of carriers in 1.25% Cl-doped β-Fe2O3 

Γ-H Γ-N Γ-P

holes VBM −7.83 −7.93 −4.35

B-II 20.03 −38.73 −63.16

B-I −48.50 28.95 45.48

electrons CBM 1.79 1.79 1.73

Comparing the VBMs of the pure and the Cl-doped β-Fe2O3, 
the effective mass at the Γ point moderately increases after Cl 
doping. This increase is derived from the combined action of 
distortion of the lattice parameters and the formation of the Fe–
Cl bond. The B-I and B-II in Cl-doped β-Fe2O3 are significantly 

flatter than the VBM in the pure β-Fe2O3. The effective masses 
of B-I and B-II in Cl-doped β-Fe2O3 are 4 to 10 times larger than 
those of the VBM in pure β-Fe2O3, indicating strong localization 
in these two impurity states, which can remarkably reduce 
electron–hole recombination. In addition, the change in the 
effective mass in the CBM is small. 

The suppression of recombination is described by the quotient 
of the hole effective mass divided by the electron effective mass. 
The relative ratio of the effective mass D is defined by46, 47

𝐷 = |𝑚 ∗
ℎ

𝑚 ∗
𝑒

|
A higher D value indicates stronger suppression of 
recombination. The relative ratios in the VBM, B-I, and B-II are 
given in Table 4. The DV/C in the Cl-doped β-Fe2O3 is slightly 
higher than that in pure β-Fe2O3. DI/C and DII/C in the Cl-doped 
β-Fe2O3 are significantly higher than DV/C in the pure β-Fe2O3. 
These results indicate that the impurity band states introduced by 
Cl doping in β-Fe2O3 are extremely locative and have a higher D 
value, which is advantageous to suppress recombination between 
holes and electrons.48, 49

Table 4 Relative ratios in the VBM (DV/C), B-I (DI/C) and B-II 
(DII/C) of 1.25% Cl-doped β-Fe2O3  

DV/C DII/C DI/C

pure Γ-H 3.554

Γ-N 3.651

Γ-P 3.635

Cl doped Γ-H 4.374 11.190 27.095

Γ-N 4.430 21.637 16.173

Γ-P 2.514 36.509 26.289

Conclusions
We proposed the strategy of halogen doping to narrow the 

band gap and suppress electron–hole recombination of β-Fe2O3 
based on DFT computations, focusing on chlorine doping. Partial 
density of states and Bader analysis showed that one impurity 
band (B-I) consists of mostly residual electron transmission, and 
the other impurity band (B-II) is composed of the Fe–Cl bond. 
By increasing the Cl concentration, the interval between the 
impurity band and valence band disappears, which results in 
further narrowing of the energy gap. The STH efficiency 
increases from 20.6% in the pure β-Fe2O3 to 31.4% in the Cl-
doped β-Fe2O3. Cl doping distorts the lattice structure and causes 
a larger effective mass around the VBM. The impurity levels are 
strongly locative owing to the properties of the Fe–Cl bond. The 
strong electron localization causes a relatively larger effective 
hole mass, which indicates strong suppression of electron–hole 
recombination. 

This work provides a strategy for strengthening the absorption 
response over a long wavelength range and suppressing 
electron–hole recombination. Our results fill the gap in 
theoretical studies of halogen doping in β-Fe2O3 and pay the way 
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for studies of doping other elements. To further increase the 
photocatalytic performance of water splitting, codoping halogen 
and other atoms could be a good choice, which we will explore 
for the next step. 
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