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Abstract This paper presents first-principle studies on
the photoelectric properties of various Bi2O3 poly-
morphs. The intrinsic reason of different photocatalytic
activities was revealed by electronic structures and op-
tical features. Results showed that for α, β, and γ-
Bi2O3, the top of valence bands were mainly construct-
ed by Bi6s and O2p orbitals, and the bottom of con-
duction bands were dominantly composed by Bi6p or-
bital. However, two intermediate bands were found at
the Fermi level for γ-Bi2O3, which leads to a two-step
transition from the top of valence band to the bottom of
conduction band and facilitates electron transition under
irradiation. Absent forbidden gap was found in δ-Bi2O3,
resulting in a semimetallic character due to its intrinsic
oxygen vacancy and high ionic conductivity. Moreover,
the optical properties of α, β, and γ-Bi2O3 were inves-
tigated by absorption spectrum, dielectric constant func-
tion, and energy loss spectroscopy. We concluded that
the photocatalytic activities followed in the order of
γ-Bi2O3>β-Bi2O3>α-Bi2O3, in accord with the experi-
mental report. Calculation results illustrated the experi-
mental observations and provided a useful guidance in
exploring promising visible-light semiconductor
photocatalysts.

Keywords Bismuth oxide . Electronic structure .

First-principle calculation . Optical property

Introduction

Semiconductor photocatalysts have received increasing atten-
tion because of their wide applications in the fields of envi-
ronmental purification and solar energy conversion during the
past decades [1–3]. Among the numerous photocatalysts,
TiO2 is known as an outstanding photocatalytic material ow-
ing to its good thermal stability, low cost, non-toxic, and high
photocatalytic activity [4–6]. However, the wide band gaps
(3.2 eV for anatase and 3.0 eV for rutile TiO2) confine them to
absorb only ultraviolet-light which accounts for approximate
4 % of solar power [7, 8] , Therefore, it is urgently needed to
explore and synthesize more efficient visible-light driven
photocatalysts [9, 10]. Recently, Bi2O3 has become the hot
topic in the study of visible-light photocatalysts due to the
unique crystal structure and electronic properties [11, 12].

Bismuth oxide exists in six crystalline polymorphs, α-
-(monoclinic), β-(tetragonal), γ-(based centered cubic), δ-
-(face centered cubic), ε-(orthorhombic), and ω-(triclinic)
[13–18]. Among them, the former four polymorphs were
reported most by experimental work. The α phase is stable
at relatively low temperatures, δ phase is only stable at tem-
peratures between 729 °C and 825 °C and a large hysteresis
has been observed on cooling from high temperatures to room
temperatures, with the possible occurrences of two intermedi-
ate metastable phases with β or γ phase [18]. Experimental
studies showed that their relatively narrow band gaps varying
from 2.1 to 2.8 eV extended the optical absorption to the
visible-light region [19, 20]. Generally, Bi2O3 with different
polymorphs exhibits different photocatalytic activity. Zou
et al. [21] have prepared α,β, and γ-Bi2O3 by a chemical
precipitation method and showed the photocatalytic perfor-
mance follows in the sequence of γ>β>α in photodegrading
RhB. Another work reported photocatalytic activity was in the
order of β>α>δ [22]. To date, most previous studies were
focused on the photocatalytic performance by experiments,
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with few on the structural and photoelectric features which
significantly determine their photocatalytic activity. Some
theoretical studies have simulated the band structures of
Bi2O3 via the density function theory (DFT) [22, 23]; howev-
er, the relationship between the photoelectric structures and
the photocatalytic activity has not been well explicated to the
best of our knowledge. Therefore, it is of fundamental impor-
tance to understand the role of electronic and optical proper-
ties in tuning the photocatalytic activities of Bi2O3. In this
paper, we carried out first-principle calculations on the band
structures, density of states, and optical properties based on
the quantum mechanics theory, aiming at understanding the
intrinsic features of various Bi2O3 polymorphs and providing
theoretical explanation for related experimental study [12, 21].

Computational details

The first-principle calculations were performed at the gener-
alized gradient approximation (GGA) functional of Perdew-
Wang (PW91) level with the Vanderbilt-type ultrasoft
pseudopotential and a plane-wave expansion of the wave
functions implemented in the CASTEP package [24–27].
The valence atoms configurations are 6s26p3 for Bi and
2s22p4 for O. The geometry optimization of lattice parameters
and internal coordinates was relaxed using Broyden, Fletcher,
Goldfarb, and Shannon (BFGS) minimization technique [24].
Cutoff energy of 380 eV was used for plane-wave, and the
Brillouin zone was separately sampled at 2×2×2 Monkhorst-
Pack k-points forα, β, γ, and δ. In the geometry relaxation, the
total energy of system was converged to less than 2×10−6 eV/
atom, the residual force less than 0.01 eV/Å, and the displace-
ment of atoms and residual bulk stress less than 0.002 Å and

0.1 GPa, respectively. The parameters were determined to
ensure the well-converged total energies and geometry opti-
mization calculations. The electronic structures were calculat-
ed based on the fully relaxed lattice parameters and ionic
positions. For the calculation of the electronic and optical
properties, a larger 6×6×6 k-point set was used.

With respect to the crystal structures of various Bi2O3

phases, extensive experimental studies have determined the
lattice parameters of unit cells via powder neutron diffraction
techniques [28–32]. Here, the unit cells of α-Bi2O3, β-Bi2O3,
and γ-Bi2O3 measured by Harwig [28] were used as compu-
tational models. While for δ-Bi2O3, two crystal structures
including Battle [33] and Gattow et al. [34] models were used
in consideration of the disorder of oxide ions distributed in the
lattice due to the instinct oxygen vacancies. As displayed in
Fig. 1,α-Bi2O3 and β-Bi2O3 have a monoclinic and tetragonal
lattice respectively, both containing eight Bi atoms and 12 O
atoms per unit cell. Cubic phase γ-Bi2O3 has 24 Bi atoms and
36 O atoms. Cubic δ-Bi2O3 possesses six O atoms and four Bi
atoms both in Battle and Gattow models, whereas the average
distributions of six oxygen atoms are at different sites in the
lattice.

Results and discussion

Crystal structure

Table 1 lists the relaxed lattice constants together with mea-
sured values [28, 33, 34]. It is seen that the optimized param-
eters of α, β, and γ-Bi2O3 are close to the corresponding
experimental values. For δ-Bi2O3, the simulated lattice con-
stants of Gattow mode are close to the measured data as was

Fig. 1 Bulk structures of α-
Bi2O3 (a), β-Bi2O3 (b), γ-Bi2O3

(c), Battle model δ-Bi2O3 (d):
average distribution of six oxygen
atoms at the 8c (xxx, x=1/4) and
32f (xxx, x=1/4+δ) sites, and
Gattow model δ-Bi2O3 (e): six
oxygen atoms are distributed at
the 8c site. Red and purple
spheres denote the oxygen and
bismuth atoms, respectively
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found in the previous study [35]. However, for the Battle
model, large lattice distortions were observed, with the unit
cell lengths increased by 50 % along a, b, and c directions.
Herein, we further investigated the oxygen sublattice in the
twomodels. It is seen from Fig. 1 that the Gattowmode adopts
a highly anion-deficient fluorite structure with oxygen occu-
pying 3/4 at the 8c sites of tetrahedral cavities, leaving oxygen
with the vacancy of 1/4; while the oxygen also occupies a 32f
site in the Battle structure with the vacancy of 17/20. Thus, the
oxygen sublattices are spread out within large regions of the
tetrahedral cavities, possessingmore significant oxygen defect
distortions [31, 36]. In addition, it is found in Gattow model
that the O−O distance has hardly changed after optimization,
whereas the oxygens at 32f sites become more dispersed
around the tetrahedral cavities with the O(8c)−O(32f) distance
increased by 0.4 Å on average. This in turn results in the large
distortions of the crystal structure. The crystal structure of δ-
Bi2O3 has been the subject of a number of investigations, but
there are still lots of conflicts regarding the distribution of
oxygen sublattice until now [36–40]. It is recognized that the
lattice parameters of the cubic δ-Bi2O3 has been correlated
with the size of the impurity ions, and δ-Bi2O3 transforms to β
or γ-Bi2O3 phase on cooling from high temperatures to room
temperature [18, 41–43]. Since the crystal structure is simu-
lated at 0 K, δ-Bi2O3 can be impure with the possible occur-
rences of intermediate metastable phases and could result in
the overestimated unit cell parameters.

Band structures and density of states

It is well acknowledged that the band structures including the
valence bands and conduction bands play an important role in
affecting the photocatalytic activity of semiconductors. To
compare the different electronic structures of α, β, γ, and δ-

Bi2O3, the band structures and density of states (DOS) are
calculated and illustrated in Figs. 2 and 3. Obviously, β-Bi2O3

and γ-Bi2O3 have direct band gaps and α-Bi2O3 has an
indirect gap, which is in agreement with experimental obser-
vations [22]. The simulated band gaps are 2.23, 1.49, and
2.07 eV for α, β, and γ-Bi2O3 respectively, which are smaller
than the corresponding measured values 2.8, 2.48, and
2.68 eV [44, 45] due to the well-known band gap underesti-
mation of the DFT theory. However, the character of the band
structure and the variation trend of band gaps are expected to
be reliable and will not affect the qualitative analysis of the
relative energy changes. Moreover, it is worth noting that the
band gap of δ-Bi2O3 is absent both in the Battle and Gattow
models, with conduction bands and valence bands overlap-
ping at the Fermi level. This results in a finite density of states
at the Fermi level and a semimetallic character for δ-Bi2O3.
The same case was also found in the previous theoretical
studies [23, 35, 37, 40]. This is usually associated with the
underestimation of the forbidden gap in semiconductors in the
framework of DFT [25]. Medvedeva et al. used self-
interaction corrections in calculations and found the band
gap is still absent [37]. However, the forbidden gap
appears in a hypothetical bismuth oxide Bi2O4, in which
both the unit cell vacancies are occupied by the oxygen
atoms. Thus, the absence of gap can be associated with
the distribution of the oxygen vacancies in the lattice.
Conductivity measurements also revealed a finite densi-
ty of states at the Fermi level [40]. Therefore, δ-Bi2O3

has wild applications in electrochemical devices as elec-
trodes owing to its intrinsic oxygen vacancy and high
ionic conductivity. In the present study, we focused on
the photocatalytic properties of Bi2O3, thus the electron-
ic properties of α, β, γ-Bi2O3 phases are highlighted to
be discussed.

Table 1 Relaxed and experi-
mental cell parameters for α, β, γ,
and δ-Bi2O3

a. (Lengths in Å and
angles in °)

a Data in parentheses are experi-
mental values from ref. [28, 33]
and [34]

Polymorph Crystal structure Space group Lattice parameters

α-Bi2O3 monoclinic P21/c a=5.849 (5.872) α=90(90)

b=8.167 (8.126) β=112 (113)

c=7.510 (7.412) γ=90 (90)

β-Bi2O3 tetragonal P-421c a=7.948 (7.738) α=90 (90)

b=7.948 (7.738) β=90 (90)

c=5.602 (5.731) γ=90 (90)

γ-Bi2O3 cubic I23 a=10.326 (10.250) α=90 (90)

b=10.326 (10.250) β=90 (90)

c=10.326 (10.250) γ=90 (90)

δ- Bi2O3 (Battle model) cubic Fm-3m a=8.445 (5.648) α=90 (90)

b=8.445 (5.648) β=90 (90)

c=8.445 (5.648) γ=90 (90)

δ- Bi2O3 (Gattow model) cubic Fm-3m a=5.491 (5.665) α=90 (90)

b=5.491 (5.665) β=90 (90)

c=5.491 (5.665) γ=90 (90)
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Inspection of Figs. 2 and 3, the main features are summa-
rized as follows: (i) For α and β-Bi2O3, the top of valence
bands are mainly constructed by Bi6s and O2p orbitals, and
the bottom of conduction bands is dominantly composed by
Bi6p orbital. Therefore, photoelectron mainly transfers from
Bi6s and O2p in the top of valence band to Bi6p in the bottom
of conduction band. (ii) For γ-Bi2O3, the orbital constitution is
the same for the frontier bands. One remarkable point is that
two intermediate bands are found at the Fermi level, induced
by Bi6s and O2p as can be seen in Fig. 3. This leads to two-
step transition from the top of valence band to the bottom of
conduction band, i.e., the photoelectron fist transits from the
top of valence band to intermediate bands and then to the
bottom of conduction bands, with transition energies of 0.57
and 1.50 eV, respectively, which are smaller than the direct
band gap of 2.07 eV. As a result, electron transition becomes
much easier under irradiation, which benefits the enhance-
ment of the visible-light photocatalytic activity as found by
experiments [21, 46].

It is known that the separation rate (D) of photogenerated
electron (e−) and hole (h+) is also a crucial factor for the
photocatalytic performance [47, 48]. To analyze the sepa-
ration rate, we calculated the curvature of the parabolic

portions of bands near the top of valence bands and the
bottom of conduction bands. A higher D means a lower
recombination rate of e−-h+ pairs. The relationship between
the curvature of the bands and the effective mass is shown
as follows:

m� ¼ ℏ2
∂2E
∂2k

� �−1

¼ ℏ2

2a
ð1Þ

D ¼ aCBM
aVBM

ð2Þ

where m* is the effective mass of carries and a is the
second order coefficient in a quadratic fit of E(k), CBM and
VBM denote the top of valence bands and the bottom of
conduction bands. Here, a larger value of a corresponds to a
lower effective mass of the carriers with a higher mobility. The
related results are listed in Table 2. It is noted that β-Bi2O3 has
the largest aCBM (aVBM), α-Bi2O3 the medium and γ-Bi2O3

the least, indicating the charge carrier mobility is in the order
of β>α>γ. One can also see from the bands fluctuation
displayed in Fig. 2, in which CBM and VBM in β-Bi2O3

fluctuate highly with wider bands which benefits the carrier

Fig. 3 Total and partial DOS of α-Bi2O3 (a), β-Bi2O3 (b), and γ-Bi2O3 (c)

Fig. 2 Band structures of α-
Bi2O3 (a), β-Bi2O3 (b), γ-Bi2O3

(c), Battle model of δ-Bi2O3 (d),
and Gattow model (e)
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mobility. In addition, D is also in the sequence of β>α>γ,
which means β-Bi2O3 exhibits much lower e−-h+ recombina-
tion rates than α-Bi2O3 and γ-Bi2O3. Considering the electron
transition and separation rate of e−-h+ pair, γ-Bi2O3 is still
studied as a promising visible-light phtocatalyst although with
relatively smaller D value [46].

Optical properties

The interaction of a photon with the electrons can result in
transitions between the valence bands and conduction bands.
The optical properties can be determined by dielectric function:

α ωð Þ ¼ ε1 ωð Þ þ iε2 ωð Þ ð3Þ

where ε1(ω) and ε2(ω) is the real part and imaginary part of
the dielectric function, respectively. ε2(ω) is obtained by the
absorption coefficient α(ω) and the electron energy-loss func-
tion L(ω) can be obtained by the following equations:

α ωð Þ ¼
ffiffiffi
2

p
ω

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε12 ωð Þ þ ε22 ωð Þ

p
−ε1 ωð Þ

� �1

.
2

ð4Þ

L ωð Þ ¼ ε2 ωð Þ
ε12 ωð Þ þ ε22 ωð Þ ð5Þ

The absorption coefficient as a function of wavelength is
presented in Fig. 4a. The absorption edge locates at about 420,
450, and 550 nm for α-Bi2O3, β-Bi2O3, and γ-Bi2O3 respec-
tively, which means γ-Bi2O3 have a wider absorption in the
visible-light region and the absorption intensity has the order
of γ>β>α in the visible-light region. To further investigate the
optical electron transition, ε2(ω) as a function of energy is
plotted in Fig. 4b, which can be obtained from the momentum

matrix elements between the occupied and unoccupied wave
functions within selection rules. We note that the ε2(ω) curves
of α-Bi2O3 and β-Bi2O3 have similar thresholds of transition,
with major peaks at 4.8 eV and 4.5 eV respectively. These
peaks mainly come from the electron transitions from the O2p
to Bi6p. Another minor and wider peaks at about 13 eV are
due to transitions from B6s to Bi6p. Whereas for γ-Bi2O3, the
major absorption peak locates at about 3.8 eV with a red-shift
of 0.7 and 1.0 eV compared to β-Bi2O3 and α-Bi2O3. This
indicates the electron transition needs less energy for
γ-Bi2O3 which is in agreement with analysis of band
structure. Therefore, γ-Bi2O3 may exhibit better photocat-
alytic performance than α-Bi2O3 and β-Bi2O3 as was
found by experiments [46].

The electron energy-loss function L(ω), an important fac-
tor in describing the energy loss of a fast electron traversing a
material, is plotted in Fig. 4c. The peaks in L(ω) represent
plasma resonance, and the corresponding frequency is the so-
called plasma frequency. It is seen that the variation trend of
L(ω) spectra are very different for α-Bi2O3, β-Bi2O3, and γ-
Bi2O3, with the former one exhibiting two comparable broad
peaks, and the latter two having one very sharp peak and
another broad peak with both peaks shifting to the low energy
region. These peaks arise from the electron transitions be-
tween Bi6s in the deeper valence bands to Bi6p states. The
plasma peaks of β-Bi2O3 and γ-Bi2O3 both shift to low energy
region compared to α-Bi2O3. The variation trend is the same
with the optical transition spectra.

Conclusions

In this work, we have performed fist-principle calculations on
the electronic and optical properties of various Bi2O3 poly-
morphs. The relaxed crystal parameters of α, β, γ, and Gattow
mode of δ-Bi2O3 were close to the corresponding experimen-
tal values. Whereas, large lattice distortions were found for
Battle model of δ-Bi2O3 due to its large oxygen vacancy.
Absent forbidden gap was found in δ-Bi2O3, resulting in a

Table 2 Second-order
coefficients in a quadrat-
ic fit of CBM/VBM

Crystal aCBM aVBM D

α-Bi2O3 54.62 −11.25 4.86

β-Bi2O3 96.32 −15.61 6.17

γ-Bi2O3 17.13 −7.82 2.19

Fig. 4 Absorption spectra (a), imaginary part of dielectric functions (b), and electron energy-loss functions (d) for α-Bi2O3, β-Bi2O3, and γ-Bi2O3
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semimetallic character because of its intrinsic oxygen vacancy
and high ionic conductivity. For α, β and γ-Bi2O3, the top of
valence band was constructed by Bi6s and O2p orbitals, and
the bottom of conduction band was mainly composed by Bi6p
orbital. It was worth noting for γ-Bi2O3 that the intermediate
bands induced by Bi6s and O2p existed near the Fermi level,
which resulted in a two-step transition from the top of valence
band to the bottom of conduction band and made electron
transition much easier under irradiation. Hence, γ-Bi2O3 has
been studied as a promising visible-light phtocatalyst although
with a relatively smaller e−-h+ separation rate. This was also
supported by the red-shifts of the absorption wavelength in the
visible light region and smaller electron transition energy
compared to α and β-Bi2O3. Therefore, it was concluded that
the photocatalytic performance is in the sequence of γ>β>α,
which is in accord with experimental observations. The pres-
ent study promotes the understanding of intrinsic features of
Bi2O3 polymorphs as promising visible-light photocatalysts.
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