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We investigated photophysical and photooxidation properties of NaBiO3 containing Bi (V) for the
first time. The optical absorption of NaBiO3 was characterized by the sharp decrease at about 470 nm
followed by the long tail up to 600 nm. The photooxidation activity evaluated from the decomposition
of gaseous 2-propanol and methylene blue (MB) dye in the liquid phase revealed that NaBiO3 is a
prominent material for photooxidation of organics in the range of visible light. In addition, we calculated
the electronic structures of bulk NaBiO3 in the framework of density functional theory (DFT). As a
result, strong dispersion from the hybridized Na 3s and O 2p orbitals that was identified at the bottom
of the conduction band (CB) was considered to contribute to the high activity of this material.

1. Introduction

Recently, photocatalytic reactions on semiconductors have
been utilized for many applications, such as air cleaners, self-
cleaning materials, and antibacterial materials.1-3 The reac-
tions are generally recognized as phenomena originating from
electrons and holes excited by absorption of photons with
energy larger than the band gap of semiconductors. The holes
have a strong potential to draw electrons out of organic and
inorganic contaminants, resulting in decomposition of haz-
ardous materials, such as harmful gases, oil, and bacteria.4-8

Titanium dioxide (TiO2) is the most widely used photo-
catalyst among semiconductors. TiO2 photocatalysis is active
under ultraviolet (UV) light irradiation, but not active under
irradiation of visible light, which is the main component in
solar light and indoor illuminations. For this reason, TiO2 is
not suitable for indoor use because of insufficient supply of
UV light. Therefore, a lot of work has been done to develop
visible-light-sensitive photocatalysts. One of the efforts in
the development is modification of TiO2 by doping with

metallic or nonmetallic elements such as V and Cr9-11 or N,
S, and C.12-17 Another challenge is to develop new
materials.18-23 Especially, Bi(III)-containing oxides such as
BiVO4 and Bi2WO6 have been reported to be promising
photocatalysts under visible light irradiation.18-21 As well
as Bi(III)-containing oxides, Bi(V)-containing oxides are also
interesting materials as the candidates of visible-light-
sensitive oxides. In fact, some Bi (V)-containing oxides are
yellow or brown, which shows the absorption of visible light.
To the best of our knowledge, the photooxidation activity
of Bi(V)-containing oxides has not been reported yet, except
for the report about O2 production from AgNO3 solution over
Ba2Bi(III)Bi(V)O 6 under visible light irradiation.24 It is
unclear whether the origin of visible-light-sensitivity of
Ba2Bi(III)Bi(V)O 6 is due to Bi(III) or the mixed-valence state
of Bi(III) and Bi(V).
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Thus, we studied the photophysical and photooxidation
properties of NaBiO3 as the oxide containing Bi(V) only.
As a result, we found that NaBiO3 shows high activity for
MB bleaching under visible light irradiation.

2. Experimental Section

The NaBiO3 sample was prepared by heating commercial
NaBiO3‚nH2O, which was purchased from Wako Pure Chemicals
Industries Ltd., in air at 413 K for 5 h. Crystal structures and optical
absorption spectra were investigated with an X-ray diffractometer
(JDX-3500; JEOL, Japan) using Cu KR radiation and with a UV-
vis diffuse reflectance spectrophotometer (UV-2500PC; Shimadzu
Corp., Japan), respectively.

The photooxidation activity of NaBiO3 was evaluated from two
kinds of reactions. One reaction was decomposition of gaseous
2-propanol into acetone. The other was bleaching of MB dye
solvated in water. These reactions are recognized as the most
standard ones for the evaluation of photooxidation activity.12-16,25-31

In the decomposition of 2-propanol, we investigated the relationship
between the photooxidation activity and cutoff wavelength of
irradiated light at room temperature. The powder of 0.4 g of NaBiO3

was spread uniformly over a 5.7 cm2 area and set in a reactor of a
500 mL closed glass vessel. The atmosphere in the reactor was
replaced by synthetic air, and subsequently, air-based mixed gas
containing 2-propanol was introduced into the reactor. By this
operation, the concentration of 2-propanol was ca. 600 ppm inside
the reactor. The reactor was then kept in the dark until an
equilibrium adsorption state was confirmed. After confirming the
state, the reactor was irradiated with visible light, which was emitted
by a Xe arc lamp through a sharp cutoff filter (L-42, Y-44, Y-48,
Y-50, O-54, R-60, and R-64; Hoya Corp., Japan) and a water filter
for cutting off IR (infrared). The cutoff wavelength of irradiated
light was controlled using these sharp cutoff filters. The light
intensity was measured with a spectroradiometer (USR-40D; Ushio
Corp., Japan). The 2-propanol and acetone concentrations were
measured using a gas chromatograph (GC-14B; Shimadzu) equipped
with a flame-ionized detector.

In a bleaching test of MB, the powder of 0.3 g of NaBiO3 was
suspended in 100 mL of MB solution (pH∼6) with the initial
concentration of 16 mg L-1 in a glass reactor with a 44 cm2 cross-
section and 5 cm height. To obtain the equilibrium adsorption states,
we kept the suspension in the dark for 90 min with agitation, prior
to visible light irradiation. The reactor was then irradiated with
visible light emitted by a 300 W Xe arc lamp with a UV cutoff
filter (L-42; Hoya). In the measurement of MB concentration, the
slurry samples including NaBiO3 and MB solution were separated
by a syringe equipped with a membrane filter unit (Millex; Millipore
Corp., United States). The MB concentration was determined by
measuring the maximum absorbance aroundλ ) 663 nm as a
function of irradiation time in the separated MB solution with a
UV-vis spectrophotometer (Shimadzu).

For comparison, N-doped anatase TiO2 and BiVO4 with a
monoclinic sheelite structure were utilized as references of visible-

light-driven photocatalysts. N-doped TiO2 was prepared by heating
commercially available TiO2 (ST-01; Ishihara Sangyo Kaisha Ltd.,
Japan) under NH3 gas flow at 873 K for 3 h.12,13 BiVO4 was
prepared in an aqueous medium by the method reported by Kohtani
et al.32 The specific surface areas of NaBiO3, N-doped TiO2, and
BiVO4, measured using a BET (Brunnauer-Emmett-Teller)
surface area analyzer (Gemini 2360; Micromeritics Corp., United
States), were estimated to be 5.0, 43, and 1.2 m2 g-1, respectively.

The durability of the NaBiO3 photooxidation activity was also
evaluated using repeated experiments of MB bleaching. In this
experiment, the MB concentration of the reacted solution was
measured every 6 min. In the beginning of each experimental circle,
MB solution was injected into the reactor to compensate for the
decrease in the amount and concentration of MB solution caused
by former measurements. By this operation, the concentration and
the total volume of the solution were adjusted to 12 mg L-1 and
100 mL, respectively, for each repeated experiment.

The plane-wave-based density functional theory (DFT) calcula-
tion of NaBiO3 was performed with the CASTEP program.33 The
core electrons were replaced by the Vanderbilt ultra-soft pseudo-
potentials.34

3. Results and Discussion

3.1. Crystal Structure. Figure 1 shows the X-ray dif-
fraction pattern of the prepared sample. After heating
NaBiO3‚nH2O at 413 K, we identified its XRD pattern with
that of the dehydrated phase, NaBiO3.35,36 This NaBiO3 is
well-crystallized into an ilmenite structure (space groupR3h)
with lattice parametersa ) 5.564 Å,c ) 15.99 Å,γ ) 120°.
A schematic illustration of the crystal structure of NaBiO3

is shown in Figure 2. BiO6 octahedral layers are sandwiched
in between NaO6 octahedral layers along thec-axis.

3.2. Optical Property. Prior to evaluation of the photo-
oxidation activity, the optical absorption spectrum of NaBiO3

was measured, as shown in Figure 3. The NaBiO3 spectrum
was characterized by the sharp decrease around 470 nm due
to the band gap transition and the long tail up to about 700
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Figure 1. X-ray diffraction pattern of NaBiO3.
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nm, which is probably caused by the lattice defects, such as
oxygen vacancies. The optical band gap was estimated to
be about 2.6 eV from the onset of the absorption edge. The
band gap of Bi(V)-containing oxides, such as MgBi2O6 (1.8
eV)37 and NaBiO3 (2.6 eV), is apt to be smaller than that of
Bi(III)-containing oxides, such as Bi2O3 (2.8-2.9 eV),38

Bi2WO6 (2.8 eV), and Bi2W2O9 (3.0 eV).19 On the other hand,
the band gap of BiVO4 is estimated to be 2.3 eV and is
smaller than that of the other reported Bi(III)-containing
photocatalysts. Because BiVO4 can absorb a larger amount
of visible light than NaBiO3, BiVO4 is considered to be a
suitable photocatalyst for comparison of the activity of a
Bi(III)-containing oxide with that of a Bi(V)-containing
oxide.

The spectrum of the reference photocatalyst, the N-doped
TiO2 was measured and shown in Figure 3. The spectrum
was quite similar to that of the 0.5% N-doped TiO2, of which
relatively high activity was reported by Irie et al.13 As
predicted from its pale yellow color, the N-doped TiO2 could
also absorb visible light up to ca. 550 nm in wavelength.
However, compared to NaBiO3, the absorbance of N-doped
TiO2 was obviously weaker in the longer visible light region.

3.3. Band Structure.The electronic structure was calcu-
lated using the plane-wave-based density functional method.
Figure 4 shows the density of states (DOS) of bulk NaBiO3.
The highest occupied band corresponding to the broad
valence band (VB) was found to be mainly composed of
the O 2p orbital. Because of the empty Bi 6s orbitals, the

contribution of Bi 6s to the VB seems to be much smaller
than that in the oxides containing Bi3+ whose valence
electron is Bi 6s. Therefore, the proposed band structure of
VB in NaBiO3 is different from that of Bi(III)-containing
oxides such as CaBi2O4, which is composed of hybridized
orbitals between Bi 6s and O 2p at the top of VB.25 We also
found that the bottom of the CB in NaBiO3 is composed of
the hybridized Na 3s and O 2p orbitals (see Figure 4b). This
result is obviously different from the Bi 6p orbital contribut-
ing mainly at the bottom of the CB in Bi3+-containing oxides.
A large dispersion was observed in the hybridized sp orbitals
in the CB of NaBiO3, suggesting that the photoexcited
electrons have high mobility on the sp bands. This may lead
to suppression of the recombination of electron-hole pair
and a relatively higher photooxidation activity of the material
than that of a Bi(III)-containing oxide. Further works on
evaluation of the charge mobility of these oxides and
examination of the relationship between the activities and
the charge mobility of Bi(III)- and Bi(V)-containing oxides
are in progress.

3.4. Photooxidation Activity. We conducted experiments
to evaluate the photooxidation activity of NaBiO3 in decom-
posing 2-propanol and MB. Figure 5 shows the cutoff
wavelength dependence of irradiated light intensity and
evolved acetone concentration for 1 h light irradiation in the
decomposition process of 2-propanol. The intensity decreased
gradually as the cutoff wavelength increased because most
of the light below the cutoff wavelength was eliminated by
the cutoff filters. At irradiation time less than 1 h, there was
no CO2 or other intermediates except for acetone detectable
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Figure 2. Crystal structure of NaBiO3.

Figure 3. Optical absorption spectra of NaBiO3, N-doped TiO2, and BiVO4.

Figure 4. (a) Total and partial DOS of NaBiO3. (b) Partial DOS of NaBiO3
around the bottom of the conduction band.
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in the gas phase. Therefore, the photooxidation activity was
evaluated from the concentration of evolved acetone at the
initial stage. Similar evaluations were applied for photocata-
lytic activity over TiO2.28,31

As shown in Figure 5, NaBiO3 showed a high photo-
oxidation activity of 65 ppm h-1 under full arc irradiation.
With an increase in the wavelength of cutoff filters applied,
the activity decreased quickly, in accordance with the
decrease in the irradiated light intensity. At around 460 nm,
a significant decrease in the photooxidation activity of
NaBiO3 was observed, which nearly corresponded to the
onset of absorption edge. This may be because the photo-
oxidation under light longer than 460 nm is derived from
lattice defects. To clarify the effect of catalysis and pho-
tolysis, we also carried out the decomposition experimentsin
the dark with NaBiO3 (catalysis) and under full arc light
irradiation without NaBiO3 (photolysis). Part of the 2-pro-
panol was decomposed in the dark, but decomposition by
photolysis was hardly observed. The concentration of evolved
acetone in these two conditions was lower than those in the
decomposition over the photocatalyst, even under the light
irradiation with the 620 nm cutoff wavelength. This suggests
that the evolution of acetone was largely caused by NaBiO3

photooxidation. From these results, it is obvious that this
oxide is a visible light sensitive oxide.

Figure 6 shows the decrease in MB concentration in the
NaBiO3-suspended solution as a function of reaction time.
As comparison, the results of MB decomposition over
N-doped TiO2 and BiVO4 under visible light irradiation are
also given in Figure 6. Prior to light irradiation, the solution
was kept in the dark for 90 min to obtain equilibrium
adsorption states. At this stage, MB concentration in the
solutions changed from 16 to 10 mg L-1 in the NaBiO3

system (Figure 6d), 12 mg L-1 in the N-doped TiO2 one,
and 14 mg L-1 in the BiVO4 system. This result suggests
that NaBiO3 had a higher adsorption ability for MB. We then
applied visible light to the reactor. For only 10 min of visible
light irradiation, MB was completely bleached with the
outstanding rate by NaBiO3 (Figure 6a). Assuming that the
bleaching reaction proceeded the pseudo-first-order reaction,
we estimated the rates of MB decomposed over NaBiO3

(BET, 5 m2 g-1), N-doped TiO2 (BET, 43 m2 g-1), and
BiVO4 (BET, 1.2 m2 g-1) to be ca. 4.2× 10-1, 4.6× 10-2,
and 2.9× 10-2 min-1, respectively. Although the surface

area of NaBiO3 is about 1 order smaller than that of N-doped
TiO2, the bleaching rate over NaBiO3 may be more than 1
order faster than that of N-doped TiO2. Moreover, NaBiO3

showed a higher rate than BiVO4 and the other reported
Bi(III)-containing oxides such as Bi2O3 and CaBi2O4.28 This
superiority may be due to the higher mobility of photo-
generated electrons in NaBiO3 and its strong adsorption
property to MB. We also found that besides MB dye, other
dyes such as Orange II and Rhodamine B were also quickly
bleached by the NaBiO3 photooxidation under visible light
irradiation.

Figure 7 shows the results of repeated experiment for the
durability of MB bleaching on NaBiO3. MB was quickly
bleached after every injection of MB, suggesting that NaBiO3

shows relatively stable performance for MB bleaching.
However, in the sixth run, the bleaching rate was slightly
decreased. The decrease in the activity of MB bleaching may
be due to the decrease in the photooxidation activity of
NaBiO3 and the decrease in the amount of NaBiO3 in the
reactor by sampling the slurry at every measurement of the
MB concentration. After the sixth run, ca. 40% of the NaBiO3

powder was removed by sampling. Moreover, we evaluated
the XRD pattern of the sample after the sixth run (Figure
8). The XRD pattern was almost similar to that of the as-
prepared sample, except for the appearance of four small

Figure 5. Cutoff wavelength dependence of irradiated light intensity and
evolved acetone concentration for 1 h through decomposition of 2-propanol
on NaBiO3. Closed square, photolysis; closed circle, catalysis. Figure 6. Time dependence of MB bleached in the dark and change in

MB concentration on NaBiO3 and N-doped TiO2 as a function of reaction
time. (a) MB concentration on NaBiO3 under visible light irradiation, (b)
MB concentration on N-doped TiO2 under visible light irradiation, (c) MB
concentration on BiVO4 under visible light irradiation, and (d) MB
concentration on NaBiO3 in the dark.

Figure 7. Evaluation of durability of NaBiO3 photooxidation from the
repeatable bleaching of MB under visible light irradiation. MB concentration
in the reactor was tuned to 12 mg L-1 every 12 min.
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peaks corresponding to NaBiO3‚2H2O.35 Judging from these
results, NaBiO3 is considered to be relatively stable to visible
light under the present experimental conditions.

4. Conclusion

We investigated the photophysical properties, electronic
structure, and photooxidation activity of NaBiO3 and acquired
the following results. The onset optical absorption edge was
around 470 nm; from this value, the optical band gap was
estimated to be about 2.6 eV. We also performed the
calculation of electronic structure of NaBiO3; strong disper-
sion from the hybridized Na 3s and O 2p orbitals was

identified at the bottom of the conduction band, whereas the
flat structure of O 2p was observed at the top of the valence
band. We examined the photooxidation activity, employing
an example of the decomposition of 2-propanol in the gas
phase and MB dye in the liquid phase under visible light
irradiation. 2-Propanol was quickly decomposed under
irradiation of light in a cutoff wavelength less than about
460 nm with NaBiO3 photooxidation. However, under the
irradiation of light in a longer cutoff wavelength, the activity
became dramatically decreased, because this decomposition
was caused by lattice defects. MB dye was easily bleached
under visible light (λ > 400 nm) irradiation and the bleaching
rate was faster than that over N-doped TiO2. These results
suggested that NaBiO3 is the prominent material for photo-
oxidation of organics in the range of visible light. From band
gap calculation, NaBiO3 showed strong dispersion on CB.
Under strong dispersion, electrons excited by irradiation
possess a small effective mass. This may be relevant to the
high migration mobility of carriers toward the surface, and
hence high photooxidation.
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Figure 8. XRD patterns of NaBiO3 before and after MB bleaching: (a)
before reaction and (b) after the sixth run for the repeatable bleaching of
MB. Arrow suggested the pattern corresponding to NaBiO3‚2H2O.
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