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Structure of PbBi2 Nb2 O9 and Its Cr-Doped Layered Perovskite System
and Their Photocatalytic Activities
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In the search for efficient photocatalysts for water splitting under visible light, the effect of
chromium doping in a (100) layered Aurivillius-phase perovskite material, PbBi2 Nb2 O9 , has been
studied. The Cr-doped PbBi2 Nb2 O9 showed three absorption edges: the main edge due to the
oxide at 431 nm and shoulders due to the chromium ions at 470 nm and 600 nm, respectively.
The Pt/Cr-doped PbBi2 Nb2 O9 photocatalyst was more active than the undoped PbBi2 Nb2 O9 for
photocatalytic decomposition of water-methanol solution. This is attributed to Cr+ ions having an
important role in increasing QYs in the PbBi2 Nb2 O9 .
PACS numbers: 61.66.Fn, 61.72.Ww, 81.05.Zx, 85.40.Zx, 85.40.Ry
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ions under reaction conditions.
Perovskite-type oxide materials based on transition
metals with d(0) electron configuration such as NbV [10],
TaV [11] and TiIV [12] are efficient photocatalysts for
overall water splitting with high quantum yields. However, the large band gaps of these materials (ca. 3.84 eV) are not suitable for visible-light-induced photocatalysis. Although some transition metal oxides such
as Cr2 O3 , Fe2 O3 , CuO and PbO alone could not be
used to obtain hydrogen from photocatalytic reduction
of water, due to the less negative conduction band edge
than the reduction potential of water, these compounds
have the advantage of absorbing visible light, since their
band gap energy is smaller than 3.0 eV (>400 nm). Accordingly, on can find that Cr- and Fe-doped La2 Ti2 O7
were reported to have a photocatalytic activity for decomposition of water-methanol solution under visible
light irradiation [13]. Kudo and Kato reported that
SrTiO3 co-doped with antimony and chromium could
be used for H2 production from an aqueous methanol
solution [14]. Very recently, we have succeeded in fabricating an undoped, single-phase oxide photocatalyst,
PbBi2 Nb2 O9 , an Aurivillius-phase perovskite, which is
an efficient photocatalyst for decomposition of water into
O2 and H2 under visible-light irradiation (λ ≥ 420 nm).
If PbBi2 Nb2 O9 co-doped with chromium could be prepared by solid-state reaction, it might be possible to increase the photocatalytic activity for water-methanol solution under visible-light irradiation.

I. INTRODUCTION

Photocatalysts responding to visible light are in great
demand in order to utilize the main part of the solar
spectrum for large-scale hydrogen energy production or
wastewater treatment and for indoor applications under
weak interior lighting. However, the remarkable progress
of the last decade in photocatalysis has been limited to
ultraviolet (UV) light instead of the more useful visiblelight region. The development of visible-light photocatalysts has, therefore, become one of the most important topics in photocatalysis research today. In water
splitting, metal chalcogenides such as CdS have been
extensively studied [1], but they are vulnerable to fatal photocorrosion. A few oxides are also active under
visible light such as HPb2 Nb3 O10 [2], MgWOx [3], and
Nix In1−x TaO4 [4], yet their activities are very low with
quantum yields (the number of photons utilized for a
desired chemical reaction divided by the number of photons absorbed by the catalyst) of less than 1 %. Recently, some UV-active oxides were turned into visiblelight photocatalysts by substitutional doping of C, N and
S, i.e. TiO2−x Nx [5], TiO2−x Cx [6, 7], TaON [8] and
Sm2 Ti2 O5 S2 [9]. But their activities are usually low,
and there is concern on the stability of substituted an∗ E-mail:
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In this study, Cr-doped PbBi2 Nb2 O9 was prepared
by the conventional solid-state reaction method, and its
photoelectric properties were investigated and compared
with the undoped material, PbBi2 Nb2 O9 .

II. EXPERIMENT
PbBi2 Nb2 O9 and the Cr-doped photocatalysts were
prepared by the conventional solid state reaction method
[15–17]. Thus, a stoichiometric mixture of PbO (Aldrich
Co., 99.999 %), Bi2 O3 (Aldrich Co., 99.99 %), Cr2 O3
(Aldrich Co., 99.9 %) and Nb2 O5 (Aldrich Co., 99.999
%) was made and ground in a mortar in the presence of
ethanol and dried in an oven. Pelletized powders were
calcined at 800 ◦ C for 24 h in static air and sintered at
950 ◦ C for 24 h. For purposes of comparison, nitrogendoped TiO2 was prepared by the hydrolytic-synthesis
(HS) method [5], in which ammonium hydroxide aqueous
solution with ammonia content of 28 − 30 % (99.99 %,
Aldrich Co.) was slowly added drop by drop to titanium
(III) chloride (TiCl3 , 99.0 %, Aldrich Co.) under N2 flow
in an ice bath with continuous stirring. Further, these
samples were calcined at 400 ◦ C for 2 h in an electric
furnace to obtain crystalline powders of TiO2−x Nx . The
presence of each crystal as a single phase in the sintered
materials was confirmed from X-ray diffraction (XRD)
analysis using Cu Kα radiation. The structure was also
confirmed by High-Resolution Transmission Electron Microscopy (HR-TEM) with Philips Model CM 200. The
band gap energy and optical properties of these materials were measured by UV-Visible diffuse reflectance spectrometer (Shimadzu, UV 2401). The optical properties,
viz. band gap energies, of these materials were studied by
UV-Visible diffuse reflectance spectrometer (UV-DRS).
All photocatalysts were loaded with 0.1 wt % Pt by impregnation with PtCl2 .
The electronic-structure calculation was based on the
FP-LAPW (Full-Potential Linearized Augmented Plane
Wave) method, which used the generalized gradient approximation (GGA) within the density functional theory,
known to be an efficient and accurate scheme for solving many-electron problems for a crystal. The Wien97
package was used in this study [18]. We used the results
of calculations from present and earlier studies to improve the understanding of the photocatalysts. As our
main interest is to understand the mechanism behind
the working of photocatalysts, we have not included the
electronic-structure results in the present report.
Photocatalytic water splitting was performed in an
outer irradiation-type Pyrex reactor equipped with a cutoff filter (λ > 420 nm) using a high-pressure Hg lamp
(Oriel, 500 W). The material (0.3 g) was suspended in
distilled water (100 mL) together with methanol (50 mL)
by magnetic stirring. The amount of H2 evolved was
analyzed by gas chromatography (TCD, molecular sieve
5-Å column and Ar carrier). About 200 ppm of gaseous

Fig. 1. (a) SEM micrograph of photocatalyst; (b) Xray diffraction spectrum and high-resolution TEM image of
PbBi2 Nb2 O9 , along with its structure model.

isopropyl alcohol was injected into a 500-mL Pyrex reaction cell filled with air and containing 0.3 g of a catalyst. The concentration of the reaction products (CO2 )
was determined by a gas chromatograph equipped with
a thermal conductivity detector and a molecular sieve
5-Å column.

III. RESULTS AND DISCUSSION
A scanning electron microscopy (SEM) image of the
fracture surface for PbBi2 Nb2 O9 sintered ceramic is
shown in Figure 1(a). It is estimated that the size of
each grain is 10 − 20 µm. The color of the PbBi2 Nb2 O9
ceramics was yellow. The XRD pattern at room temperature for PbBi2 Nb2 O9 sintered ceramic is shown in
Figure 1(b). Highly crystalline PbBi2 Nb2 O9 was identified with a space group of A21 am, a = b = 5.496 Å,
c = 25.55 Å. While the PbBi2 Nb2 O9 showed good crystallinity, a layered structure of PbBi2 Nb2 O9 could be
observed by high-resolution TEM. Figure 1(B) shows a
HR-TEM image of the PbBi2 Nb2 O9 sample. The HRTEM image exhibits clear fringes corresponding to the
repeating perovskite slabs. Its structure model is also
shown together with the high-resolution TEM image.
Bismuth-containing layered perovskites have been
found to be ferroelectric in nature and belong to the
family of Aurivillius compounds with a general formula (Bi2 O2 )2+ (Am−1 Bm O3m+1 )2− , consisting of m
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Fig. 2. Total and partial densityiesof states (DOS) of
PbBi2 Nb2 O9 .

perovskite units sandwiched between bismuth oxide layers, where A and B are the two types of cations that
enter the perovskite unit (11). Based on the FP-LAPW
method which uses the GGA within DFT, the electronic
band structure of PbBi2 Nb2 O9 (A = Pb; B = Nb; m =
2), one of the typical Aurivillius perovskite-type oxides,
was calculated [19]. The crystallographic parameters,
including lattice parameters and atomic positions, were
adopted from the literature for the calculation [20]. According to this calculation, we found that the band gap
energy of PbBi2 Nb2 O9 was less than 2.88 eV, as shown
in Figure 2. The result illustrated in Figure 2 ascertains that in the lead-free compounds, the empty Nb 4d
and occupied O 2p orbitals contribute to the formation of
conduction and valence bands, respectively. However, for
the lead-containing compounds, an additional hybridization of the occupied Pb 6s and O 2p orbitals seems to
result in a narrower band gap. This hybridization would
push up the position of the valence band, giving a smaller
band gap compared to their respective lead-free counterparts. The Bi 6s orbital is also located nearby and seems
to form hybridization with the O 2p orbital (O2 , O3 , and
O5 in Figure 2), although this hybridized band of Bi 6s
and O 2p is located below the top of the valence band.
The room temperature UV-Visible diffuse reflectance
spectrum over the range of 200 − 800 nm for Crdoped PbBi2 Nb2 O9 is shown in Figure 3. The Cr-doped
PbBi2 Nb2 O9 showed three absorption edges: the main
edge due to the oxide at 431 nm and shoulders due to
the chromium ion at 470 nm and 600 nm, respectively.
It is clear that Cr-doped PbBi2 Nb2 O9 absorbs a larger
portion of visible light than the undoped one. The experimental band-gap energies for the undoped and Cr-doped
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Fig. 3.
Optical absorption spectrum of Cr-doped
PbBi2 Nb2 O9 , indicating additional shoulders at 470 nm and
600 nm.

Fig. 4. Time courses of CO2 evolution from IPA decomposition over Cr-doped PbBi2 Nb2 O9 (−−), undoped
PbBi2 Nb2 O9 (−−), and TiO2−x Nx (−N−) under visible-light
irradiation (λ ≥ 420 nm). Sample: 0.3 g; IPA concentration:
200 ppm in air.

systems are also greater than the theoretical energy required for water splitting (>1.23 eV). Thus, they are well
suited for visible-light photocatalysis.
Figure 4 shows the time courses of CO2 evolution from
isopropyl-alcohol (IPA) decomposition over various systems under study as a function of irradiation time. All
photocatalysts showed activity for IPA degradation to
CO2 . The concentration of CO2 evolution from IPA decomposition over Pt(1 wt %)/Cr-doped PbBi2 Nb2 O9 increased steadily with the irradiation time at a decomposition rate of about 1.1 × 10−3 mol/h under irra-
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Table 1. Photocatalytic activity for H2 evolution from an
aqueous methanol solution and O2 evolution from aqueous
AgNO3 on various perovskite materials.

Catalyst

Cr-PbBi2 Nb2 O9
PbBi2 Nb2 O9
TiO2−x Nx

1
Band Gap
H2
Energy
Evolution
Eg
Eg
µmol 4 QY
(eV)-1 (eV)-2 /gcat.hr (%)
2.88
2.63
9.4
1.12
2.88
7.6
0.95
2.73
trace
0

2

O2
Evolution
µmol 3 QY
/hr (%)
617 34
520 29
221 14

Catalyst: 0.3 g: light source: 450W W-arc lamp (Oriel) with
UV cut-off filter (λ ≥ 420 nm). 1 1 wt% of Pt was deposited
on perovskite materials by a photodeposition method under
visible light (λ ≥ 420 nm) and reaction was performed in
aqueous methanol solution (methanol 30 mL + distilled
water 170 mL). 2 Reaction was performed in an aqueous
AgNO3 solution (0.05 mol/L, 200 mL). 3 The wavelength at
the absorption edge, λab , was determined as the intercept on
the wavelength axis of a tangent line drawn on absorption
spectra. 4 The quantum yield was calculated by using the
following equation: QY = 2 × number of H2 or 4 × number
of O2 generated divided by number of photons absorbed by
the photocatalyst. The number of absorbed photons was
determined by light flux meter (1815-C, Newport) with the
light sensor attached to the photocatalytic reactor.

diation of visible light. The photocatalytic activity of
Cr-doped PbBi2 Nb2 O9 was much higher than those of
PbBi2 Nb2 O9 and N-doped TiO2 for IPA decomposition.
Photocatalytic reduction of H2 O into H2 and oxidation of H2 O into O2 were performed as test reactions.
Methanol and silver ions were used as scavengers of
holes and photoelectrons, respectively. H2 evolution
from aqueous-methanol solutions and O2 evolution from
aqueous AgNO3 solution over these materials are summarized in Table 1. H2 evolution over Pt(1 wt %)/Crdoped PbBi2 Nb2 O9 and PbBi2 Nb2 O9 under visible light
(λ ≥ 420 nm) was observed. It could be concluded that
H2 evolution over these photocatalysts occurred photocatalytically. The quantum yields (QYs) of these materials were calculated by using the following equation:
QY = H2 evolution rate /12.639
× [(I1 − I3 ) − (I1 − I2 )] × A1 /A2 × 100
where I1 is blank light intensity, I2 is scattered light intensity, I3 is photocatalyst light intensity, A1 is lighted
area of photoreactor, A2 is area of the sensor face, and
12.639 is the mole number of photons with λ ≥ 420 nm
emitted from the lamp in 1 h. The estimated QYs of
Pt/Cr-doped PbBi2 Nb2 O9 and PbBi2 Nb2 O9 were 1.12
and 0.95 %, respectively. However, TiO2−x Nx showed
only a trace amount of H2 evolution (QY < 0.1 %). In
the case of O2 evolution, all materials showed high activity for the photo-oxidation of water into O2 in aqueous
AgNO3 solution. The quantum yield of O2 evolution over
Cr-doped PbBi2 Nb2 O9 was estimated to be about 34 %,

which was much higher than that for the undoped material, PbBi2 Nb2 O9 , for photocatalytic decomposition of
aqueous AgNO3 solution.
In order to investigate the stability of the Cr-doped
PbBi2 Nb2 O9 under photocatalytic reaction conditions,
we checked the structure of the Cr-doped PbBi2 Nb2 O9
as an orthorhombic structure before and after photocatalytic reaction. The structure and crystalline state of
Cr-doped PbBi2 Nb2 O9 before and after reaction were
almost the same. Thus, Cr-doped PbBi2 Nb2 O9 crystals
are very stable under visible light and in aqueous solution.

IV. CONCLUSIONS
Aurivillius-phase perovskite-type materials, PbBi2 Nb2 O9 and Cr-doped PbBi2 Nb2 O9 photocatalysts were
synthesized by the conventional solid-state reaction
method. The structure and photocatalytic activity of
these systems were investigated. The quantum yields of
the Cr-doped PbBi2 Nb2 O9 for hydrogen and oxygen generation were much higher than those of the undoped material (PbBi2 Nb2 O9 ), or even an earlier-known visiblelight-responsive photocatalyst (TiO2−x Nx ). It is considered that Cr+ ions have an important role in increasing
the QYs in the doped system of PbBi2 Nb2 O9 .
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