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The PbYO composites were prepared through a precipitation method and used for the degradation of methyl
orange under visible-light irradiation. The PbYO complex photocatalysts were characterized by X-ray diffrac-
tion (XRD), UV–vis diffuse reflectance spectroscopy, N2 adsorption–desorption, and terephthalic acid photo-
luminescence (TA-PL) probing technique. The results indicated that the photodegradation of methyl orange
was significantly enhanced in the presence of PbYO complex oxide when compared with BiYO3. The calcina-
tion temperature was found to have a significant effect on the photocatalytic activity of PbYO composites.
Specifically, PbYO calcined at 800 °C had a considerably larger surface area, lower reflectance intensity,
higher formation rate of free ·OH radicals and showed higher photocatalytic activity.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, azo dyes have become the largest group of color-
ants used in a variety of industries, such as textiles, foodstuffs, leather
and color printing. As a result, more and more azo dyes appear in in-
dustrial wastewater [1,2]. Without effective treatment, releases of
this wastewater can result in environmental pollution that is mani-
fested in water coloration and toxicity [3]. On the other hand, solar
spectrum photocatalysis is attracting more attention as a possible
means of environmental remediation and the generation of clean H2

from water, and photocatalysis also plays an important role in today's
wastewater treatment technologies. Research has been conducted to
shift the optical absorption edge of TiO2 to lower energies and in-
crease the photocatalytic activity in the visible-light range. Studies
have shown that doping TiO2 with nonmetal or metal atoms, such
as N [4], S [5], I [6], Sn [7] and Au [8] have increased the catalytic ac-
tivity in visible light. At the same time, many other novel materials,
such as SnOx-ZnGa2O4 [9], Ag/AgCl/BiOCl [10], ZnCo2O4 [11] and
BiOI/BiOBr [12] have attracted great interest because of their proper-
ties and potential for utilizing solar energy in photocatalysis.

Yttrium is a kind of rare earth metal with an outer shell electron
distribution of 4d15s2, (i. e., that is, only one d electron exists which
can receive pair with other electrons and to form a half-full or full-
filled type while maintaining with a stable electron distribution on
the yttrium d orbital). In terms of photocatalytic activity, some Y
complexes involve complex oxides, such as TiO2/YFeO3 [13], Er3+:
+86 771 3233718.
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YAlO3/TiO2 [14], BiYO3 [15], and InYO3 [16]. On the other hand,
there are several studies about the applications of PbWO4 as photoca-
talysts, PbWO4 has also received considerable attention as an agent
for degrading organic dyes photolytically [17–20].

The present work builds on the previous work with BiYO3 [15],
InYO3 [16], PbWO4 [20], and BixY(2− x)O3 [21] and reports on the syn-
thesis and selected properties of PbYO composite oxide photocatalysts
as revealed by thermo analysis, X-ray diffraction (XRD), UV–visible dif-
fuse reflectance spectroscopy, N2 adsorption, and the degradation of
methyl orange(MO) under visible-light irradiation.

2. Experimental

2.1. Preparation and characterization of PbYO photocatalysts

The PbYO composite oxide photocatalysts were prepared by
chemical precipitation method. Pb(NO3)2 and Y(NO3)3 were weight-
ed by 1:1 in molar ratio and prepared 0.1 mol L−1 solution, respec-
tively. Pb(NO3)2 solution was added drop-wise to an equal volume
of Y(NO3)3 solution. The mixture was adjusted to pH=8 by adding
0.5 mol L−1 NH4OH solution while stirring to yield a white precipi-
tate. The precipitate was filtered and washed with distilled water
and dried for 10 h at 90 °C, resulting in the PbYO precursor. The pre-
cursor was ground to pass through a 100-mesh sieve mesh. Different
samples of photocatalysts were obtained by calcining the precursor
for 2 h at 500, 600, 700, 800, and 900 °C, respectively. As a compari-
son, a sample of BiYO3 was prepared and tested as described in previ-
ous work [15].

X-ray diffraction analysis was performed using an XD-3 X-ray
powder diffraction instrument (Beijing Purkinje General Instrument
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Fig. 1. XRD patterns of PbYO composite photocatalysts calcined at different temperatures.

Table 1
The absorption edge and band energy (Eg) of PbYO composite photocatalysts calcined
at different temperature.

Calcination temperature
(°C)

Absorption edge
(nm)

Eg
(eV)

500 530 2.34
600 534 2.32
700 559 2.22
800 508 2.44
900 484 2.56
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Co., Ltd), equipped with a Cu Kα radiation source. UV–vis diffuse re-
flectance spectra were obtained using a UV–vis spectrometer (Shi-
madzu. UV-2501 PC). N2 adsorption–desorption was conducted in a
ASAP 2020 Physisorption analyzer (Micromeritics Instrument Corpo-
ration), based on the adsorption branches of N2 sorption isotherms,
the Brunauer–Emmett–Teller (BET) method was used to calculate
the specific surface area and the Barrett–Joyner–Halenda (BJH)
model was used to calculate the pore volume and average pore radius
of the catalyst under study.

Photoluminescence (PL) technique with terephthalic acid as a
probe molecule was used to detect the formation of free·OH radicals
on the surface of the UV-illuminated photocatalyst. The experiment
produced at ambient temperature, 0.1 g of the PbYO composite
photocatalyst calcined at different temperatures or BiYO3 was dis-
persed in 20 mL of the 5×10−4 mol L−1 terephthalic acid aqueous
solution with a concentration of 2×10−3 mol L−1 NaOH in a dish
with a diameter of about 9.0 cm. A 15 W, 365 nm UV lamp (6 cm
above the dishes) was used as a light source. After UV irradiated for
30 min, the reaction solution was centrifuged and filtrated to mea-
sure the increasing amount in the PL intensity on a fluorescence spec-
trophotometer (Shimadzu RF-5301PC) at 425 nm excited by 315 nm
light of 2-hydroxyterephthalic acid.
2.2. Photocatalytic degradation of MO

The investigation of the photocatalytic degradation of MO was
conducted as previously described in the literature [15].
Fig. 2. UV–visible diffuse reflectance spectra of PbYO composite photocatalysts calcined
at different temperatures.
3. Results and discussion

3.1. Results of photocatalyst characterization

Calcination temperature is an important factor that can affect the
structure of the catalyst. X-ray diffraction (XRD) was used to identify
the crystalline phases of the calcined PbYO samples. XRD patterns of
the samples calcined at 500 °C, 600 °C, 700 °C, 800 °C, and 900 °C
are shown in Fig. 1.

From Fig. 1, it can be seen that Pb1.81Y2.19O6.78 (JCPDS: 47-0873)
was produced in crystalline form after being calcined at 500 °C or
600 °C for 2 h, and obvious diffraction peaks of Pb1.81Y2.18O6.78 were
found at 2θ=29.1°, 33.7°, 48.4°, 57.4°. In addition, very weak PbO
(JCPDS: 65-2809) diffraction peaks were found at 2θ=15.0°, 29.1°

and 30.3° in the sample calcined at 700 °C. In the samples calcined
at 800 °C, additional diffraction peaks of PbO (JCPDS: 65-2809) were
found at 2θ=17.7°, 28.6°, 31.8°, 35.8°, and 48.6°, with the dominant
growth surface of the crystal being the plane (112) at 2θ=30.3°.
The intensity of the diffraction peaks of PbO in the sample calcined
at 900 °C was obviously decreased, which indicates that the content
of PbO in the sample had decreased at this higher temperature.

The UV–vis diffuse reflectance spectra of the PbYO composite
photocatalysts calcined at different temperatures for 2 h are shown
in Fig. 2. The samples exhibit absorption extending from the UV to
the infrared, with the most significant differences appearing in the
spectra of samples calcined at the two highest temperatures. When
calcined at 500 °C and 600 °C, the absorption edge was at 530 nm
and 534 nm, respectively. When calcined above 700 °C, the reflec-
tance of visible light from the PbYO complexes increased with the in-
creasing of calcination temperatures. At the highest temperature the
maximum reflectance was only about 70%, while the absorption
edge was blue shifted for 559 nm to 453 nm with the increasing of
calcination temperatures. In summary, these spectra show that visible
light is well absorbed by the PbYO photocatalysts.

For a semiconductor sample, it is possible to determine the optical
absorption near the band edge from the Kubelka–Munk method:
αhv=A(hv−Eg)n/2 [22], where α, h, v, Eg and A are absorption coeffi-
cient, Planck constant, radiation frequency, band gap and a constant,
respectively. From the inset in Fig. 2, the absorption edges of PbYO
calcined at different temperatures were found and the band gap can
be calculated from the above equation, and the data were shown in
Table 1.

As shown in Table 1, the band gap of the PbYO samples calcined at
500 °C, 600 °C and 700 °C decreased, while the absorption edges
moved to longer wavelengths, which indicated the increasing of visi-
ble-light absorption. As the calcination temperature increased from
700 to 900 °C, the band gap increased from 2.22 eV to 2.56 eV. Com-
bining these results with the results of the XRD above, it appears
that in samples calcined at higher temperatures, a PbO and
Pb1.81Y2.19O6.78 mixture was generated from the PbYO precursor,
which caused a deterioration of its absorption performance of visible
light.

Fig. 3 shows the N2 adsorption–desorption isotherm and the pore
size distribution of PbYO samples calcined at different temperatures.
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Fig. 3. N2 adsorption–desorption isotherm (A) and pore size distribution curve (B) of
PbYO composite photocatalysts calcined at different temperatures.
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As shown in Fig. 3A, the N2 isotherm adsorption of PbYO compos-
ite photocatalysts calcined at different temperatures belonged to the
III-type isotherm with a hysteresis loop. The isotherm plot of PbYO
composite photocatalysts calcined at different temperatures both
has a region of mildly increasing N2 adsorption at low relative pres-
sure (P/P0b0.5) which can be related to the transfer from the mono-
layer adsorption to the multilayer N2 adsorption on the PbYO
composite photocatalysts surface [23,24]. Regarding desorption, the
PbYO composite photocatalysts prepared at different temperatures
had H3-type hysteresis loops, and the relative pressure of the desorp-
tion branches was 0.50bP/P0b1.0. This value indicated that the PbYO
composite photocatalysts prepared at the studied temperatures was
sheet material with oblique slit-like holes. It can be seen in Fig. 3A
that the start and end of the hysteresis loops of PbYO composite
photocatalysts calcined at 800 °C were the widest, which indicated
Table 2
Textural properties of PbYO composite photocatalysts.

Calcination
temperature/°C

BET surface
area/m2 g−1

Total pore volume/
10−2 mL g−1

Average pore
diameter/nm

500 3.3 2.44 20.2
600 3.5 1.94 17.2
700 3.8 1.75 18.4
800 4.4 2.36 21.6
900 2.6 2.50 19.1
that the amount of adsorption and desorption was the largest accord-
ing to the capillary condensed theory and Kelvin equation [24].
Therefore, the pore size distribution was most narrow for the catalyst
calcined at 800 °C.

In accordance with the N2 adsorption isotherm–desorption data of
PbYO composite photocatalysts, the surface area, pore volume, and
average pore radius from the Brunauer–Emmett–Teller (BET) and
Barrett–Joyner–Halenda (BJH) methods are shown in Table 2.

From the pore size distribution data of PbYO composite photocata-
lysts calcined at different temperatures shown in Fig. 3B and Table 2,
it can be seen that the pores in the photocatalysts mainly are meso-
porous, with an average pore diameter of 20 nm and very small
amounts of microporosity.

From Table 2, it can be seen that the specific surface area of PbYO
catalysts was little changed when the calcination temperature ranged
from 500 °C to 900 °C, although the maximum surface area of
4.4 m2 g−1 was observed at the calcination temperature of 800 °C, re-
ducing to 2.6 m2 g−1 when the calcination temperature was in-
creased to 900 °C. With the increase of the calcination temperature,
the average pore diameter was reduced and the catalysts may sinter
at high temperature which could result in a decrease of the photoca-
talytic activity. The pore volumes of the catalysts calcined at different
temperatures have small changes. However, the average pore diame-
ter of the catalyst was a maximum at the calcination temperature of
800 °C, which may account for the observation below that photocata-
lytic activity was highest for the sample calcined at 800 °C.

Hydroxyl radicals are known as an important reaction species in
the photocatalytic process [10,25]. Terephthalic acid reacts with
·OH readily to produce a highly fluorescent product, 2-
hydroxyterephthalic acid, whose PL peak intensity is in proportion
to the amount of OH radicals produced in water [26–30]. The forma-
tion of hydroxyl radicals (·OH) on the surface of UV-illuminated
PbYO composite photocatalyst is detected by PL with terephthalic
acid as a probe molecule. Fig. 4 shows the change of PL spectra of
the PbYO composite photocatalyst calcined at different temperatures
or BiYO3. From Fig. 4, it can be seen that an obvious difference in PL
intensity at about 425 nm is observed in different samples. For the
PbYO composite photocatalyst calcined at 800 °C, the formation rate
of ·OH radicals on its surface is much higher than that of other sam-
ples. The PL intensity of BiYO3, the reference catalyst, is only a little
higher than that of PbYO calcined at 500 °C and the pure terephthalic
acid. It suggests that the surface of PbYO composite photocatalysts in-
hibits the production of ·OH radicals when the calcination tempera-
ture is lower or higher than 800 °C, which implies that when the
calcination temperature is 800 °C, the photocatalytic oxidation activ-
ity of the photocatalyst is much higher than any other photocatalysts.
Fig. 4. PL spectral changes of pure terephthalic acid (a), BiYO3 (c) and the PbYO com-
posite photocatalysts calcined at 500 °C (b), 600 °C (d), 700 °C (e), 800 °C (f), 900 °C
(g).

image of Fig.�4


Fig. 5. Effects of calcination temperature on PbYO composite photocatalysts catalytic
degradation of methyl orange under visible-light irradiation.

Table 3
Degradation rate as a function of calcination temperatures and pseudo-first order rate
constants derived from fitting experimental data to computer model.

Calcination temperature
(°C)

Rate constant
(10−3 min−1)

Correlation coefficient,
R2

500 2.72 0.9621
600 3.99 0.9874
700 5.10 0.9930
800 16.81 0.9934
900 7.81 0.9736
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3.2. Photocatalytic degradation of MO under visible-light irradiation

Fig. 5 shows the results of using the samples of PbYO calcined at
different temperatures as photocatalysts with visible light. The data
show that the calcination temperature has a significant effect on the
degradation results.

Specifically, after irradiation by visible light for 150 min, the deg-
radation of methyl orange was 34.8%, 44.1%, 51.3%, 93.0%, and
70.1%, respectively, using the PbYO composite oxides calcined at
500 °C, 600 °C, 700 °C, 800 °C, and 900 °C as photocatalysts. The deg-
radation data of MO show that the optimal calcination temperature of
the PbYO composite photocatalyst is 800 °C. As noted above in the
discussion of the XRD results, when the calcination temperatures
lower than 700 °C, only a single phase of Pb1.81Y2.18O6.78 was found
in the PbYO catalyst. However, when calcined at 800 °C and 900 °C
not only Pb1.81Y2.18O6.78 but also PbO was found in the PbYO compos-
ite photocatalysts, and a heterostructure may form between the
Pb1.81Y2.18O6.78 and PbO phases. In general, when a kind of hetero
structure material forms between two or more different materials,
more lattice defects will be generated which are usually the active
sites of a photocatalyst [31]. For a catalytic process, defect states
may be formed between the band gaps of the catalysts and the lattice
defects [32], which lead to the PbYO complex photocatalyst being ex-
cited by visible light and showing higher photocatalytic activity.
Therefore, even the catalysts calcined at 500 °C, 600 °C, and 700 °C
can absorb more visible light and have a narrower band gap. The
PbYO complex photocatalysts calcined at 800 °C and 900 °C formed
heterostructures inside the catalysts and show better photocatalytic
activity for their larger specific surface areas, larger pore diameters
and pore volumes. Combined with the PL intensity of the samples,
the formation rate of ·OH radicals in water solution of the PbYO com-
posite photocatalyst calcined at 800 °C is much larger than that of
other samples. Oxidized by more high activity free ·OH radicals spe-
cies with higher oxidizing ability, the MO molecule was destroyed.
The degradation data of MO was consistent with the characterization
results of the present photocatalyst.

The kinetics of the MO degradation were found to fit a pseudo-first
order model by plotting − ln(c/c0) versus reaction (t), as shown in
Table 3.

The above results show that the reaction rate constant of photoca-
talytic degradation of methyl orange of PbYO composite photocata-
lyst calcined at 800 °C was 0.01681 min−1, which was 6.18 times
higher than the rate observed with the PbYO composite photocatalyst
calcined at 500 °C, and the data indicated that there are great effects
of calcination temperature on the photocatalytic activities of PbYO
complex oxides. At the same time, compared with BiYO3 [15], the
reaction rate constant of PbYO photocatalyst calcined at 800 °C is
8.6 times than that of BiYO3 photocatalyst calcined at 750 °C.

4. Conclusions

The preparation of PbYO complex photocatalysts calcined at dif-
ferent temperatures were characterized and evaluated for their
photocatalytic activity in degrading methyl orange under visible-
light irradiation. It was found that these photocatalysts have good vis-
ible-light absorption. The calcination temperature was found to have
a significant effect on photocatalytic activity of the materials. The
complex photocatalyst calcined at 800 °C appeared to have a hetero-
junction structure of PbO and Pb1.81Y2.18O6.78 with a band gap of
2.44 eV and exhibited the highest photoactivity.
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