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Abstract

Pr/In/Nd composite oxides with different Pr/In/Nd ratios were successfully prepared using a simple solid state reaction at 873 K. The

composites were characterized by X-ray diffraction (XRD), Brunauer–Emmett–Teller (BET) surface area measurements, photolumi-

nescence (PL) spectra and UV–vis diffuse reflection spectroscopy (UV–vis DRS). The photocatalytic activity of Pr/In/Nd composite

oxides was investigated by the degradation of methyl orange (MO) in an aqueous solution under UV and visible light irradiation. It is

found that compared with pure In2O3, the absorption intensity of the Pr/In/Nd composite oxide (Pr/In/Nd¼1:8:1) increases in the 200–

800 nm light region and the absorption edge has a shift to longer wavelength. In addition, the Pr/In/Nd composite oxide (Pr/In/

Nd¼1:8:1) shows higher UV and visible light photocatalytic activities than pure In2O3. The remarkably enhanced photocatalytic

activities could be mainly attributed to the fact that proper introduction of Pr2O3 and Nd2O5 increased the BET surface area of In2O3,

improved the separation efficiency of photogenerated electrons and holes, and enhanced the absorption intensity in 200–800 nm light

region. The effect of various radical scavengers on the degradation of MO showed that dOH, dO2
�, hþ and H2O2, especially

dO2
�, jointly

dominated the photodegradation process of MO under UV light irradiation.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

TiO2-based nanomaterials have been a very attractive
research topic and many works have been carried out
[1–5]. However, TiO2 only responds to the UV light
(lo400 nm) accounting for �4% of the solar energy
and suffers from the high recombination of photogener-
ated electron–hole pairs. Therefore, it is very urgent to
develop new efficient non-titania photocatalysts. Relevant
research in this field has become one of the hot topics in
recent years [6–9].

In2O3 semiconductor has drawn extensive interest of
researchers owing to its great potential applications in sensor
modules, photocatalysis, solar cells and transparent electrode
materials [10–15], and its composite oxides have been used as
photocatalytic hydrogen evolution [16–18]. Pr2O3 and Nd2O5
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have been attractive oxides for scientists due to their
thermodynamic stability, high dielectric constant and excel-
lent electrical properties [19–21]. It is well known that the
coupling of different semiconductors in composite oxides can
transfer electrons from one semiconductor to another semi-
conductor. This favors the separation of photogenerated
electrons and holes and thus improved the photocatalytic
efficiency of composite oxides dramatically. However, to the
best of our knowledge, there was no report on the synthesis
and photocatalytic performance of the Pr/In/Nd composite
oxides system.
In this work, Pr/In/Nd composite oxides were successfully

synthesized by a simple solid state reaction at 873 K. Various
characterization techniques such as XRD, BET, PL and
UV–vis DRS were employed to describe the structure and
physicochemical properties of Pr/In/Nd composite oxides.
The effect of Pr/In/Nd ratios on the photocatalytic activity of
Pr/In/Nd composite oxides was investigated in detail. The
results showed that the photocatalytic activity of the Pr/In/Nd
ll rights reserved.
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composite oxide (Pr/In/Nd=1:8:1) was greatly enhanced as
compared to pure In2O3 sample under UV and visible light
irradiation.

2. Experimental section

2.1. Catalyst preparation

All reagents are of analytical purity. Pr/In/Nd composite
oxides were prepared by the solid state reaction. A typical
synthetic procedure toward the Pr/In/Nd composite oxides
with different Pr/In/Nd ratios can be described briefly as
follows: In2O3 (AR, 99.0%, Sinopharm Chemical Reagent
Co., Ltd.), Pr2O3 (AR, 99.9%, Aladdin) and Nd2O5 (3 N,
99.0%, Sinopharm Chemical Reagent Co., Ltd.) were used as
the starting raw materials and dried at 673 K. The three kinds
of raw materials were mixed uniformly in stoichiometric
proportions in acetone, dried at 393 K and crushed in round
cakes. Then the mixed oxides were placed in a ceramic boat at
873 K and calcined for 1 h. Pr/In/Nd composite oxides with
different weight ratios of Pr/In/Nd of 0:1:0, 1:1:0, 0:1:1, 1:4:1
and 1:8:1 were obtained.

2.2. Characterization

X-ray diffraction (XRD) was performed on a Philips X0pert
diffractometer equipped with a Ni-filtered Cu Ka radiation
source (l=0.15418 nm) at a scanning speed of 21min�1 from
201 to 601. The X-ray tube was operated at 40 kV and 40 mA.
The BET surface areas of samples were determined from N2

adsorption isotherms at 77 K using a Micromeritics ASAP
2020 instrument with a computer-controlled measurement
system. Prior to analysis, 0.1 g samples were degassed at
250 1C and 10 mmHg. The photoluminescence (PL) spectra,
obtained at room temperature with an excitation wavelength
of 320 nm, were recorded on a CARY Eclipse (America)
fluorescence spectrophotometer. UV–vis diffuse reflectance
spectra (UV–vis DRS) of the catalysts were determined with a
Shimadzu UV-3600 spectrophotometer using BaSO4 as a
reference.

2.3. Photocatalytic measurements

The photocatalytic activity of Pr/In/Nd composite
oxides was investigated by the degradation of methyl orange
(MO) in an aqueous solution. The UV light was obtained by a
300-W high-pressure mercury lamp with an intensity of
15.0 mW cm�2 (lmax=365 nm). The visible light source was
a 400-W metal halide lamp (lmax=588 nm, the visible light
intensity of 8.0 mW cm�2 and the UV light intensity of
0.7 mW cm�2) with the combination of a cut-off filter
(l4400 nm) to eliminate UV radiation during visible light
experiments. For each UV light test, 40 mL MO aqueous
solution (3.82� 10�6 mol L�1) and 0.05 g samples were used,
while for each visible light test, 40 mL MO aqueous solution
(3.82� 10�6 mol L�1) and 0.50 g samples were used. A
general procedure was carried out as follows. First, the MO
aqueous solution was placed into a water-jacketed reactor
maintained at 298 K, and then the samples were suspended in
the solution. The suspension was stirred vigorously for 1 h in
the dark to establish the adsorption–desorption equilibrium of
MO, then irradiated under UV or visible light for 1 h. About
2.5 mL solution was withdrawn from the reactor and centri-
fuged and analyzed for the degradation of MO using a TU-
1901 spectrophotometer. MO has a maximum absorbance at
464 nm, which was used as a value for monitoring MO
degradation. The absorbance was converted to the MO
concentration in accordance with a standard curve showing
a linear relationship between the concentration and the
absorbance at this wavelength.
The degree of mineralization was followed by measuring

the total organic carbon (TOC) content in the degraded
solution, which was tested by an automated total organic
carbon analyzer (TOC-V, Shimadzu, Japan).
In order to study the effects of relevant reactive species,

a quantity of different appropriate species quenchers was
introduced into the photocatalytic degradation process of
MO in a manner similar to the photodegradation experi-
ment. The doses of these species quenchers were referred to
the previous literatures [8,22].

2.4. Circle use of catalysts

The cleaned Pr/In/Nd composite oxides were immersed
in ethanol for 5 h and rinsed with deionized water, and
then dried at 373 K. After this the cleaned Pr/In/Nd
composite oxides were reused for removal of the MO
dye, and the experiment has been repeated several times.

3. Results and discussion

3.1. Mineralogical composition

Fig. 1 shows the XRD patterns of Pr/In/Nd composite
oxides with different Pr/In/Nd ratios. It can be seen that
diffraction peaks with 2y values of 21.51, 30.561, 35.51,
37.71, 41.81, 45.61, 49.31, 51.91, 52.81, 55.91 and 59.21
appear, which can be perfectly indexed to the (211), (222),
(400), (411), (332), (134), (521), (440), (433), (611) and
(541) crystal planes of In2O3 crystalline phase (JCPDS 71-
2194), respectively. No characteristic peaks for impurity,
such as In or In(OH)3 are observed. The peak of Pr/In/Nd
composite oxides around 2y of 28.81 was indexed to the
(002) crystal plane of Pr and the peaks of Pr/In/Nd
composite oxides around 2y of 26.81, 29.81, 30.71, 40.41
and 53.51 were indexed to the (100), (002), (011), (012) and
(103) crystal planes of Nd, respectively. The crystallite size
of Pr/In/Nd composite oxides was determined according to
the Debye�Scherrer equation [23]: D¼Kl/b cos y, where
l is the wavelength of the X-ray radiation (l¼0.15418
nm), K is the Scherrer constant (K¼0.9), y is the angle
of characteristic X-ray diffraction peak and b is the full-
width-at-half-maximum. The relative average crystallite
sizes of Pr/In/Nd composite oxides were calculated along



Table 1

Textural properties of Pr/In/Nd composite oxides with different Pr/In/Nd

ratios.

Pr/In/Nd Average crystallite sizes (nm) BET surface areas (m2 g�1)

0:1:0 32.6 9.20

1:8:1 30.2 13.7

1:4:1 27.1 15.4

0:1:1 22.0 13.2

1:1:0 31.8 11.5

Fig. 1. XRD patterns of Pr/In/Nd composite oxides with different Pr/In/

Nd ratios: (a) 0:1:0, (b) 1:8:1, (c) 1:4:1, (d) 0:1:1, and (e) 1:1:0.
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the (222) crystallographic direction, and the results are
listed in Table 1.

The BET surface areas of the Pr/In/Nd composite oxides
with different Pr/In/Nd ratios are indicated in Table 1. It can
be seen that the ternary or binary oxide powders have an
enhanced surface area in comparison with the pure oxides,
which is consistent with the decreasing average crystallite size
in the composites.
Fig. 2. MO adsorptivity plot for In2O3 and Pr/In/Nd composite oxide

(Pr/In/Nd¼1:8:1).
3.2. Adsorption studies

The photocatalysis performance has been significantly
dependent on the adsorbability of photocatalysts [24]. There-
fore, a study of MO adsorption was performed on In2O3 and
Pr/In/Nd composite oxide (Pr/In/Nd¼1:8:1) using 20 mg of
catalyst at room temperature in the dark. The adsorption
capacity of In2O3 and Pr/In/Nd composite oxide (Pr/In/
Nd¼1:8:1) is displayed in Fig. 2, in which the adsorption
behaviors of MO on In2O3 and Pr/In/Nd composite oxide
(Pr/In/Nd¼1:8:1) follow the Langmuir model. It can be seen
that MO uptake capacity moderately increases in the
presence of the Pr/In/Nd composite oxide (Pr/In/Nd¼
1:8:1) compared to that of pure In2O3 catalyst. The adsorbed
quantities of MO, qt (mg g�1catalyst), at time t are calculated
according to

qt ¼ ½ðC0�CtÞ � 1000�MW � V0�=wcatalyst ð1Þ

where C0 and Ct (mol L�1) are the initial concentration and
the concentration at time t of MO, respectively; MW is the
molecular weight of MO (g mol�1); V0 is the volume of MO
aqueous solution (L); and wcatalyst is the mass of catalyst (g).
The equilibrium adsorption capacity (qe) is usually estimated
by the pseudo-first-order and pseudo-second-order model,
and the correct values are chosen according to the higher
correlation coefficient R2 [25,26]. Herein, the equilibrium
adsorption capacity (qe) of In2O3 and Pr/In/Nd composite
oxide (Pr/In/Nd=1:8:1) is 6.16 and 8.35 mg g�1catalyst, respec-
tively. It is obvious that the adsorption ability of pure In2O3

catalyst is enhanced by the introduction of Pr2O3 and Nd2O5,
which is a prequisite for good photocatalytic activity [27,28].
3.3. Photocatalytic activity

The effect of Pr/In/Nd ratios on the photocatalytic
activity of Pr/In/Nd composite oxides was investigated
by degradation of MO in an aqueous solution under UV
and visible light irradiation. Fig. 3 shows the UV and
visible light photocatalytic activity of Pr/In/Nd composite
oxides with different Pr/In/Nd ratios. The results showed
that under UV and visible light irradiation the self-
degradation of MO solution over a period of 1 h was
negligible in the absence of a photocatalyst. However, in
the presence of photocatalysts, the irradiation of UV and
visible light could result in the obvious degradation of
MO, and the Pr/In/Nd ratio in Pr/In/Nd composite oxides
exerted great influences on the photocatalytic activity of
Pr/In/Nd composite oxides. Compared with pure In2O3,
the Pr/In/Nd composite oxide (Pr/In/Nd¼1:8:1) obviously
presented a higher UV and visible light photocatalytic
activity. Moreover, the Pr/In/Nd composite oxide (Pr/In/
Nd¼1:8:1) exhibits much higher visible light photoactivity
than anatase TiO2 (UV100, Hombikat, BET: 285 m2 g�1

crystallite sizes: 1.7 nm), and its UV light photoactivity is
slightly lower than that of anatase TiO2, indicating that
proper introduction of Pr2O3 and Nd2O5 remarkably
enhanced the photocatalytic activity of pure In2O3.
The UV–vis spectra of MO aqueous solution as a function

of UV light irradiation time in the presence of In2O3 and Pr/
In/Nd composite oxide (Pr/In/Nd¼1:8:1) are illustrated in
Fig. 4. It can be seen that the visible region peak intensities in
the photodegradation of MO by the Pr/In/Nd composite
oxide (Pr/In/Nd¼1:8:1) decrease more obviously than those



Fig. 3. Effects of Pr/In/Nd ratios in the Pr/In/Nd composite oxides on the degradation of MO under UV (A) and visible (B) light irradiation: (a) 0:1:0,

(b) 1:1:0, (c) 0:1:1, (d) 1:4:1, and (e) 1:8:1.

Fig. 4. UV–vis spectra of the MO aqueous solution under UV light irradiation in the presence of In2O3 and Pr/In/Nd composite oxide (Pr/In/Nd¼1:8:1).

Fig. 5. TOC removal from MO aqueous solution treated with the Pr/In/

Nd composite oxide (Pr/In/Nd¼1:8:1) under UV and visible light

irradiation.
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of pure In2O3 catalyst after 60 min UV light irradiation,
which is in agreement with the results shown in Fig. 3. Since
no new peak appears, the loss of absorbance can be mainly
attributed to the degradation reaction.

To determine the degree of mineralization of the degraded
MO, TOC analysis was also carried out for the reaction
in the presence of the Pr/In/Nd composite oxide (Pr/In/
Nd¼1:8:1). The results are shown in Fig. 5. It can be seen
that the TOC value of the MO solution is decreased by
approximately 35.2% and 12.6% under UV and visible light
irradiation for 100 min, respectively, indicating that the MO
molecules can be also mineralized by the Pr/In/Nd composite
oxide (Pr/In/Nd¼1:8:1).

To test the stability of the photocatalytic performance of
the Pr/In/Nd composite oxide (Pr/In/Nd¼1:8:1), the circu-
lating runs in the photocatalytic degradation of MO in the
presence of the Pr/In/Nd composite oxide (Pr/In/Nd¼1:8:1)
under UV and visible-light (l4400 nm) were checked
(Fig. 6). It can be seen that the photocatalytic activity does
not exhibit any significant loss after five recycles for the
photodegradation of MO. It indicates that the Pr/In/Nd
composite oxide (Pr/In/Nd¼1:8:1) has high stability and
does not photocorrode during the photocatalytic oxidation of
the MO pollutant molecules, which is especially important
for its application in the future.
3.4. Light absorption

The UV–vis diffuse reflectance spectra of In2O3 and
Pr/In/Nd composite oxide (Pr/In/Nd¼1:8:1) are shown in
Fig. 7. It can be seen that compared with pure In2O3, the
absorption intensity of Pr/In/Nd composite oxide (Pr/In/
Nd¼1:8:1) increases in the 200–800 nm region and the
absorption edge has a shift to longer wavelength. Thus the



Fig. 6. Photocatalytic degradation of MO in the presence of Pr/In/Nd

composite oxide (Pr/In/Nd¼1:8:1) by cycling runs.

Fig. 7. UV–vis diffuse reflectance spectra of In2O3 and Pr/In/Nd

composite oxide (Pr/In/Nd¼1:8:1): (a) In2O3 and (b) Pr/In/Nd composite

oxide (Pr/In/Nd¼1:8:1).

Fig. 8. PL spectra of In2O3 and Pr/In/Nd composite oxide (Pr/In/

Nd¼1:8:1) recorded at room temperature with the excitation wave-

length of 320 nm: (a) In2O3, and (b) Pr/In/Nd composite oxide (Pr/In/

Nd¼1:8:1).
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Pr/In/Nd composite oxide (Pr/In/Nd¼1:8:1) shows a
higher photocatalytic activity than pure In2O3 under UV
and visible light irradiation.

3.5. PL properties

The photoluminescence (PL) emission spectra have been
widely used to study the recombination rate of photo-
generated electron–hole pairs in semiconductors [29]. The
comparison of PL emission spectra (excited at 320 nm)
of pure In2O3 and Pr/In/Nd composite oxide (Pr/In/
Nd¼1:8:1) recorded at room temperature is shown in
Fig. 8. It can be seen that the two samples have a broad
emission peak in the wavelength range of 360–720 nm. The
strongest emitting peaks around 469 nm are similar while
PL emission intensity of the Pr/In/Nd composite oxide
(Pr/In/Nd¼1:8:1) is lower than that of pure In2O3, indicating
that the recombination of photogenerated charge carriers can
be greatly inhibited in the Pr/In/Nd composite oxide (Pr/In/
Nd¼1:8:1). That is to say, proper introduction of Pr2O3 and
Nd2O5 in In2O3 is beneficial to separate the photogenerated
charge carriers and increase the lifetime of charge carriers,
and then improve the photocatalytic performance of Pr/In/
Nd composite oxides.
3.6. Degradation mechanism of MO

The effect of various radical scavengers on the degrada-
tion of MO over the Pr/In/Nd composite oxide (Pr/In/
Nd¼1:8:1) under UV light irradiation was performed
to investigate the underlying photodegradation mechan-
ism. As an dO2

� scavenger, benzoquinone (BQ) [8] was
added to the reaction system, and isopropanol (IPA) [8,9]
was introduced as the scavenger of dOH. In order to study
the role of hþ and H2O2 radical species, ammonium
oxalate (AO) [30] and catalase (CAT) [8] were also added
to the reaction system, respectively. The results of degra-
dation ratio were expected to be decreased greatly. In
Fig. 9, it can be seen that the degradation ratio of MO
decreased significantly after the addition of IPA, BQ, AO
and CAT. In other words, dOH, dO2

�, hþ and H2O2,
especially dO2

�, jointly dominated the photodegradation
process of MO.
Taking the kinds of reactive species involved in the MO

degradation into account, the photocatalytic process could
be described as the following:

Catalystþhu-e�þhþ (2)

e�þO2-
dO2
� (3)

e�þdO2
�
þ2Hþ-H2O2 (4)

H2O2þe
�-dOHþOH� (5)

H2Oþh
þ-dOHþHþ (6)

OH�þhþ-dOH (7)

MOþdOH-products (8)

MOþdO2
�-products (9)

MOþH2O2-products (10)

MOþhþ-products (11)

In the above process, electron–hole pairs were directly
produced by the catalyst after illumination. Then, the photo-
generated electrons transferred to CB bottom of the catalyst



Fig. 9. Effects of different scavengers on the degradation of MO over the

Pr/In/Nd composite oxide (Pr/In/Nd¼1:8:1) under UV light irradiation.
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and reacted with the adsorbed O2 on the surface of catalyst to
form dO2

�, H2O2, and
dOH, meanwhile, the holes were left on

the VB top, reacting with the adsorbed H2O and OH� on the
surface of catalyst to form dOH. dOH, dO2

� and H2O2 that
could oxidize MO, or the holes reacted directly with MO.

4. Conclusions

In summary, Pr/In/Nd composite oxides were successfully
synthesized by a simple solid state reaction at 873 K. Com-
pared with pure In2O3, the absorption intensity of the Pr/In/
Nd composite oxide (Pr/In/Nd¼1:8:1) increases in the 200–
800 nm light region and the absorption edge has a shift to
longer wavelength. The Pr/In/Nd ratio exerted great influences
on the photocatalytic activity of Pr/In/Nd composite oxides.
The Pr/In/Nd composite oxide (Pr/In/Nd¼1:8:1) has the
highest photocatalytic performance in all samples under UV
and visible light irradiation. The greatly enhanced photocata-
lytic performance can be mainly attributed to the fact that
proper introduction of Pr2O3 and Nd2O5 increased the BET
surface area of pure In2O3, improved the separation efficiency
of photogenerated electrons and holes, and enhanced the
absorption intensity in the 200–800 nm light region. The effect
of various radical scavengers on the degradation of MO
showed that dOH, dO2

�, hþ and H2O2, especially
dO2
�, jointly

dominated the photodegradation process of MO under UV
light irradiation.
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