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a b s t r a c t

In this paper, the heterostructure In2O3/In(OH)3 photocatalyst was prepared by programmed thermal
treatment of In(OH)3 using In(NO3)3·9H2O as the precursor. Various characterization methods such as
X-ray power diffraction (XRD), UV–vis diffuse reflectance spectroscopy (DRS), Fourier transform infrared
spectrometry (FT-IR) and transmission electron microscopy (TEM) were employed to investigate the
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structure, morphologies, and optical properties. Terephthalic acid was used as a probe molecule to detect
the generation of hydroxyl radicals (•OH) on the surface of UV-illuminated photocatalyst by a photolu-
minescence (PL) technique. The results showed that the photocatalytic activity of the heterostructure
In2O3/In(OH)3 was higher than that of single In2O3 or In(OH)3. The increased photocatalytic activity may
be attributed to the formation of the heterojunction between In2O3 and In(OH)3, which suppresses the

xcited
ctivity
haracterization

recombination of photoe

. Introduction

Nanoparticles with a uniform size and shape have attracted
uch attention because of their technological and fundamen-

al scientific importance, novel physical properties and potential
pplications in the areas such as optoelectronics, information stor-
ge, catalysis, and biosensors [1,2]. The methods to control the
ynthesis of such nanoparticles have been extensively investigated
3–5]. As an n-type semiconductor oxide, indium oxide (In2O3) has
een used widely as ultra-sensitive toxic gas detectors, transparent
onductors, solar cells, flat panel displays, and other optoelectronic
evices etc. [6–10]. Generally speaking, In2O3 can be obtained
hrough the calcination of In(OH)3, which is prepared by hydrolysis
f indium nitrate or other indium salts in NaOH aqueous solution
r ammonia solution. Meanwhile, it is known that In(OH)3 is a
ide-gap semiconductor material with a direct band gap of 5.15 eV

nd deep absorption in UV region [11]. As the photocatalysts, the
reparation method, photocatalytic activity and electrochemical
roperty of single In(OH)3 or In2O3 has been widely investigated.
ang and co-workers successfully synthesized the monodisperse

ingle-crystalline In(OH)3 nanotubes and found it exhibited highly

hotocatalytic activity through the benzene removal [12]. Sulfur-
ubstituted and zinc-doped In(OH)3 were synthesized and their
hotoactivity for H2 production under visible light illumination was
lso investigated [13].

∗ Corresponding author. Tel.: +86 561 3806611; fax: +86 561 3803141.
E-mail address: chshifu@hbcnc.edu.cn (C. Shifu).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.04.108
electrons–hole pairs.
© 2010 Elsevier B.V. All rights reserved.

Heterostructure semiconductor materials as the photocatalysts
have become a highlight in recent years. It would be a benefi-
cial solution for the disadvantages of the single photocatalyst such
as rapid recombination of photogenerated carriers and the rela-
tive narrow spectrum response. Composite photocatalysts, such
as ZnO/TiO2 [14], SnO2/ZnO, SnO2/TiO2, WO3/TiO2 [15], NiO/TiO2
[16], CuBi2O4/TiO2 [17], ZnO/In2O3 [18] etc. have been investi-
gated extensively. The results showed that nearly all the composite
semiconductors had higher photocatalytic activity than single ones.
However, to the best of our knowledge, the synthesis and opti-
cal properties of the heterostructure In2O3/In(OH)3 photocatalyst
have never been reported. Herein, we reported the preparation of
the In(OH)3/In2O3 photocatalyst. The structure, morphologies, and
optical properties of the In2O3/In(OH)3 were characterized by X-ray
power diffraction (XRD), UV–vis diffuse reflectance spectroscopy
(DRS), Fourier transform infrared spectrometry (FT-IR), and trans-
mission electron microscopy (TEM). Rhodamine B was selected as
a model substrate to evaluate the photocatalytic activity of the
samples under UV-illumination. The possible mechanism was also
investigated.

2. Experimental

2.1. Materials
Indium nitrate (In(NO3)3) was used as the In source. Ammonia
solution (NH4OH), terephthalic acid (C8H6O4), sodium hydroxide
(NaOH), rhodamine B (RhB) and other chemicals used in the exper-
iments were of analytically pure grade. They were purchased from

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:chshifu@hbcnc.edu.cn
dx.doi.org/10.1016/j.jhazmat.2010.04.108
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hanghai Sinopharm Chemical Reagent Co., Ltd. Deionized water
as used throughout the experiment.

.2. Preparation of heterostructure In(OH)3/In2O3

Heterostructure In(OH)3/In2O3 was prepared through pro-
rammed thermal treatment of In(OH)3 precursor. In(OH)3
recursor was produced via the precipitation of indium nitrate in
mmonia solution.

The synthesis reactions can be expressed as:

n(NO3)3 + NH4OH → In(OH)3↓ + NH4NO3 (1)

n(OH)3 → In2O3 + H2O (2)

The detailed preparation procedure was depicted as follows.
A 12% aqueous solution NH4OH was added dropwise to an aque-

us In(NO3)3 solution (0.5 M) under continuous stirring until the
nal pH of the solution was 8.0. The resulted white precipitate was
ashed thoroughly with distilled water using centrifugation. After

he filtration, the obtained white precipitate In(OH)3 was dried at
20 ◦C for 12 h. The obtained sample was firstly kept at 200 ◦C for
h, followed by thermal treatment at 240 ◦C for appropriate time.
he heterostructure In2O3/In(OH)3 samples with different compo-
ition ratio were prepared.

.3. Characterization

In order to determine the crystal phase composition, X-ray
iffraction (XRD) measurement was carried out at room temper-
ture using a DX-2000 X-ray powder diffractometer with Cu K�
adiation and a scanning speed of 3◦/min. The accelerating voltage
nd emission current were 40 kV and 30 mA, respectively. Com-
osition quantitative analysis of the sample was performed on
ulti-phase patterns easily by means of reference intensity ratios

i.e., RIR, also called I/Ic in the PDF database). When the sample is
onsisted of two phases (a and b), the RIR value could be read from
he PDF database, and the weight ratio of each composition can be
alculated using the following formula:

a = Ia
Ia + (Ib/(RIRb/RIRa))

(3)

b = Ib
Ib + (Ia/(RIRa/RIRb))

= 1 − W (4)

here Ia and Ib are integrated intensities of the strongest peak of
hase a and phase b, respectively.

In order to investigate the optical and photochemical prop-
rties of the samples, UV–vis diffuse reflectance spectroscopy
easurements were carried out using a Hitachi UV-365 spec-

rophotometer equipped with an integrating sphere attachment.
he analysis range was from 230 nm to 650 nm, and BaSO4 was
sed as a reflectance standard. The infrared absorption spectra were
ecorded over the frequency range from 400 cm−1 to 4000 cm−1

sing a Nicolet 6700 FT-IR spectrophotometer (USA). The spectra
ere measured after the spectrum scan of the blank pure KBr pellet.

Transmission electron microscopy (TEM), high-resolution
ransmission electron microscopy (HRTEM) images and selected
rea electron diffraction (SAED) were performed with a JEOL-2010
ransmission electron microscope, using an accelerating voltage of
00 kV.

.4. Evaluation of photocatalytic activity
The experiments were carried out in a photoreaction apparatus.
hB was selected as a model of dye pollutant to evaluate the pho-
ooxidation activity of the samples. The amount of photocatalyst
sed in the experiments was 2.0 g L−1, and the initial concentration
Fig. 1. XRD patterns of In(OH)3 (a) and In2O3 (b).

of RhB was 5.0 × 10−6 mol L−1. A schematic of the photoreactor and
the detailed procedure were shown in Refs. [15,16].

2.5. Analysis

The concentration of rhodamine B in solution was determined
spectrophotometrically. The photodegradation efficiency of rho-
damine B was calculated from the following expression:

� = C0 − Ct

C0
× 100%

where � is the photocatalytic efficiency; C0 is the concentration
of reactant before illumination; Ct is the concentration of reactant
after illumination time t.

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.
Terephthalic acid readily reacts with •OH to produce highly flu-
orescent product, 2-hydroxyterephthalic acid [19]. The detailed
experimental procedure is given in Ref. [20].

3. Results and discussion

The XRD patterns of In(OH)3 and In2O3 are shown in Fig. 1.
In(OH)3 was prepared by calcination of precursor at 200 ◦C for 2 h.
In2O3 was produced from In(OH)3 precursor through direct thermal
treatment at 240 ◦C for 6 h. The diffraction peaks are in agreement
with that reported in the JCPDS database card (No. 89-4595 and
No. 85-1338). Fig. 1a shows a well-defined peak at 2� = 22.26◦, cor-
responding to the (2 0 0) plane of In(OH)3, the peaks at 2� = 51.16◦

and 56.46◦ assigned to the (4 2 0) and (4 2 2) planes, respectively.
From Fig. 1b, it is known that the diffraction peaks at 2� = 21.53◦,
30.65◦, 51.07◦, 60.70◦ are consistent with the (2 1 1), (2 2 2), (4 4 0),
and (6 2 2) reflections of In2O3, respectively.

Fig. 2 shows the XRD patterns of the heterostructure
In2O3/In(OH)3 with different composition ratios of In(OH)3 and
In2O3. Sample (a) was obtained via heat treatment of In(OH)3 pre-
cursor at 200 ◦C for 2 h, and samples (b–e) were prepared by further
heat treatment of the sample (a) at 240 ◦C for 2 h, 3 h, 5 h and 8 h,
respectively. From Fig. 2, it is clear that the samples a and e show a

pure phase of In(OH)3 and In2O3, respectively. As for the sample b,
the dominant component was In(OH)3, and In2O3 was not detected.
The possible reason is that the amount of In2O3 is so small that the
equipment does not detect its existence. From Fig. 2, it can be seen
that, with the increase in the heat treatment time, In(OH)3 will be
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report released by Walsh et al. [27] indicates that the In2O3 band
gap may actually be as low as 2.9 eV.

In order to study the optical properties of the heterostructure
In2O3/In(OH)3, the UV–vis DRS characterization is performed, as
is shown in Fig. 4. For comparison, the spectra of pure In(OH)3
ig. 2. XRD patterns of the samples. (a) In(OH)3; (b–d) heterostructure
n2O3/In(OH)3; (e) In2O3.

ransformed into In2O3 gradually. Under heat treatment at 240 ◦C
or 3 h and 5 h, the samples c and d consist of In(OH)3 and In2O3,
nd In2O3 becomes the dominant component in the samples. When
he sample was heat treated at 240 ◦C for 8 h, In(OH)3 was totally
ransformed to In2O3, as is shown in Fig. 2e.

Composition quantitative analysis was performed using the Eqs.
3) and (4) by means of RIR quantitative analysis. After identifying
he phases in the scan pattern using MDI Jade software, the RIR val-
es of In(OH)3 (RIR = 11.2) and In2O3 (RIR = 13.22) can be read from
he matching PDF card database. The result of composition quan-
itative analysis of the heterostructure In2O3/In(OH)3 samples is
hown in Table 1. From Table 1, it is clear that the result is consistent
ith the analysis of Fig. 2.

To know the specific procedure of the transformation from
n(OH)3 to In2O3, temperature-dependent X-ray diffraction mea-
urement was carried out. The programmed heating temperature
f the In(OH)3 precursor was fixed in the range of 100–300 ◦C, and
he rate of the temperature increase is 5 ◦C/min. The XRD patterns
ere recorded at intervals of every 10 ◦C. For briefness, we only
resented the XRD patterns recorded in the range of 180–250 ◦C.

As can be seen in Fig. 3, the characteristic peak at 2� = 22.26◦ of
n(OH)3 becomes weak with the increase in the temperature, while
he characteristic peak at 2� = 30.65◦ of In2O3 appears and becomes
tronger, indicating that In(OH)3 was transformed to In2O3 gradu-
lly. At 220 ◦C, the characteristic peaks of In(OH)3 and In2O3 coexist.
t can be inferred that only a fraction of In(OH)3 is transformed into
n2O3. When the temperature reaches 230 ◦C, In2O3 becomes the

ominant component; and characteristic peaks of In(OH)3 cannot
e detected when the temperature is above 240 ◦C. From the above
esults, it is clear that there is a litter difference in the transforma-
ion temperature of In(OH)3 to In2O3 between Figs. 2 and 3. It may
e attributed to the different equipments.

able 1
esult of quantitative analysis of the samples.

T sample Weight ratio (%)

In(OH)3 In2O3

a 100 0
b 96.3 3.7
c 20.2 79.8
d 12.1 87.9
e 0 100
Fig. 3. Temperature-dependent XRD patterns of the samples.

The electrochemical properties of single In(OH)3 and In2O3 have
been investigated extensively. Avivi et al. [11] employed DRS as a
characterization tool to estimate the optical band gap of In(OH)3.
The results showed that, apart from the strong band-gap absorp-
tion (5.15 eV), there were two other indirect absorption bands as
peaks at 4.24 eV and 4.78 eV; while the reports on the band struc-
ture of In2O3 still remained controversial. A number of researchers
reported that In2O3 was an indirect band-gap semiconductor. The
direct band gap determined by the optical absorption data lies in
the range between 3.50 eV and 3.75 eV [21–23], and indirect band
gap ascribing to the energy exchange between photons and crystal
lattice lies in the range between 2.3 eV and 2.8 eV [24,25]. Never-
theless, indirect transition may not necessarily occur. Among the
published reports, the band gap of In2O3 calculated varied from
2.3 eV to 3.57 eV. For example, Sun et al. [26] utilized transformed
diffuse reflectance spectra to estimate the band gap of In2O3, and
the plot of the modified Kubelka–Munk function versus the energy
of exciting light afforded band-gap energy of 3.2 eV. However, a
Fig. 4. UV–vis diffuse reflection spectra of the samples. (a) In(OH)3; (b–d) het-
erostructure In2O3/In(OH)3; (e) In2O3.
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a) and In2O3 (e) synthesized under the same experimental con-
itions are also plotted. From Fig. 4, it can be seen that the pure

n2O3 and In(OH)3 show a clear absorption edge at around 480 nm
2.58 eV) and 240 nm (5.17 eV), respectively. The heterostructure
n(OH)3/In2O3 samples exhibit a mixed absorption property of both
n(OH)3 and In2O3. And with the increase in the amount of In2O3,
he absorption wavelength range is extended toward the long wave
egion.

It is noteworthy that, from the XRD characterization (see Fig. 2),
he sample b exhibits a dominate In(OH)3 phase with traces of
n2O3. However, according to the UV–vis diffuse reflectance spec-
roscopy of the sample, it can be seen that its optical response has a
ed shift toward the longer wavelength region, compared with the
n(OH)3. It proved the existence of In2O3. The result verified the
ormation of the heterostructure In2O3/In(OH)3. From Fig. 4, it can
lso be seen that the amount of In2O3 of the sample increases with
he increase in the heat treatment time. The result is the same as
he conclusion of the XRD.

FT-IR spectra characterization was carried out to get fur-
her information on the material composition and structural
haracteristic. Typical IR spectra of the In(OH)3 precursor, the het-
rostructure In2O3/In(OH)3 and as-prepared In2O3 are shown in
ig. 5. From Fig. 5a, it can be seen that the spectrum exhibits
he typical characteristic peaks of the deformation vibrations of
n–OH groups along with the bands within the wavenumber
50–1200 cm−1 region, and it is in accordance with the previous
eports [28,29]. For the heterostructure In2O3/In(OH)3 photocat-
lyst (sample b), the appearance of three sharp bands peaking at
40 cm−1, 565 cm−1 and 600 cm−1 can be assigned to the phonon
ibrations of In–O bonds [30], which indicates the formation of the
ubic In2O3. Meanwhile, the characteristic absorption band within
he wavenumber 750–1200 cm−1 region of the In–OH overtly
ecreased. After In(OH)3 precursor was directly calcined at 240 ◦C
or 6 h, the obtained sample showed the prominent peaks of the
ubic In2O3. The absorption corresponding to the In–OH vibrations
ecreased to the state of neglect, indicating the total transforma-
ion of In(OH)3 into In2O3. Besides, no impurity or solvent residue
bsorption peak or absorption band was detected.

In order to investigate the interface of the sample, the het-

rostructure In2O3/In(OH)3 (sample c) was chosen for TEM. Fig. 6a
ives an overview of the typical TEM image of the heterostruc-
ure In2O3/In(OH)3. The cube with the mean size of 37 nm was
n2O3. The rod like substance dispersing around the cubic In2O3 was
n(OH)3. Fig. 6b shows the high-resolution (HRTEM) image of In2O3.

ig. 5. FT-IR spectra of the samples. (a) In(OH)3; (b) heterostructure In2O3/In(OH)3;
c) In2O3.
aterials 180 (2010) 735–740

Fig. 6c shows the patterns of the selected area electron diffraction of
In2O3. It can be seen that the labeled rings correspond to diffraction
of (2 2 2), (4 4 0) and (6 2 2) planes, respectively.

It is generally believed that the generation of free •OH radical
is responsible for photocatalytic oxidation. More free •OH radi-
cals imply stronger photocatalytic oxidation. Using terephthalic
acid as a probe molecule by a photoluminescence (PL) technique
to detect the formation of free •OH radicals has been a frequently
used method in sonochemistry, biochemistry, and radiation chem-
istry [31,32]. Terephthalic acid readily reacts with •OH radicals
to produce highly fluorescent product, 2-hydroxyterephthalic acid
[19]. The intensity of the PL peak of 2-hydroxyterephtalic acid is in
proportion to the amount of •OH radicals produced in water [33].

The fixed illumination time is 40 min. The PL spectra changes of
the samples (a–e) excited at 315 nm in terephthalic acid solution
were recorded, respectively, as is shown in Fig. 7. From Fig. 7, it
is clear that the PL intensity of the heterostructure In2O3/In(OH)3
(sample b) is the strongest, and the PL intensity of In(OH)3 is
higher than that of the In2O3/In(OH)3 (samples c and d) and
In2O3. It is proposed that more •OH radicals produced at the het-
erostructure In2O3/In(OH)3 (sample b) surface than that of pure
In(OH)3 and other samples. The PL intensity of the heterostructure
In2O3/In(OH)3 decreases gradually with the increase in the amount
of In2O3, and the PL intensity of In2O3 is the lowest. The result also
showed that without the presence of the In2O3/In(OH)3 and In2O3,
no obvious emission spectrum was detected at 425 nm. Meanwhile,
the PL intensity of the heterostructure In2O3/In(OH)3 is stronger
than that of In2O3, indicating more •OH radicals were produced at
the heterostructure In2O3/In(OH)3 surface than that of In2O3.

The photocatalytic activities of the samples were investigated by
photocatalytic oxidation of rhodamine B. The dark absorption and
blank tests were carried out simultaneously. The blank test shows
that the photo-induced self-sensitized photodegradation has little
influence on the results of experiment.

The fixed illumination time is 40 min. Fig. 8 shows the effect of
the samples (a–e) on the photodegradation of rhodamine B (RhB)
under UV light irradiation. From Fig. 8, it can be seen that the pho-
tocatalytic activity of the heterostructure In2O3/In(OH)3 (sample
b) is the highest and the photodegradation efficiency reaches up
to 51.0%. The photocatalytic activity of In(OH)3 is higher than that
of the In2O3/In(OH)3 (samples c and d) and In2O3, and the pho-
tocatalytic activity of the heterostructure In2O3/In(OH)3 decreases
gradually with the increase in the amount of In2O3. The result of the
activity test is consistent with that of the hydroxyl radicals (•OH)
experiment.

It is known that the photocatalytic activity of photocata-
lyst mainly depends on whether the electron–hole pairs can be
separated effectively [16]. On the photocatalyst surface, the pho-
toexcited electrons and holes can change in various ways. Among
them, the two competitive processes, i.e., capture and recombi-
nation, are the most important ones. Photocatalytic reaction is
effective only when the photoexcited electrons–holes can be cap-
tured. If there are no appropriate capturers of electrons or holes,
they will recombine with each other and give off heat inside or
on the surface of semiconductor. In order to increase the photo-
catalytic activity of photocatalyst, two important ways should be
considered from the mechanism of the separation of photoexcited
electrons and holes. One is to increase the separation efficiency of
the photoexcited electron–hole pairs, and the other is to increase
the amount of the photoexcited active species. For the heterostruc-
ture photocatalysts, two prerequisites for electron transfer are the

electron density diversity and the energy gap of the heterostructure
semiconductor materials [34]. Fig. 9 shows the band-gap structure
diagram of In(OH)3 and In2O3. The conduction band level of In(OH)3
lies at about −0.8 eV (vs. NHE), while the valance band lies at about
4.37 eV. As for In2O3, the conduction band and valence band lie at
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Fig. 6. TEM and HRTEM images of the heterostructure In2O3/In(OH)3. (a) TEM

bout −0.509 eV and 2.071 eV, respectively. From Fig. 9, it can be

een that, when In(OH)3 and In2O3 form a composite photocata-
yst, it is unfavorable for the separation of photoexticed carriers.
owever, from Fig. 8, it is clear that the photocatalytic activity of

he heterostructure In2O3/In(OH)3 (sample b) is higher than that

Fig. 7. PL spectra of the samples in terephthalic acid solution.
ge; (b) HRTEM image; (c) selected area electron diffraction pattern of In2O3.

of single In(OH)3 or In2O3. It may be attributed to the formation of
heterostructure between In2O3 and In(OH)3, which is favorable for
the separation of photoexcited carriers and depresses the recombi-

nation of electron–hole pairs. Therefore, the photocatalytic activity
is enhanced.

Fig. 8. Effect of the samples on the photodegradation of rhodamine B.
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Fig. 9. Band-gap structure diagram of In(OH)3 and In2O3.

. Conclusion

Heterostructure In2O3/In(OH)3 photocatalyst was prepared via
rogrammed thermal treatment of In(OH)3 precursor. The pho-
ocatalytic activity of the heterostructure In2O3/In(OH)3 is higher
han that of single In(OH)3 or In2O3. The reason for the increased
hotocatalytic activity may be attributed to the formation of the
eterojunction between In2O3 and In(OH)3, which depresses the
ecombination of photoexcited electron–hole pairs.
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