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a b s t r a c t

N-doped In2TiO5 modified by carbon nitride (CN) composite (NICN) has been prepared by the pyrogena-
tion of the mixture of urea and In2TiO5 through a polymerizable complex (PC) method. The powder
samples were characterized by XRD, FESEM, TEM, UV–vis, and XPS. It is shown by XRD that the precursor
sintered at 1000 ◦C is pure and nitrogen dopant does not change the crystal structure of In2TiO5. FESEM
and TEM reveal a hole-like morphology of the prepared NICN. With the increase of nitrogen content, the
eywords:
hotocatalytic activity
isible light
-doped In2TiO5

arbon nitride

light absorption onset of In2TiO5 shifts from 410 nm to 450 nm, revealing significant narrowing of the
band gap. XPS results suggest that only 2.2% of the nitrogen atoms were doped into In2TiO5 through the
urea pyrogenation method. Furthermore, the decomposition of Rhodamine B (Rh-B) under visible light
reveals that Rh-B can be degraded completely within 20 min and recycling experiments indicate NICN
has stable structure and durable photocatalytic activity, suggesting a promising utilization of such pho-
tocatalyst under visible light. Finally, an innovative mechanism of N-doped In2TiO5 sensitized by carbon

ed.
nitride polymer is propos

. Introduction

Global crisis of energy and environment has been issues for
ecades. Among the various solutions, semiconductor particles
sed as photocatalysts to decompose water polluted by organic
nd for hydrogen evolution have been explored by scientists
ince titania was first described as a catalyst for photochemical
ater splitting [1]. So far, titanate-based photocatalysts have been

chieved such asBaTiO3 [2], MnTiO3 [3], CdTiO3 [4], CaTiO3 [5] and
n2TiO5 [6]. Some of them display good photocatalytic activity and
hemical stability. However, most of them are limited for use under
V-light. While the content of UV-light in the sunlight spectral is

ess than 5%, and in contrast, visible light whose wavelength ranges
rom 420 to 750 nm accounts for 43%. To take the best advantage
f solar light, exploring catalysts with visible light photocatalytic
ctivity is necessary and significant.

The crystal structure of InTi2O5 is a three-dimensional tun-
eling structure, built by octahedral InO6 and TiO6 [6]. UV–vis
iffuse reflectance spectroscopy indicates that its energy band gap
s 3.02 eV. Recently, In2TiO5 has received much attention due to its
easonable activities for the decomposition of organic pollutants
nd the split of water under UV irradiation. The In2TiO5 synthesized
y Wang et al. [6] through sol–gel revealed better photocatalytic
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activity than TiO2 (P25) in degrading Methyl Orange. Shah et al.
[7] synthesized V-doped In2TiO5, which showed both UV-light and
visible light activity. In recent study, nonmetal adulteration can
stimulate the absorption peak to shift to long wavelength zone,
making the catalysts possess visible light activity, and thus the uti-
lization of sunlight is enhanced. N-doped photocatalyst is a focus
of study in photocatalytic field. So far, N-TiO2 [8], N-SrTiO3 [9,10],
N-doped titanate nanotubes [11], N-H2Ta2O6 [12], N-NaTaO3 [13]
and N-NaNbO3 [14], all display good visible light activities. How-
ever, to the best of our knowledge, there are few investigations
concerning the effects of In2TiO5 doped with nonmetal element on
the photocatalytic activity.

Yan et al. reported that graphite C3N4 photocatalyst possessed
good environmental adaptability, which can be directly applied
to industrial wastewater treatment to degrade organic pollutants
[15]. Besides, because of its unique surface and electronic structure,
carbon nitride is an attractive material for potential applications
such as hydrogen production [16–19] and electrochemically cat-
alyzes oxygen reduction [20]. Furthermore, Mitoraj et al. [21] and
Yang et al. [22] reported that not only nitrogen was doped into the
photocatalyst but also some carbon nitride polymers were com-
posited on the surface of the photocatalyst.
Herein, a novel N-doped In2TiO5 sensitized by carbon nitride
was synthesized by heating the mixture of urea and the precur-
sor InTi2O5 at 400 ◦C for 2 h. The photocatalytic activity of NICN
was evaluated by decomposing Rh-B aqueous solution under vis-
ible light. Rh-B, as one important represent of xanthene dyes, is
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Ethylene glycol (EG) 40

C16H36O4Ti x InCl3·4H2O 2x

Citric acid (CA) 10 Mixing and stirring at 80°C

Transparent colorless solution

Brown resin-like gel

Condensing at 130°C

Pyrolysis at 450°C

Powder precursor

Heating at 900-1000°C for 6 h
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at different calcination temperatures for 6 h. Obviously, the calci-
ig. 1. Flowchart for the polymerizable complex procedure used to prepare pow-
ers.

amous for its good stability as dye laser materials, which is also a
ind of common organic pollutant, and photodegradation of Rh-B
s important with regard to the purification of dye effluents [23]. In
rder to investigate the stability and durable activity of NICN, the
ecycling experiments were also carried out.

. Experimental methods

.1. Synthesis of photocatalyst

In2TiO5 powders were firstly synthesized by PC method as out-
ined in Fig. 1 [24]. C16H36O4Ti and InCl3·4H2O were chosen as

etal sources. Ethylene glycol (EG) was used as the solvent and
nhydrous citric acid (CA) was used as a chelating agent to stabi-
ize In and Ti ions. CA was first dissolved in EG, followed by adding
16H36O4Ti and InCl3·4H2O with continuous stirring at 80 ◦C until
he solution became transparent and colorless. Then the solution
as heated at 130 ◦C to promote polymerization between CA and

G, during which it became more viscous and finally a brown resin-
ike gel was obtained 12 h later. The brown gel was heated at 450 ◦C
or several hours to burn out unnecessary organics, followed by
alcination at 1000 ◦C for 6 h in air to produce the precursor. The
recursor powder was mixed with urea completely, which was
hen heated at 400 ◦C for 2 h to produce NICN. All chemical agents
ere obtained from Shanghai Reagent Co., China.

.2. Catalyst characterization

The crystal structures of the obtained materials were confirmed
y a powder X-ray diffractometer (XRD, Rigaku D/max-2000) with
onochromated Cu Ka radiation (45 kV, 50 mA). The scanned

ange was 2� = 10–90◦, with speed of 5◦/min. Ultraviolet–visible
UV–vis) diffuse reflection spectra were measured for the cat-
lysts using a UV–vis spectrometer with an integrating sphere
PG, TU-1900/1901). The XPS spectra were collected on an Ameri-
an Electronics physical PHI5700ESCA system X-ray photoelectron
pectroscope using Al Ka radiation (1486.6 eV). The source was
perated at 12.5 kV and the anode power was 250 W. The binding

nergy (BE) was calibrated with the C 1s peak. Morphologies were
bserved by field-emission scanning electron microscopy (FESEM,
X2600FESEM) and transmission electron microscopy (TEM, FEI,

ecnai G2 S-Twin).
Fig. 2. (A) XRD patterns of In2TiO5 sintered at different temperatures and (B) NICN
sintered with various ratios of In2TiO5 to urea.

2.3. Photoactivity test

The photocatalytic activities of NICN were tested by the degra-
dation of Rh-B under visible light irradiation. A 300 W Xe lamp with
a cut-off filter (400 nm) was used as the light source. 0.2 g cata-
lyst powder was dissolved in aqueous solution of Rh-B (100 mL,
10 mg/L) in vessel. The pH value of the reaction suspension was
adjusted by adding different amounts of HCl solution. Prior to irra-
diation, the suspensions were first ultrasonicated for 10 min, and
then magnetically stirred in dark for 50 min to achieve adsorption
and desorption equilibrium. During the Rh-B photodecomposition,
3 mL of aliquots were collected with syringe in every given time
interval. The photocatalyst and the Rh-B solution were separated
from each filtrate sample by a centrifuge at 10,000 rpm for 10 min.
The filtrates were analyzed by UV–vis spectrometer with an inte-
grating sphere (PG, TU-1900/1901).

3. Results and discussion

3.1. X-ray diffraction analysis

The crystalline phase of In2TiO5 and NICN was analyzed by X-
ray diffraction. Fig. 2A shows XRD patterns of In2TiO5 synthesized
nation temperature has great influence on the formation of In2TiO5
crystalloids. At 900 ◦C, the diffraction peaks indicate the character-
istic of In2O3 and TiO2, which means that the reaction between
In2O3 and TiO2 did not take place at all. At 950 ◦C, there are still
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Table 1
Band gap energy varies with different mass ratios between urea and In2TiO5.

Urea/In2TiO5 (mass ratio) Band gap (eV)

0 3.02
Fig. 3. XPS spectra of pure In2TiO5 and NICN.

ome diffraction peaks of In2O3 and TiO2. However, when the calci-
ation temperature was increased to 1000 ◦C the diffraction peaks
how good agreement with those in the standard card (PDF 30-
640), namely, the pure phase In2TiO5 was synthesized at 1000 ◦C.

To investigate the effect of the N content on the crystal struc-
ure, the XRD experiments of NICN calcinated with various mass
atios of In2TiO5 to urea were carried out in this paper. As shown in
ig. 2B, although the intensity of diffraction peaks decreased with
he increase of nitrogen content, the diffraction characteristic of
ICN is very similar with that of pure phase In2TiO5. In other words,
dopant has little effect on the crystal structure of In2TiO5.

.2. XPS analysis

Considering that N content has little effect on the crystal struc-
ure of In2TiO5, X-ray photoelectron spectroscopy technique was
mployed to confirm whether nitrogen was doped into In2TiO5.
EM picture in Fig. 4C shows that the surface of In2TiO5 is covered
y some materials. Fig. 3A is the XPS spectra of pure In2TiO5 and
-In2TiO5. After urea treatment, the intensity of N 1s peak and the
1s peak increased, indicating that the surface of In2TiO5 is cov-

red by the polymers containing CN bonds. Similar phenomenon
as also reported by Li et al. [12]. The N 1s peaks of NICN between
94 and 407 eV were deconvoluted by the Gaussian function into
wo peaks centered at 396.2 eV and 398.4 eV as shown in Fig. 3B.
he peak at 396.2 eV arose from Ti–N [25–27] is assigned as atomic
-N which had great bearing on the photocatalytic activity, and the
eak at 398.4 eV, corresponding to C–N bond, is assigned as molec-
2 2.95
4 2.86
6 2.75

ularly chemisorbed �-N [28,29]. The density of N from Ti–N in the
powder samples was evaluated to be 2.2 at.%, therefore only a small
amount of nitrogen is doped into In2TiO5. Similar phenomena about
nitrogen dopant were also found in other reports [10,30].

3.3. Morphology of the photocatalysts

The morphologies of In2TiO5 and NICN were characterized by
FESEM. As shown in Fig. 4B, carbon nitride has significant effect on
the microscopic morphologies of In2TiO5 compared with Fig. 4A.
After adulteration, particles show high porosity owning to the car-
bon nitride which may have bearing on photocatalytic activity.
Nevertheless, it is invalid to acknowledge that carbon nitride poly-
mer covered the surface of In2TiO5 only from the SEM images. To
further investigate the fine morphology of NICN, the TEM image
is shown in Fig. 4C. Plus the XPS result above that the intensity of
N 1s and C 1s signals increased, clearly, the surface of In2TiO5 is
surrounded by the nanoporous CN polymers.

3.4. UV–vis diffuse reflectance property

To study the optical absorption properties of the samples,
UV–vis diffuse reflectance spectra of In2TiO5 and NICN synthesized
with different nitrogen content are displayed in Fig. 5. It can be seen
that the absorption edge of pure phase In2TiO5 is 410 nm and the
absorption edge shifts to long wavelength range with the increase
of the nitrogen content. Finally, the absorption edge reaches 450 nm
when the mass ratio of In2TiO5 to urea is 1:6. According to the
equation Eg = 1240/�g (nm), the band gap energy values for differ-
ent samples are calculated and summarized in Table 1. With the
increase of mass ratio of urea to In2TiO5, the band gap energy is
reduced to 2.75 eV from 3.02 eV, indicating that the obtained sam-
ples have obvious absorption in visible light region.

3.5. Photocatalytic degradation of Rh-B

The photocatalytic activity of NICN was evaluated by decompos-
ing Rh-B under visible light irradiation (� > 400 nm). To investigate
the absorption ability of nanoglued particles, the degradation of
Rh-B solution was run under dark condition which is graphically
illustrated in Fig. 6A. It can be seen that the nanoglued samples have
weak absorption ability from the dark line. According to the red line
in Fig. 6A, when there is no catalyst, the absorbency of original Rh-B
solution exhibits almost no difference from the absorbency of Rh-B
when they are illuminated under visible light from a 300 W Xenon
lamp for 20 min. So we can conclude that the Rh-B is stable in the
experimental conditions. In order to study the influence of nitrogen
content, samples prepared with different mass ratios of In2TiO5 to
urea were used to decompose Rh-B (100 mL, 10 mg/L). The results
in Fig. 6A show that NICN has optimal photocatalytic activity when
the mass ratio is 1:6 which is in agreement with UV–vis diffuse
reflectance spectra.
3.6. Effects of acid

The effect of acid on photocatalytic activity of NICN (mass
ratio = 1:6) was also studied. Adjust the pH value of Rh-B (100 mL,
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Fig. 4. FESEM images of pure In2TiO5 (A) and NICN (B) sintere
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ig. 5. UV–vis diffuses reflectance spectra of original In2TiO5 and NICN with differ-
nt mass ratios.

0 mg/L) to pH = 1, pH = 3, pH = 5, pH = 7 by adding 1000 �L, 10 �L,
.1 �L, 0 �L HCl (10.00 M/L), respectively. The results of decompo-

ition are shown in Fig. 6B, and it can be seen that NICN (mass
atio = 1:6) has the best degradation rate and the complete degra-
ation of Rh-B was achieved in less than 20 min when pH = 1. The
hotocatalytic activity of NICN strongly depends on pH value. The

ncrease of pH is conducive to the dissociation of Rh-B at –COOH
d at 1000 ◦C, TEM image of NICN (C) sintered at 1000 ◦C.

sites, thus hinders it to diffuse into the bubble–liquid interface,
where uncombined •OH concentration is maximum [31,32], there-
fore the decolorization rate of Rh-B is decreased. We all know
that O2 is a main factor for organic pollutants photodegradation
and affects the formation of superoxide (O2

•) via direct reduc-
tion of O2 and hydroxyl radicals (•OH) via multistep reduction of
O2:

O2 + e → O2
• (1)

O2
• + e + 2H+ → H2O2 (2)

H2O2 + e → •OH + OH− (3)

Both photogenerated holes and hydroxyl radicals can directly
react with organic pollutants. So the increase of the H+ density can
further indirectly make NICN produce more hydroxyl radicals and
more holes (reactions (2) and (3)) [15]. In addition, the protonic
acidity of HCl could make NICN hydrate more easily in aqueous
solutions of Rh-B and then favor the electron transfer between NICN
and H+ (H2O) species [33,34].

3.7. Reusability of NICN
Durable photocatalytic activity and reusable stability are
significant to any photocatalysts. Subsequently, the recycling
experiments on NICN (mass ratio = 1:6) were also carried out under
the same reaction conditions. The catalysts were separated from
the reaction mixture by centrifugation after each reaction cycle.
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Fig. 6. (A) The black line denotes the absorption ability of catalyst in dark condition;
the red line denotes the influence of visible light on Rh-B without catalysts; the rest
denote the influence of different N dopant content on the decomposition rate of Rh-
B; (B) the influence of acid concentration on the decomposition rate of Rh-B. (For
interpretation of the references to color in this figure caption, the reader is referred
to the web version of the article.)
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ig. 7. Reusable stability of NICN (mass ratio = 1:6) under the same condition.
fter the Rh-B photodegradation reaction was repeated five times,
he results in Fig. 7 indicate that the NICN possesses high durable
hotocatalytic activity and reusable stability during the recycling
rocess.
Fig. 8. Proposal of the photocatalytic reaction mechanism of Rh-B decomposition
on nitrogen doped In2TiO5 sensitized by CN polymers.

3.8. Mechanism of nitrogen doped In2TiO5 sensitized by carbon
nitride

To some extent, high visible photocatalytic activity can be
attributed to the increase of the separation rate of photoinduced
electron–hole pairs, because CN polymers which covered the sur-
face of In2TiO5 could transfer the excited electrons [17]. In addition,
when the mass ratio of In2TiO5 to urea reached 1:6, catalysts can
harness more visible light according to UV–vis diffuse reflectance
spectra because of its higher light absorption onset. Also, it is
entirely possible that the high porosity in Fig. 4B may provide more
reaction sites for catalysts to decompose Rh-B.

However, we think that the reaction mechanism plays the most
significant role to improve the catalysts’ visible light photocatalytic
activity. As shown in Fig. 8, when the photocatalysts are irradiated
by the visible light, the excited electrons on the valance band can
be transferred to conduction band via impurity level which is begot
by nitrogen dopant. Then, holes are induced on valance band and
electrons are accumulated on conduction band. The holes oxidant
directly react with Rh-B on condition that the pH value is lower
than 3 rather than react with H2O (OH−) and form •OH which will
further decompose Rh-B [35]. On the other hand, the electrons on
the HOMO (high occupied molecular orbital) level of the CN poly-
mers are excited to jump to the LUMO (low unoccupied molecular
orbital) level and then transfer to the conduction band of the nitro-
gen dopant In2TiO5. So the holes on the HOMO level of the CN
polymers will hardly recombine with excited electrons but react
with Rh-B directly [12]. As a result, the nitrogen doped In2TiO5
is sensitized by CN polymer and NICN has a higher visible light
photocatalytic activity.

4. Conclusion

In summary, NICN catalysts have been successfully prepared
through a polymerizable complex method. The decomposition of
Rh-B indicates that NICN (mass ratio = 1:6) displays the highest
visual light photocatalytic activity, and Rh-B (100 mL, 10 mg/L) was
degraded completely in less than 20 min. The nanoporous CN poly-
mers have great effect on the photocatalytic activity which is in
agreement with other reports. Moreover the recycling experiments
indicate that NICN has commendably durable photocatalytic activ-
ity and reusable stability. The successful modification of In2TiO5
through nitrogen dopant will provide some valuable instruction for

other photocatalysis materials. The potential application of metal
and nitrogen coadulteration and carbon nitride composite materi-
als to organic compounds decomposition and hydrogen production
could be studied in the future.
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