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Visible light responsive C,N-modified porous monolithic titania (MTy) has been successfully synthe-
sized. The template-free sol-gel synthesis method accompanied by phase separation and in situ
C,N-modification has been used. The molar ratio of water to tetrabutyl titanate (f) in starting solution
plays an important role in the porous structure and photoactivity of MT;. Scanning electron microscopy
(SEM) analysis and N, adsorption-desorption analysis show that MT; possess mesoporous structure as

well as macroporous structure. MT,; has been further characterized by using X-ray powder diffraction
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(XRD), X-ray photoelectron spectroscopy (XPS), and UV-vis diffuse reflectance spectra (DRS). The results
show that both nitrogen and carbon elements exist in MT,; and result in the visible light photocatalytic
activity of MT,;. The observed reaction rate of decolorization of methyl orange is 0.0026 min~!.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Titanium dioxide is currently the most popular semiconductor
in the field of clean hydrogen energy generation and recalcitrant
organic pollutant degradation [1-4]. This is due to its effectiveness,
cheapness and chemical stability [5,6]. However, some work
should be done in the following two aspects before widespread
adoption of TiO,. The first aspect is to narrow the band gap of
TiO,, which is so wide that it can only be activated by UV light
(about 3-5% of solar light). Some strategies such as metal doping
[7,8] nonmetal doping [9-11], transition metal compound or dye
sensitizing [12-14], have been used to extend the optical response
into the visible region. The second aspect is to synthesize TiO,
with large-dimension shape. Most of research efforts have focused
on nanostructure TiO, powders [15-17]. However, in most cases,
it is difficult to recover the powders during application, which
causes the catalyst loss. Therefore, the strategy of immobilizing
TiO, powder on the substrates with large-dimension shapes,
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such as film [18,19], fiber [20] and fabrics [21] has been used.
Oxidizing titanium plate via anodic or peroxide to obtain nanotube
or nanowire TiO, film [22-24] is another important method.
However, generally substrate would decrease the mass transfer
efficiency, therefore free-standing porous TiO, with shapes in
large length scale is a favorable alternative. The synthesis of porous
monolithic TiO, [25,26] has been reported and attracted increasing
attention. The monolithic shape makes it easy to separate and
recover TiO, during application and the porous structure could
facilitate the mass transfer during reaction.

Sol-gel method is usually used for the synthesis of metal oxide
monolith [27,28]. And only several reports about synthesis of
monolithic TiO, through sol-gel method have been presented
[26,29]. It is because that the high reactivity of titanium alkoxides
makes it hard to control structure development during hydrol-
ysis and condensation [25]. Capillary pressure formed during
drying treatment makes it hard to synthesize intact monolith
[30]. Although supercritical drying [30-32] and controlled solvent
evaporation [33,34] are used to weaken the effect of capillary pres-
sure, the respective rigorous condition requirement and long time
requirement (longer than 30 days) make these techniques not con-
venient. To the best of our knowledge, only Konishietal.[25,35] and
Backlund et al. [36] have synthesized intact monoliths via drying
under atmosphere and in vacuum within 7 days, respectively. Here,
we report the synthesis of visible light responsive C,N-modified
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porous monolithic TiO, through sol-gel route accompanied by
phase separation and in situ C,N modification. The starting solu-
tion composition was optimized, the monolith was characterized
and its photocatalytic performance was studied.

2. Experimental
2.1. Sample preparation

Visible light responsive C,N-modified monolithic TiO, was syn-
thesized via sol-gel method accompanied by phase separation and
in situ C,N modification. In a typical procedure, 4.5 mL of acetylace-
tone was added in 15 mL of tetrabutyl titanate (Ti(OBu)s) under
modest stir and the mixture was named A solution. Another solu-
tion named B solution composed of 1.86 mL of concentrated HCl,
0.87 mL of formamide and x mL of water was made. The amount
of water used in B solution depends on the molar ratio of water to
tetrabutyl titanate (f). Both A solution and B solution were prepared
in ice bath. B solution was added dropwise into A solution under
modest stir in ice bath. The resulted solution was stirred for 5 min
and then poured into tubes and allowed to gel at 30 °C. Then the gel
was aged at 30°C for 24 h and dried in oven at 60 °C for 7 days. And
the dried gels were calcined at 350°C for 1h in air. The obtained
monolithic TiO, prepared with different molar ratios of water to
tetrabutyl titanate is named MTy.

2.2. Characterization

The morphology of the sample was observed by a FEI SIRION
200 field emission scanning electron microscope (FESEM) (FEI).
The specific surface area and pore size distribution were measured
using a Nova 100 (Quantachrome Instruments) with nitrogen as the
adsorption gas. The following characterizations were used for the
powders of monolithic TiO,. X-ray diffraction (XRD) analysis was
performed on a Rigaku D/Max-2200/PC X-ray diffractometer. X-ray
photoelectron spectroscopy (XPS) measurements were carried out
on a RBD upgraded PHI-5000C ESCA system (PerkinElmer). UV-vis
diffuse reflectance spectra (DRS) were recorded on a TU-1901
UV/vis spectrophotometer (Beijing Purkinje General Instrument
Co., Ltd., China) and converted from reflection to absorption by the
Kubelka-Munk method. Fourier transform infrared spectroscopy
(FTIR) was recorded on an IR Prestige-21 system (Shimadzu Cor-
poration, Japan). The carbon and nitrogen element contents were
studied by a Vario EL IIl elemental analyser (Elementar, Germany).

2.3. Photocatalytic activity

Three kinds of systems are used for the photoactivity evalua-
tion. In the first kind of test system, optical system is composed
of a 1000 W xenon lamp and a cutoff filter (A >400 nm). MT; was
ground into powder. In a typical test, 0.05 g of catalyst powder was
added into 50 mL of methyl orange solution (12 mg/L) to get a sus-
pension, then the suspension was treated with ultrasonic for 5 min.
Subsequently the light was switched on, and samples were taken,
separated and analyzed at regular time intervals. The experiment
without irradiation was also conducted in order to test the adsorp-
tion performance of MT; powders. In the second kind of test system,
the same optical system was used. Acetone was filled into a 20 mL
reaction tube containing 0.142 g of intact MT; to make the concen-
tration of acetone in the tube 1 mg/L. The reaction tube was put in
the dark for 1 h. The sample was taken and analyzed after 1 h irra-
diation by light perpendicular to the axis of reaction tube. In the
third kind of test system, optical system is composed of a 300 W
xenon lamp and a cutoff filter (A >400 nm). In a typical test, 0.061 g
of intact MT; was added into 10 mL of 12 mg/L methyl orange solu-
tion. Air is used to stir the solution. The solution with catalyst was

stirred in dark for 15 min. Then the light was switched on, and
the sample was taken and analyzed. The concentration of methyl
orange and acetone were monitored with UNICO UV-2101 spec-
trometer at 464 nm and GC-2010 (Shimadzu Corporation) with a
flame ionization detector, respectively.

3. Results and discussion
3.1. Morphology and photoactivity of MTy

3.1.1. Morphology and element analysis of MTg

The starting compositions with molar ratio f ranging from 12
to 30 have been used to synthesize MTy. And it is found that MTy
prepared with f around 22 shows no cracks and possesses rela-
tive strong mechanical strength. SEM images of MT; prepared with
f=21, 22, and 23 are shown in Fig. 1. The inset graph of Fig. 1b is
the digital picture of MT,,. And the SEM images with higher mag-
nification clearly show the existence of disorder macropores. The
carbon and nitrogen contents were analyzed by elemental analy-
sis. The results are shown in Table 1. The nitrogen contents of MT»;
and MT>; are almost the same and lower than that of MT53, and the
carbon contents of MTy increase in the order MTp; < MTpq < MTp3.

The successful synthesis of porous monolith in this study might
be due to the starting solution composition. Acetylacetone is
employed as the chelating agent to control the hydrolysis and
condensation rate of titanium alkoxides [37]. HCl is used to gen-
erate strong acidity of solution, under which acetylacetone ligand
of chelate complex could be protonated and then dissociated.
This reaction could enhance hydrolysis and polycondensation of
chelate complex forming edge-sharing chains and 3D structures
[37]. Formamide is used to control pH value and phase separation
during synthesis of MTy. Konishi et al. [25] have reported the
effect of formamide on the porous structure of as-synthesized
monolith in detail. The gradual pH increase caused by formamide
during reaction would accelerate the polycondensation reaction.
The phase separation induced by formamide would result in
the formation of macropores and mesopores. Water is also used
to control the phase separation tendency and then affects the
structure of obtained monolith [25].

3.1.2. BET specific surface area and pore structure of MTy

The nitrogen adsorption-desorption isotherms are shown in
the inset graph of Fig. 2. The pore size distribution is calculated
from desorption branch of nitrogen isotherm by the Barrett-Joyner-
Halenda (BJH) method (Fig. 2). MT,; and MT,, possess pores
centering around 3.6 nm and 3.2 nm, respectively. However, MT,3
possesses mainly two kinds of pores centering around 3.6 nm and
4.8 nm, respectively. The BET specific surface area of MT,1, MTy;
and MT,3 are 180m?/g, 361 m?/g and 145 m?2/g, respectively. This
result suggests the great effect of molar ratio f on the specific sur-
face area and mesopore size distribution of MT;. Combining the
nitrogen adsorption-desorption analysis and SEM analysis, it can
be seen that both macropores and mesopores exist in the MTy.

3.1.3. Photocatalytic activity of MT¢

The photocatalytic activities of MT; powders and intact
MT; have been studied using methyl orange as the model
pollutant. The inset graph of Fig. 3 shows that the adsorp-
tion performance of MT; powders decreases in the order

Table 1

Carbon and nitrogen elements content of MTy.
MTy MT>, MT3, MT>3
Carbon content (w%) 2.102 1.870 2.131
Nitrogen content (w%) 1.028 1.034 1.132
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Fig. 1. SEM images of monolithic TiO,: MT,; with magnification of 5000x (a); MT,, with magnification of 1000x (b); (inset is digital graph) and 5000x (c); MT3 with

magnification of 5000x (d).
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Fig. 2. BJH pore size distribution plots and N, adsorption-desorption isotherms
(inset) of monolithic TiO; MTy: (a) MTay, (b) MTp;, and (c) MTps.
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Fig. 3. Degradation of methyl orange with powders of (a) MTz1, (b) MT22, (c) MTa3,
and (d) P25 in the first kind of test system. Inset is adsorption of methyl orange with
powders of (a) MT21, (b) MT,z, (¢) MTa3, and (d) P25 when the balance of adsorption
and desorption is reached (1 g/L catalyst, 12 mg/L methyl orange).

MT,, powder > MT,; powder > MT,3 powder, and the order is the
same as that of specific surface area. This can be considered that
the adsorption performances of MT; powder might be affected
by specific surface area and structural, crystalline properties of
particles consisting MTy. However, Fig. 4 shows a different adsorp-
tion performance of intact MTy, which decreases in the order
intact MT5; >intact MT,3 >intact MT>q. This difference between
MT; powder and intact MTy suggests the effect of porous struc-
ture on the adsorption performance of intact MT;. The porous
structure also plays an important role in the photocatalytic activ-
ities of MTy. This might be approved by the different reaction rate
orders of MT; powders and intact MTy. The photocatalytic perfor-
mance of MT; powders and intact MT; in degradation of methyl
orange decreased in the order MT,; powder (0.0491 min~1)>MTy;
powder (0.0440 min—!)>MT,3 powder (0.0300min~!) (Fig. 3)
and in the order intact MT,, (0.0026min~!)>intact MT>;3
(0.0023 min~1)>intact MT,; (0.0020 min~1') (Fig. 4), respectively.
The data in the parentheses represents the observed reaction rate
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Fig. 4. Degradation of methyl orange with intact (a) MT,;, (b) MT2,, and (c) MTa3
and adsorption of methyl orange by intact (d) MTa1, (e) MT2z, and (f) MT»3 without
irradiation in the third kind of test system (6.1 g/L catalyst, 12 mg/L methyl orange).
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Fig. 5. XRD pattern of monolithic TiO; MTy,.

constant calculated based on the best linear fit to the data. A 39.9%
reduction of acetone was observed during degradation of acetone
with intact MT,, after 1 h visible light irradiation. It indicated that
MT,; could not only degrade methyl orange but also degrade ace-
tone. And MT>; has been chosen for further analysis because of its
highest photocatalytic performance.

3.2. Characterization of MT>,

3.2.1. Phase structures

Fig. 5 shows the XRD pattern of MT,, powder. All diffraction
peaks are indexed to pure anatase phase of TiO, (JPCDS Card:
84-1286). The crystallite size is calculated with Scherrer formula
according to the full width at half-maximum of the (101) peak:
grain size, d=0.91/( B cos 8), where 0.9 is the apparatus constant, A
is the characteristic X-ray wavelength applied (0.1545 nm) and S is
the half width of the peak at the 26 value. The average particle size
is 7.8 nm.

3.2.2. FTIR study

The FTIR spectrum of MT,, powder is shown in Fig. 6. The
spectrum is analyzed according to the Sadtler handbook database
supplied by KnowItAll software if there is no specific illustration.
The broad band between 3100cm~! and 3600cm~! is ascribed
to the O-H stretching vibrations of surface hydroxyl groups
and molecularly adsorbed water [38]. A strong band between
1550cm~! and 1680 cm~! can be seen. This band could be ascribed
to the H-O-H bending vibrations of the molecularly adsorbed water
(around 1620cm~1) [39], N-H deformation vibration of amines
(1650-1550 cm~1, broad medium strong), NH3* asymmetric defor-
mation vibration (1625-1560 cm~1) and N=O stretching vibration
(1621-1539cm1). The existence of N=0 bond could be excluded
according to the following XPS study. And the absence of N-H
deformation vibration out of plane (900-650cm~!, broad strong)
and NH3* stretching (3200-2800 cm~!, broad strong) suggest that
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Fig. 6. FTIR spectrum for monolithic TiO; MT;.
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Fig. 7. UV-vis absorption spectra of (a) monolithic TiO, MT,; and (b) P25.

amines and amine salts do not exist in MT,,. Therefore the band
is inferred to be the H-O-H bending vibrations of the molecularly
adsorbed water.

3.2.3. UV-vis diffuse reflectance spectra

UV-vis diffuse reflectance spectrum of MT,, powder is recorded
using BaSO4 as a reference (Fig. 7). Then the reflectance spectrum is
converted into equivalent absorption spectrum by using Kubelka-
Munk function (F(Rs) [40]: F(Rs)=(1 —Rs)?/2Rs = (absorption
coefficient)/S (scattering coefficient), where Ro = Rsampie/RBaso,.
Rsample is the reflectance measurements of MT; powder and P25
and Rgaso, is the reflectance measurement of BaSOy.

MT5,, shows strong absorbance in visible light region as well as
ultraviolet light region and P25 shows negligible absorbance in vis-
ible light region. The indirect band-gap energy of MT5, is estimated
according to the intercept of the tangent in the plot of (F(Rs )hv)1/2
versus photon energy (hv). The band-gap energy is 2.78 eV with the
threshold wavelength about 446 nm, which is much narrower than
that of P25 (about 3.2 eV) [41]. This indicates that the as-prepared
MT,;, can be excited by the visible light, which has been proved
by the decolorization of methyl orange and degradation of acetone
(Section 3.1.3). The long tail in the region with wavelength larger
than 446 nm is also observed, indicating the presence of surface
modified species.

3.2.4. XPS studies

Fig. 8 shows the XPS spectra of MT,, powder. The high resolu-
tion core-level spectra of these elements were recorded to further
investigate chemical states of these elements. The binding ener-
gies were all calibrated by using the contaminant carbon at binding
energy of 284.6eV. The XPS spectra of Ti2p and O1s are shown in
Fig. 8a and b. The peaks at 458.3 eV and 463.8 eV are ascribed to
the Ti2p3/2 and Ti2p1/2 of TiO, [42]. The peaks at 529.5eV and
531.0eV are attributed to the bulk O, from TiO, and —-OH adsorbed
on the surface of MT»;, respectively [42].

The high resolution C1s core-level XPS spectrum is shown in
Fig. 8c. It can be seen that there are two peaks at 284.6eV and
287.3 eV. The peak at 284.6 could be attributed to the adventitious
carbon contamination and the peak at 287.3 eV can be assigned to
the C-0 bond [43]. This could be either from the carbon in the TiO,
lattice or on the surface of TiO,.

Fig. 8d shows the high resolution N1s core-level XPS spectrum,
which could be deconvoluted into three peaks (396.1eV, 398.7 eV
and 399.7 eV). The peak at 396.1 eV could be ascribed to the sub-
stitutional nitrogen for oxygen atom [44,45]. Although the peak at
398.7 eV could be assigned to NH3 [46], considering the results of
FTIR study, we tentatively ascribe this peak to the O-Ti-N link-
age [47]. Peak at 399.7 eV can be attributed to the chemisorbed N,
molecules on MT,; [45,48].
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Fig. 8. XPS spectra for monolithic TiO; MTa;: (a) Ti2p, (b) O1s, (c) Cl1s, and (d) N1s.

Based on the above analysis, it is inferred that substitutional
nitrogen for oxygen exists in the TiO, lattice of MT,,, and accounts
for the band gap narrowing of TiO,. It is hard to make clear whether
the interstitial carbon and nitrogen exist in the TiO, lattice. How-
ever, we can infer that some compounds containing nitrogen or
carbon form on the TiO, surface and induce the long absorption
tail in UV-vis spectrum [49]. Moreover, according to the result on
photocatalytic activity tests, the photocatalytic and adsorption per-
formance of MT,; powders are much larger than the intact MT55,
although the former dosage is even lower. It can be understood that
exposing inside surfaces and pores after ground into powders, the
effect of water surface tension inhibiting mass transfer of methyl
orange toward catalyst surface can be overcome. And in a dynamic
reaction system for water purification, the porous monolithic TiO,
is expected to be more applicable.

4. Conclusion

Visible light responsive C,N-modified TiO, monolith was suc-
cessfully synthesized via template-free sol-gel method. This
method is simple and cost effective. Considering the effect of
acetylacetone used in this study on controlling the hydrolysis and
polycondensationrate of tetrabutyl titanate, it is possible to synthe-
size TiO, monolith by use of other kinds of titanium alkoxides. The
visible light photoactivity of as-synthesized TiO, monolith facili-
tated the application of TiO, monolith in a wider scope.
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