
S
h

G
a

N
b

a

A
R
R
A

K
M
C
T
S

1

i
d
o
e
s
n
w
[
p
a
a
l
i
c
p
[
b
t

1
d

Chemical Engineering Journal 160 (2010) 370–377

Contents lists available at ScienceDirect

Chemical Engineering Journal

journa l homepage: www.e lsev ier .com/ locate /ce j

ynthesis and characterization of carbon-modified titania photocatalysts with a
ierarchical meso-/macroporous structure

ao-Song Shaoa, Lei Liua, Tian-Yi Maa, Feng-Yun Wanga, Tie-Zhen Renb, Zhong-Yong Yuana,∗

Institute of New Catalytic Materials Science, Key Laboratory of Advanced Micro/Nanomaterials and Batteries/Cells (Ministry of Education), College of Chemistry,
ankai University, 94, Weijin Road, Tianjin 300071, PR China
School of Chemical Engineering & Technology, Hebei University of Technology, Tianjin 300130, PR China

r t i c l e i n f o

rticle history:
eceived 21 September 2009
eceived in revised form 3 March 2010
ccepted 4 March 2010

eywords:
eso-/macroporous

a b s t r a c t

Carbon-modified TiO2 photocatalysts with a hierarchical meso-/macroporous structure were prepared
through direct hydrolyzation of n-tetrabutyl titanate in the dodecylamine solution and subsequent
calcination under nitrogen atmosphere. The resulting photocatalysts were characterized by X-ray diffrac-
tion, scanning and transmission electron microscopy, nitrogen sorption analysis, X-ray photoelectron
spectroscopy, and UV–vis spectroscopy. A well-defined hierarchical macrochannel-like structure of
mesoporous nanoparticle assembly with a predominant anatase phase was observed in the synthe-
sized carbon-modified titania materials, exhibiting obviously high absorption in the wavelength range
arbon-modified
itania
olar photocatalysis

of 400–800 nm. It is revealed that carbon could not only substitute partly Ti in the form of Ti–O–C
bond but also substitute O in the form of O–Ti–C, besides amorphous interstitial carbon atoms were
synchronously introduced, benefitting the improvement of solar light photocatalytic activity. The syn-
thesized hierarchical carbon-modified titanias materials exhibited excellent photocatalytic performance
in the photodegradation of Rhodamine B dye, suggesting their promising potential as effective solar

c was
photocatalysts for organi

. Introduction

Solar energy utilization and conversion attract much current
nterest. Many efforts have been devoted on the photocatalytic
egradation of various organic and inorganic pollutants using solar
r artificial light irradiation [1–5]. Semiconductor TiO2 was consid-
red as an excellent photocatalyst for the chemical utilization of
olar energy [6–11], and doping with nonmetal elements, such as
itrogen, sulfur and carbon, was demonstrated to be an efficient
ay to promote titania-based photocatalyst sensitive to sunlight

12–16]. Carbon-doped titanias were even found to have higher
hotocatalytic activity than other doped ones under solar irradi-
tion [15–19], stimulating many investigations on the synthesis
nd photocatalytic applications of carbon-doped titania photocata-
ysts, though the mechanism of C-doping in titania for photoactivity
mprovement is still not totally clear, and different understanding
oncerning the state and type of modified carbon to account for the

hotocatalytic activity of the C–TiO2, such as substitutional carbon
14,17,18,20–22] (including Ti or O substitutional), interstitial car-
on [15,17] or carbon–titania composites [23–26], can be seen in
he literature.

∗ Corresponding author. Tel.: +86 22 23509610; fax: +86 22 23509610.
E-mail address: zyyuan@nankai.edu.cn (Z.-Y. Yuan).
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The improvement of the photocatalytic activities could be also
achieved by the structure modification of titania-based photocat-
alysts to have high specific surface area and large porosity [27,28].
Mesoporous carbon-doped TiO2 [17] and C–TiO2 nanocomposites
[24] have been reported, exhibiting significantly high pho-
tocatalytic activity. However, high-surface-area nanocrystalline
carbon-modified TiO2 with a hierarchical porous structure was not
reported yet to date, though the incorporation of light-harvesting
macroporous channels into a mesoporous titania framework has
recently been demonstrated to further increase its photocatalytic
activity [29–32]. Interesting optical properties and photocatalytic
activities in the visible light region have been observed in the
hierarchical meso-/macroporous N- and P-doped titania mate-
rials [29,32]. In this contribution, we report the synthesis of
carbon-modified meso-/macroporous titanias by a template-free
spontaneous formation process. Their textural and structural prop-
erties were characterized, and their photocatalytic activities were
evaluated under solar light-analog irradiation.

2. Experimental
2.1. Sample preparation

All chemicals were used as received, without further purifica-
tion. 10 mL of tetrabutyl titanate (Kermel, A.R.) was mixed with

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:zyyuan@nankai.edu.cn
dx.doi.org/10.1016/j.cej.2010.03.011
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.041, 0.082 or 0.164 g of dodecylamine (i.e. 2 × 10−4, 4 × 10−4 or
× 10−4 mol, in which the molar ratio of C atoms in dodecylamine
nd Ti atoms in tetrabutyl titanate (C/Ti) is 0.08, 0.16 or 0.32, respec-
ively) at 40 ◦C, which was then dropwise added into a solution of
5 mL ethanol and 5 mL distilled water under slow stirring. After
urther stirring for three or more hours, the mixture was trans-
erred into a Teflon-lined autoclave and heated statically in an oven
t 80 ◦C for 2 days. The product was filtered, washed, and dried,
hich was then heated in a tubular furnace under N2 atmosphere

t 2 K/min from room temperature to 500 ◦C and maintained at
00 ◦C for 6 h, followed by air-cooling to room temperature. The
ollected product was labeled as CxTi100 (x represents 100 times
f C/Ti molar ratio in the synthesis mixture, i.e. 8, 16 or 32). For
omparison, pure titania sample was prepared by the same method
ithout adding dodecylamine, and labeled as C0Ti100.

.2. Sample characterization

X-ray diffraction (XRD) patterns were collected on a Rigaku
/max-2500 diffractometer with Cu K� radiation, operated at 40 kV
nd 100 mA.

N2 adsorption–desorption isotherms were recorded on a Quan-
achrome NOVA 2000e sorption analyzer at liquid nitrogen
emperature (77 K). The samples were degassed at 200 ◦C overnight
rior to the measurement. The surface area was obtained by the
runauer–Emmett–Teller (BET) method, and pore size distribution
as calculated from the adsorption branch of the isotherms by the
arret–Joyner–Halenda (BJH) model.

Scanning electron microscopy (SEM) was taken on a Shimadzu
S-550 microscope at 15 keV. Transmission electron microscopy
TEM) was carried out on a Philips Tecnai G20 microscope, work-
ng at 200 kV. A trace amount of sample was dispersed in ethanol
olution by sonication for 10 min, and then deposited on a carbon-
oated copper grid, which was used as a TEM specimen.

Diffuse reflectance UV–vis absorption spectroscopy was
mployed on a JASCO V-570 UV–vis–NIR spectrophotometer over
he wavelength range of 200–1000 nm, using BaSO4 as a reference.

X-ray photoelectron spectroscopy (XPS) measurements were
erformed on a Kratos Axis Ultra DLD (delay line detector) spec-
rometer equipped with a monochromatic Al K� X-ray source
1486.6 eV). All XPS spectra were recorded using an aperture slot of
00 �m × 700 �m, survey spectra were recorded with a pass energy
f 160 eV, and high-resolution spectra with a pass energy of 40 eV.

.3. Measurement of photocatalytic activity

The photocatalytic activity of the prepared samples was eval-

ated by the degradation of Rhodamine B (RhB) dye. A 200-W
ungsten lamp was placed above a cylindrical vessel that sur-
ounded by a circulating water jacket to cool it. The wavelength
ange of the tungsten bulb is usually considered as 400–2500 nm,
hich could be used roughly as a substitution of the solar light

able 1
ummary of the physicochemical properties of the synthesized samples.

Sample SBET
a (m2/g) DBJH-ads

b (nm) Dave
c (nm) Vpore

d (cm3/g)

C0Ti100 103 5.8 5.9 0.15
C8Ti100 81 3.0 3.4 0.068
C16Ti100 69 2.4 3.3 0.055
C32Ti100 59 2.2 3.2 0.048

a BET surface area calculated from the linear part of the BET plot.
b Estimated using the adsorption branch of the isotherm by the BJH method.
c Average pore size calculated by the formula D = 4V/A, where A is surface area, V is the
d Single point total pore volume of pores at P/P0 = 0.97.
e Calculated by the Scherrer formula.
Fig. 1. The XRD pattern of the synthesized carbon-modified titania samples.

(wavelength range of about 380–2500 nm) for the solar light pho-
tocatalytic degradation process. 20 mg of the catalyst powder was
placed into a 100 mL of RhB aqueous solution (1 × 10−5 mol/L, pH
6), and the lamp was located at 10 cm higher than the solution. All
runs were conducted at ambient pressure and temperature. The
suspensions were magnetically stirred in the dark for 30 min to
ensure the establishment of an adsorption/desorption equilibrium,
and then exposed to the light irradiation at room temperature. At
given time intervals, about 5 mL of liquor was sampled, centrifuged
for 5 min to discard any sediment. The absorbance of reaction solu-
tions was measured using a SP-722 spectrometer at �max = 554 nm
for RhB dye.

3. Results and discussion

3.1. Crystal structure, morphology and porosity

The autoclaving of the hydrolysis product of tetrabutyl titanate
in the dodecylamine solution and the following calcination in the
nitrogen atmosphere resulted in the formation of blackish-brown
powders, and the XRD patterns of the synthesized CxTi100 samples
are shown in Fig. 1. The patterns of both pure and carbon-modified
titania materials show mainly anatase phase, besides very trace
quantities of brookite phase. No other phases such as carbon and TiC
were observed. The presence of the trace quantities of brookite may
benefit the photocatalytic performance of these materials, because
the previously reported mixed crystalline titania structures showed

outstanding optical properties [33–35]. A shift of the (1 0 1) peak
of anatase from 25.24◦ to 25.16◦ (2�) was observed in the carbon-
modified titania, suggesting the surface strain and lattice distortion
induced by the incorporation of carbon. A rough estimation of the

Crystallite sizee (nm) Lattice parameter (Å) Degradation rate of RhB (k)

a c

10.7 3.7788 9.6244 4.2 × 10−3

9.2 3.7862 9.6702 8.0 × 10−3

– – – 9.9 × 10−3

9.1 3.7936 9.8324 5.4 × 10−3

pore volume.
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Fig. 2. SEM images of the (a and b) undoped titania

rystalline particle size using the Scherrer formula [36] from the
1 0 1) peaks of anatase is listed in Table 1. It is seen that the aver-
ge crystallite sizes of the carbon-modified titanias are smaller than
he pure titania. This indicates that the carbon modification could
nhibit the growth of titania nanoparticles, in agreement with the
ase of some reported works [17,19], and the effect of carbon-
oping is more pronounced than that of other anion doping, such
s N-doping [19]. Based on Bragg’ law (2dsin � = �) and a formula
or a tetragonal system:

1
d2

= h2 + k2

a2
+ I2

c2

he lattice parameters of TiO2 samples were obtained and are listed
n Table 1. The lattice parameter of carbon-modified titanias in the
-axis is larger than that of pure TiO2 (C0Ti100) sample, indicating a
attice expansion along the c-axis due to the incorporation of carbon
toms. Under the carbonization process to replace oxygen atoms
ith carbon atoms, the oxygen vacancies and the interstitial carbon

toms would be formed, resulting in lattice mismatch and large
nternal stress, which might be the reason for the lattice parameter
hange in the synthesized carbon-modified titanias.

Fig. 2 shows the representative SEM images of the samples syn-
hesized with or without carbon modification, revealing a uniform

acroporous structure in all the samples. The macropores of pure
itania sample C0Ti100 are channel-like with the size of 1–2 �m
nd the length of 15–20 �m, and the macrochannels are mainly
f one-dimensional orientation, parallel to each other, perforative
hrough the whole monolithic particles. And careful examination
f these SEM micrographs reveals that the walls of the macropores
re composed of small interconnected granular particles, leaving
mall holes of 100–500 nm in the macropore walls. The carbon-
odified titania CxTi100 has the similar macroporous structure
ith the unmodified one, but less uniform, with the macropore

izes in the range of 1–1.5 �m and the length of up to around
0 �m.

The N2 adsorption–desorption isotherms and the correspond-

ng pore size distributions of the synthesized CxTi100 catalysts
re shown in Fig. 3, and their textural properties are listed in
able 1. The isotherms recorded for these materials correspond to
ype IV adsorption isotherms according to the IUPAC, which are
haracteristic of mesoporous materials [37,38]. The well-defined
00 and (c and d) carbon-modified titania C16Ti100.

hysteresis loops with a steep desorption branch and less steep
adsorption branch belong to the H2-type, indicating that the effec-
tive radii of the mesoporous bodies are heterogeneously distributed
and the effective radii of the narrow entrance are all of equal
size [39]. The pore size distribution curve of the C0Ti100 sam-
ple, determined by the BJH method from the adsorption branch
of the isotherms, displays one single distribution peak in the range
of 2–11 nm, centered at 5.9 nm. However, the pore size distribu-
tions narrowed after carbon modification, and the distribution peak
vertexes shifted to 3.4, 3.3 and 3.2 nm for the samples C8Ti100,
C16T100 and C32Ti100, respectively, indicating the effect of car-
bon modification on the mesoporosity of the resultant hierarchical
materials. Furthermore, with the increase of C/Ti ratio, the hys-
teresis loop tends to gradually reduce, even disappear, suggesting
the decrease of capillary condensation and the uniformization of
channel-like mesopores due to the effect of carbon-doping. Much
uniform mesoporous structures can be expected in the carbon-
modified titania samples, which might be the assistance effects
of surfactant dodecylamine during the formation of mesostructure
[40–42]. With the increase of the carbon content, the pore sizes and
the BET surface areas decreased, accompanied with the decrease of
the pore volume (Table 1), which may be the result of the existence
of the carbon species on the surfaces of the synthesized CxTi100
samples.

Such a uniform mesoporosity in these pure and carbon-modified
titania materials determined by the N2-sorption analysis was fur-
ther confirmed by the TEM observation (Fig. 4). The fine particulate
morphology between the macrochannels of pure and carbon-
modified titanias is clearly displayed on their TEM images in
Fig. 4, demonstrating that all the CxTi100 samples had a disor-
dered wormhole-like mesoporous structure that was formed by
the aggregation of nanoparticles with the size of about 10 nm. The
accessible pores are connected randomly, lacking discernible long-
range order in the pore arrangement among the small particles, in
well agreement with the N2 adsorption–desorption isotherms, as
well as low angle X-ray diffraction patterns that did not show any

significant diffraction peaks at 2� of 1–3◦ (not shown). The observed
mesoporosity is probably partly due to the intraparticle porosity
and partly due to the interparticle porosity [43]. Thus, the synthe-
sized carbon-modified titania catalysts have a porous hierarchy of
mesoporous–macroporous structure.
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the surface of C8Ti100, C16Ti100 and C32Ti100, respectively). This
ig. 3. (a) N2 adsorption–desorption isotherms and (b) the corresponding BJH pore
ize distribution curves of the prepared samples.

Since both pure titania and carbon-modified titanias have a hier-
rchical meso-/macroporous structure, and their synthesis process
as carried out in the absence of any templates, the formation
echanism of such meso-/macrostructures is followed by a spon-

aneous self-assembly process, as described previously [32,44–46].
he hydrolysis of Ti-alkoxide precursors in the dodecylamine
olution would result in the rapid formation of nanometer-sized
itanium oxide oligomer particles attached with dodecylamine

olecules. Meanwhile, many alcohol molecules were generated
uickly as by-product, which might produce microphase-separated
omains of dodecylamine-containing titania-based nanoparticles
nd water/alcohol channels that are the initiators and the driv-
ng force for the formation of the macrochannels. Those titanium
xide oligomers go on hydrolyzation and polycondensation into

he mesostructured dodecylamine-modified titania nanoparticles.
odecylamine surfactant-assisted synthesis of mesoporous oxides
as been reported elsewhere [40–42]. Thus, a hierarchical structure
f uniform macrochannels with mesopores walls of nanopar-
g Journal 160 (2010) 370–377 373

ticle assembly would form during the synergistic packing of
the nanoparticles and rapid release of alkanol molecules. The
subsequent calcination at nitrogen atmosphere can result in car-
bon incorporation in the titania framework of the hierarchical
meso-/macroporous structures, as well as the possible coke-like
carbonaceous species at the surface of titania nanoparticles. The
carbonaceous species also acts as a glue linking with the TiO2
nanocrystals by covalent bonds or the coordination between Ti
and HO–C groups [24], benefitting the nanoparticle assembly and
uniformization of mesopores.

3.2. Chemical structure and compositions

High-resolution XPS measurement was carried out to investi-
gate the carbon, titanium and oxygen state and relative carbon
content of the synthesized carbon-modified titania materials. Fig. 5
shows the Ti 2p, O 1s and C 1s XPS spectra of the CxTi100 samples,
and Table 2 lists the measured binding energies and the contents
of carbon atoms. In the Ti 2p spectra (Fig. 5a), the Ti 2p3/2 peak sit-
uated at 458.6 eV with a shoulder around 457 eV while the Ti 2p1/2
peak presented at 464.4 eV with a shoulder around 463 eV. The
main Ti 2p3/2 peaks at 458.6 eV and Ti 2p1/2 peaks at 464.4 eV are
characteristic of Ti4+ [47]. The shoulders of Ti 2p3/2 and Ti 2p1/2 at
around 457 and 463 eV, respectively, suggest that Ti3+ species were
formed in the carbon-modified titania, which could be attributed to
a partial reduction of Ti4+ to Ti3+ by carbon species under N2 atmo-
sphere. The emergence of Ti3+ species would result in the formation
of surface oxygen vacancies [15,48].

The chemical environment of Ti is significantly influenced by its
coordination environment. Compared with the binding energy of
pure TiO2 (459 eV for Ti2p3/2 and 464.8 eV for Tip1/2), the binding
energy of Ti4+ 2p in the carbon-modified titania samples is lower
than that in pure TiO2. This is the result from different electronic
interactions of Ti with anions, which causes partial electron trans-
formation from C to Ti and an increase of the electron density on
Ti because of the lower electronegativity of carbon compared with
oxygen (O > C). Therefore, the lower binding energy is also ascribed
to the forming of new bond O–Ti–C, where some oxygen was sub-
stituted partly by the carbon [20,21].

The XPS spectra of O 1s (Fig. 5b) could be mainly fitted into
three peaks. The binding energy at round 530.0 eV is ascribed to
the oxygen in Ti–O bonds [16,20,49], while the O 1s signal at
round 532.0 eV could be attributed as the hydroxyl groups or the
C–O bonds, deducing the existence of Ti–O–C bonds. An additional
peak at low binding energy of 528.0 eV, unambiguously ascribed
to the O atoms bonded with Ti3+ [50], is seen in the spectrum
of sample C8Ti100, but unconspicuous in the samples C16Ti100
and C32Ti100, suggesting that the Ti3+ contents in C16Ti100 and
C32Ti100 are smaller than that in C8Ti100.

The carbon states in the photocatalysts could be investigated
from C 1s core levels, as shown in Fig. 5c. Four peaks are observed
in the C 1s spectra of the hierarchical CxTi100 samples. The peak
at the binding energy of 284.6 eV is the strongest among those
fitted peaks and is thought to signal the presence of elemental car-
bon including the coke-like carbonaceous species at the surface
of titania nanoparticles, amorphous interstitial carbon atoms, as
well as adventitious carbon [15,17]. The peaks around 286.6 and
288.3 eV indicate the presence of C–N and C–O bonds [51]. The
nitrogen atoms in the C–N bonds might also be from the precur-
sor organic compound DDA, though the N contents in the resultant
CxTi100 photocatalysts are very low (0.15%, 0.35% and 0.52% on
suggests that carbon may substitute for some of the lattice tita-
nium atoms and form a Ti–O–C structure [15,17], as well as the
nitrogen doping in the synthesized C-modified titanias. Mean-
while, the peak around 282.8 eV could be assigned to O–Ti–C bond
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Fig. 4. TEM images of titania materials (a and b) C0Ti100 and (c and d) C16Ti100.

Fig. 5. XPS analysis of catalysts: (a) the Ti 2p spectrum, (b) the O 1s spectrum, and (c) the C 1s spectrum.

Table 2
Summary of the binding energy and the mass content of carbon atoms by XPS analysis.

Sample Ti 2p binding energy (eV) O 1s binding energy (eV) C 1s binding energy (eV) O/Ti C/Ti

[
t
e
a
i
f
t
c
w

C32Ti100 456.9 458.7 463.0 464.6 530.0 532.0
C16Ti100 457.0 458.6 462.9 464.4 529.9 531.9
C8Ti100 456.8 458.6 462.3 464.3 528.0 529.9

20,21] in carbon-modified titania by substituting some of the lat-
ice oxygen atom with carbon. Thus, four kinds of carbon species
xist: carbon, O–Ti–C, Ti–O–C and C–N, whose contents gradu-
lly reduce in order. The total surface carbon mass concentrations
n the samples C8Ti100, C16Ti100 and C32Ti100 were estimated

rom XPS spectra to be 23.6%, 25.5% and 37.5%, respectively. The
otal contents of carbon atoms (Table 2) are much larger than the
arbon source of dodecylamine added in the synthesis system,
hich may be the results that both dodecylamine and tetrabutyl
– 282.8 284.6 286.6 288.4 2.99 4.83
– 282.7 284.6 286.5 288.5 2.43 2.49

531.9 282.7 284.6 286.7 288.2 2.43 2.24

titanate itself, as well as the organic solvent in the synthesis sys-
tem, can be regarded as carbon precursors, all contributing the
carbon content in the resultant samples, though the adsorbed car-
bon pollution on the surface of samples cannot be excluded. Also
the XPS can only detect a very thin surface layer of the particles,

and the carbon species located on the surface of the samples are
much larger than that incorporated in the lattice of titania, giving
a presentational XPS data of large carbon content in the resultant
samples.
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Fig. 6. UV–vis absorption spectra of synthesized samples.

The presence of some carbon species in titania is proposed to
e responsible for the visible light photoactivity. However, the
hemical nature of the “carbon dopant” is still a matter of discus-
ion. Sakthivel and Kisch [18] believed that carbon modification
as cation doping, which was beneficial to improve photocat-

lytic activity. Ren et al. [17] reported that carbon substituted for
ome of the lattice titanium atoms to form new Ti–O–C bond.
owever, some other researchers [20–22] thought carbon substi-

uted for some of the lattice oxygen atoms. While Wu et al. [14]
bserved O–Ti–C and Ti–O–C bonds in their carbon-doped TiO2
anostructures, and believed carbon-doping was both cation and
nion doping. In the present meso-/macroporous CxTi100 samples,
s revealed from the XPS spectra, carbon could substitute partly
or Ti in form of Ti–O–C bond and could substitute partly for O in
he form of O–Ti–C, which is consistent with the case of Wu et al.
14]. Given the relatively small size of the C atom, Valentin et al.
52] also predicted that it is an unexpected stabilization and fea-
ibility induced by multidoping effects (Ti and O substitutional)
sing density functional theory calculations. Meanwhile, amor-
hous interstitial carbon atoms (or coke-like carbonaceous species
26,53]) were also embedded in CxTi100 samples, and/or on the sur-
ace of the TiO2 crystallites just like “coats”, which could contribute
o absorption of light in the visible region.

.3. Optical property and photocatalytic activity

UV–vis diffuse reflectance spectra of the pure and carbon-
odified titania are shown in Fig. 6. The onset of the absorption

pectrum of the synthesized pure meso-/macroporous titania
C0Ti100) appeared at about 400 nm. After carbon modification
ith different carbon contents, the color of samples changed from

rown into blackish-brown, and the resultant C-modified titanias
ppear to be quite different from unmodified titania with their dis-
inctly great absorption in the visible light region. The absorption
dges for C-modified titania samples shift greatly toward a larger

avelength (>800 nm). Such an absorption feature suggests that

he carbon-modified titanias can be activated by visible light. One
eason for the broad absorbance may be the existence of residual
arbon, though the effect of real carbon modification to extend the
dsorption to visible light range cannot be ignored. Xiao et al. [16],
Fig. 7. (a) The photoactivity of the catalysts CxTi100 for RhB photodecomposition
under tungsten bulb light irradiation; (b) a plot of ln (C0/C) versus the irradiation
time, showing the fitting results using the pseudo-first-order reaction.

Li et al. [15] and Yang et al. [51] prepared carbon-doped titania and
found these materials exhibited the new absorption at visible light
range, which can be ascribed to the presence of oxygen vacancy
state because of the formation of Ti3+ species, and the doping of
carbon state between the valence and the conduction bands.

The strong absorption in the wavelength of 420–800 nm corre-
sponding to the band gap of 2.95–1.55 eV should be related to the
formation of O–Ti–C [20–22] or Ti–O–C bands [17,18,51] or/and
presence of oxygen vacancy states due to the formation of Ti3+

species [15,16,51] which are located above the O 2p-based valence
band, besides the surface carbonaceous species. Yang and cowork-
ers [22] observed about 36 nm of red-shift in their C–TiO2 samples,
and the change of the spectra could be attributed to ca. 0.7 wt.%
carbon substitutions at oxygen sites. Wu et al. [14] found their
synthesized carbon-modified titania nanomaterials with narrow-
ing band gap showed a huge absorbance in the whole visible light
region. The band gap narrowing could be attributed to the substi-
tutional carbon for oxygen, which resulted in the upward shift of
the valence band top [14,52]. The long-tail absorption in the visible
region can be attributed to the existence of carbonate species [14].
Also it has another possible case that the mixed phase (anatase and
brookite) surface structures effectively reduced the band gap by
introducing some interface states in synthesized samples [54].
The photocatalytic activities of the obtained meso-
/macroporous carbon-modified titanias were investigated by
the degradation of RhB under tungsten bulb light irradiation, an
analog of solar light irradiation, and the results are shown in Fig. 7.
In order to make sure the important roles of catalyst, a blank
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xperiment (self-photosensitized process, in the absence of any
atalysts) was performed under identical conditions. As shown in
ig. 7a, self-degradation process is inactive, as evidenced by only
.7% of RhB degraded after 100 min of tungsten bulb light irradia-
ion. However, the degradation rate increased greatly after adding
atalysts. The RhB conversions of 61.2%, 53.7%, 40.9% and 33.7%
re obtained for the samples C16Ti100, C8Ti100, C32Ti100 and
0Ti100, respectively. The carbon-modified titanias have higher
hotocatalytic abilities than the pure TiO2. The activity of sample
16Ti100 is almost twice as high as that of pure titania C0Ti100.
trong light absorption has been observed in the carbon-modified
itanias, and larger red-shift of valence band produced due to
arbon-doping, compared with the case of other anion (such as N,
, etc.) doped titanias [19,55], which are all favorable to improve
he catalytic activity. Wang and Lewis [55] made a systematic study
bout anion-doped TiO2, and believed that carbon-doped TiO2 was
ery promising due to a significant overlap between the O 2p state
nd the carbon states near the valence band edge. Nevertheless, the
ample C32Ti100 has the highest carbon content in the prepared
arbon-modified titanias, but showed the lowest photocatalytic
ctivity, indicating that excessive carbon modification is disad-
antageous to the photodegradation of organic substrates. The
xistence of carbonaceous species at the surface for hierarchical
exTi100 photocatalyst lowered its photocatalytic activity due
o absorption of visible light by the carbonaceous species and
onsequently reduced the fraction of visible photons available
or the covered CexTi100 photocatalyst to generate electron–hole
airs [53]. It is important to note that it is photogenerated holes
hat are mainly responsible for the degradation of organics or the
hotocatalytic activity [53].

The photocatalytic degradation reaction can be assumed to fol-
ow a pseudo-first-order expression: ln (C0/C) = kt, where C0/C is the
ormalized organic compounds concentration and k is the appar-
nt reaction rate constant (min−1). The photocatalytic activity has
een defined as the overall degradation rate constant of the cata-

ysts. By plotting ln (C0/C) as a function of irradiation time through
egression (Fig. 7b), the k constant from the slopes of the simu-
ated straight lines is obtained, and listed in Table 1. The value of

increases from 4.2 × 10−3 to 8.0 × 10−3 and to 9.9 × 10−3 min−1

hen the C/Ti ratios in the catalyst synthesis system increased from
to 0.08 and to 0.16. However, further increasing the C/Ti ratio

n the catalyst synthesis system to 0.32, the k value decreased to
.4 × 10−3 min−1. It is noted that the k value of the catalyst C16Ti100

s nearly twice of that of previously reported nitrogen doped titania
5.3 × 10−3 min−1) [32].

Several reasons may account for the high photoactivity
f the hierarchical carbon-modified titanias. First, the syn-
hesized carbon-modified titania materials possess hierarchical

eso-/macroporous structures that could achieve highly orga-
ized functions. Macropores in mesoporous materials could give
nhanced properties due to increasing mass transport through the
aterial and maintenance of a specific surface area on the level of

ne system. Also the macroporous channels could serve as light-
ransfer paths for the distribution of photon energy onto the large
urface of inner photoactive mesoporous frameworks. Our previous
ork [32] has clearly certificated the effects of macrochannels by a

ignificant drop in photocatalytic activity of the catalyst with only
esoporous structure but without macrochannels. Second, after

arbon modification, the carbon was the gap-filling atoms and some
ew bonds formed, such as Ti–O–C or O–Ti–C, and the modifica-
ion results will inevitably form Ti3+, giving rise to a small number

f oxygen vacancies, which is beneficial to photocatalytic activ-
ty. Third, the framework of carbon modification titania has some
morphous carbon that could increase the adsorption capacity and
ight absorption as the sensitizer of the solar light, and also serve
s the scavenger of electrons to inhibit the recombination of the

[

[
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photogenerated carriers [23,56]. The photocatalytic performance
may also be ascribed to the synergistic effect that the amorphous
carbon adsorbs more organic substrates followed by a transfer to
the photocatalytic active titania surface for the decomposition of
organic molecules under solar light [23,57]. Fourth, the existence
of small quantity of brookite phase in the synthesized CxTi100 sam-
ples, forming a bicrystalline (anatase and brookite) structure, which
also benefit their photocatalytic activity [33–35].

4. Conclusions

Hierarchical meso-/macroporous carbon-modified titania
materials have been synthesized successfully without any tem-
plates, presenting the structural feature of bicrystalline (anatase
and brookite) phase, hierarchical porous structure, high-surface-
area and uniform mesopore size distribution. The incorporation of
carbon into the titania lattice was confirmed by forming Ti–O–C
and O–Ti–C bonds, besides amorphous interstitial carbon atoms
and surface carbonaceous materials. The strong absorbance in the
visible to near infrared region was observed in the synthesized
meso-/macroporous CxTi100 samples. Compared with undoped
titania, the synthesized carbon-modified titanias exhibited signif-
icantly higher photocatalytic activity in the photodegradation of
RhB under solar light-analog irradiation, suggesting their potential
in the solar light utilization for photodegradation of toxic organic
waste.
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