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Abstract

Visible-light-activated C-modified anatase titania films have been synthesized from TiCl, and carbonic ink by using the sol-gel route.
The synthesized photocatalysts were characterized by X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), scanning
electron microscopy (SEM), atomic force microscopy (AFM) and optical measurements. The modifying carbon not only produces
homogeneous worm-like structure with uniform pores, but also extends the absorbance spectra of the as-prepared films into visible
region. The results of visible-light-induced degradation of methyl orange (MO) show that the C-modified titania films exhibits much

higher photocatalytic activities than that of pure titania film prepared at the same conditions.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Titania has been widely used and explored as a photo-
catalytic material since it is nontoxic, chemical stable,
inexpensive, and has favorable optoelectronic property.
However, there have been two typical deficiencies for using
of this photocatalyst. First, it is difficult to separate suspended
TiO, at the completion of each reaction cycle. Second, TiO,
can work only under ultraviolet (UV) light due to its wide
bandgap of 3.0-3.2eV, which means only ~4% of the
incoming solar energy on the surface can be utilized. As for
the first problem, it could be avoided by using the TiO, films
immobilized on substrates [1,2]. In addition, many attempts
have been made to improve the optical response of TiO, under
visible light excitation. In recent years, nonmetal doping of
TiO, rekindled a great interest in visible light catalysis since the
report of the work of Asahi et al. in 2001 [3-7].

Carbon doping was considered to be one of the methods
to lower the band gap of TiO, and the consequent high
photocatalytic activity for degradation of organics under
visible light illumination. C-modified or C-doped TiO,
could be synthesized by various techniques, such as
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hydrolysis [8], sol—gel [9,10], carbonization under CO gas
or ethanol environment [11,12], oxidative annealing of TiC
[13,14], magnetron sputtering [15,16]. Chemically modified
n-type TiO, [4] was synthesized by using controlled
combustion of Ti metal in a natural gas flame, and the
resulting photocatalyst could absorb UV and most of the
visible light <535 nm. Lettmann et al. [17] prepared porous
n-TiO, from titanium alkoxides by a sol-gel process
followed by calcination. Irie et al. [13] have synthesized
C-doped anatase TiO, powders by oxidative annealing of
TiC under O, flow at 600°C. Their catalysts showed
visible-light-induced photocatalytic activities for the de-
composition of 2-propanol to CO, via acetone.

In the present work, we prepared anatase C-modified titania
films by dip-coating method. The visible-light-induced catalytic
activities of C-modified titania films were evaluated by the
decomposition of methyl orange (MO) aqueous solution.

2. Experimental details
2.1. Samples synthesis

C-modified anatase titania films were prepared by dip-
coating route. In a typical procedure, 6 mL TiCl (Sinopharm
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Chemical Reagent Co. Ltd, China) was added dropwise
into 500 mL distilled water dispersed with carbonic ink
(Boss Enterprise, Guizhou, China) in an ice-water bath
under strong magnetic stirring. After stirring for 30 min,
the pH of this black acidic solution was adjusted to ~7 by
dropwise addition of diluted ammonia solution (1:9). After
stirring at this pH for 24 h, the obtained blue precipitate
was filtered and washed thoroughly with distilled water
repeatedly until C1™ ions were not detected. The precipitate
was then dispersed in 400mL of distilled water by
sonication and 45mL of H,O, (30%) was added dropwise
into this mixture under stirring. The resulting solution was
heated in a Teflon-lined stainless-steel autoclave at 100 °C
for 6h. Finally, the uniform, stable, and yellow brown
transparent titania sol with anatase crystals was obtained,
which was used to prepare films. A series of C-modified
titania films were prepared by changing the dosage of
starting carbonic ink: they were designated as TCx, where
“x” represents the dosage of carbonic ink (mL). The
obtained sol can maintain homogeneous dispersion for
more than 2 years without sedimentation and delamination
phenomena. Table 1 shows the preparation condition
together with other physicochemical data. Comparatively,
light white transparent TiO, sol with anatase phase was
also prepared without addition of carbonic ink.

Glass slides were used as substrates. Before the deposi-
tion, substrates were ultrasonically cleaned in acetone and
absolute ethanol for 30min, respectively. Films were
deposited on substrates by a dip-coating process. Sub-
strates were immersed into the C-modified or unmodified
titania sol for 30 s and upon withdrawing from the sol with
a dip-coating rate of 1-2 mmy/s, the substrates were dried at
60°C. C-modified titania layers on substrates were
thickened by means of consecutive 15 and 50 dip-coating
cycles, respectively. Finally, the former films were annealed
at 500 °C for 5h in air and the latter at 400 °C for 3h in
argon with a ramp of 3 °C/min.

2.2. Samples characterization

The X-ray photoelectron spectroscopy (XPS) measure-
ments were performed on an ESCALAB MK II spectro-

Table 1

meter (VG Scientific Ltd., UK) with non-monochromatic
Al Ko X-ray (1486.6eV). The pressure in the chamber
during the experiments was less than 10~¢ Pa. The analyzer
was operated at 50eV pass energy for high-resolution
spectra and 100 eV for survey spectra. The binding energy
of the C 1s line (284.6¢V) was taken for calibrating the
obtained spectra. Background subtraction and peak fitting
was performed using a public XPS peak fit program
(XPSPEAKA4.1 by R. Kwok). Recorded spectra were fitted
using Gauss—Lorentz curves and the Lorenz—Gauss ratio
for each Ti, O and C species was kept constant.

The crystalline structure of the C-modified titania
powders dried from sol was identified by X-ray diffraction
(XRD) (D/MAX-BA, Rigaku, Japan) measurements using
Cu Ko (A = 0.15418 nm) radiation at 40kV, 50 mA in the
20-70° 20 angle range. Apparent crystal size (ACS) was
estimated through Scherrer’s formula [18]:

Rz
~ Bcos 0’

where D is the crystallite size (nm), k is the apparatus
constant taken as 0.89, 4 is the wavelength of Cu Ko line
(1.5418 A), 0 is the Bragg’s angle(°) and f is the width of
the diffraction peak at a half-maximum of intensity (rad)
planes of anatase.

The morphologies of the films were observed on an
atomic force microscopy (AFM) (Digital Instrument’s
Nanoscope 1V, Veeco, America) and a Hitachi S-4800 FE
SEM (Hitachi Ltd., Japan) at an acceleration voltage of
10kV. All measurements were made with similar tempera-
ture and humidity conditions.

Both of the total spectral transmittance (7;) and
reflectance (R;) of C-modified titania films were recorded
using an NKD-7000 W system spectrophotometer (AQUI-
LA, Britain). Spectral absorption (A4;) was obtained from

A, =1-T; —R,. ©)

(1

2.3. Photocatalytic decomposition of MO

Visible-light induced photocatalytic activity of the as-
prepared photocatalysts was evaluated by the degradation

Preparation condition, crystal size and XPS analysis for different C-modified titania films

Sample Ink® D°rp D Arm XPS: Binding energies of Ti 2p, O ls and C ls (eV) (atomic content, at%)
(mL) (nm) (nm)
Ti2p O ls Cls
0>~ O-H cC Cc-o C=0
TC1 1 7 20 458.2 (22.3) 529.4 (42.7) 531.4 (12.8) 284.6 (12.9) 286.9 (6.6) 289.1 (2.7)
TC2 2 8 22 458.1 (21.8) 529.3 (40.6) 531.2 (16.4) 284.6 (16.3) 286.8 (2.1) 288.4 (2.8)
TC3 3 7 24 458.8 (22.9) 529.8 (41.1) 531.7 (11.2) 284.6 (15.8) 286.1 (7.5) 288.4 (1.5)
TC4 4 6 28 458.6 (22.3) 529.9 (41.4) 531.8 (9.2) 284.6 (18.4) 286.3 (7.3) 288.9 (1.4)

“Dosage of starting carbonic ink.
bCrystal size from XRD (nm).
“Grain size of films (annealed at 500 °C in air) from AFM.
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of MO aqueous solution in a Pyrex glass vessel
(45 x 45mm?). The films (43 x 43mm?) were placed at
the bottom of the reaction vessel, and 12mL of MO
solution with 10 mg/L of concentration was added into
the vessel, exposed to a high pressure Hg-light (125 W) with
the UV cut-off filter. The UV cut-off filter was placed
between the beaker and light source to exclude UV
radiation under 420 nm. The light intensity at 420 nm on
the surface of the MO solution was identified as
197uWem ™2 At the end of the irradiation time 3mL
MO solution was taken, and the relative concentration is
determined through a UV-1601 UV-vis spectrophotometer
(Rigaku, Japan) by measuring the absorption spectral
change of MO [19].

Cls
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C

L S B B I I B —
278 280 282 284 286 288 290 292 294

3. Results and discussion
3.1. XPS analysis

The XPS measurements were carried out to study the
chemical state of the C-modified titania photocatalysts.
Fig. la—c illustrate the high-resolution and curve fittings of
C 1s, Ti 2p and O 1s XPS spectra taking on the surface of
different C-modified titania films dip-coated for 50 cycles
and annealed at 400 °C for 3 h in argon.

It can be seen that the C ls spectra span over a broad
energy range from 291 to 281 eV, which can be well fitted to
three peaks. The first peak at 284.60¢V is assigned to the
active carbon from carbonic ink or adventitious carbon
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Fig. 1. High-resolution XPS spectra of C 1s (a), Ti 2p (b) and O 1s (c) on the surface of C-modified titania films prepared with starting carbonic ink of
(A) ImL, (B) 2mL, (C) 3mL and (D) 4mL. The films were dip-coated for 50 cycles and annealed at 400 °C for 3h in argon.
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contamination adsorbed from the atmosphere. The second
and the third peaks at 286.1-286.9 and 288.4-289.1¢V can
be attributed to C-O and C = O bonds, respectively [20].
Hashimoto et al. [13] observed C ls XPS peak at 281.8eV
and they assigned this C 1ls XPS peak to Ti—C bond in
carbon-doped anatase titania by substituting some of the
lattice oxygen atom by carbon. Kamisaka et al. suggested
that cation-doped carbon atoms formed a carbonate-type
structure by theoretical calculation [21]. Jin et al. [22]
synthesized carbon-sulfur-codoped TiO, and viewed the
XPS signals at 281.8 and 282.6 as Ti—C bonds, and that at
285.6¢V as clemental carbon, and two peaks at 288.8 and
289.8eV as carbonate species. Li et al. [23] prepared C-
doped titania by temperature-programmed carbonization
of K-contained anatase titania under a flow of cyclohexane
and they attributed the peak at 288.2¢eV as the presence of
one kind of carbonate species. However, according to the
literature [24], the XPS peak at 288.6¢V indicated the
presence of C—O bonds and carbon might substitute for
some of the lattice titanium atoms and form a Ti-O-C
structure. Two kinds of carbonate species present in our
case, which are similar with that reported by Sakthivel et
al. [20,25]. The results by curve fitting are shown in Table 1.
The total surface carbon concentration in our sample
increased on the whole with the increasing dosage of
starting carbonic ink, which was estimated by XPS to be as
high as 27.1%.

The XPS spectra of Ti 2p and O 1s regions were also
shown in Fig. 1b—c. Fig. 1b reveals the characteristic
doublet Ti 2p3;, and Ti 2p;, at 458.1-458.8 and
463.8-464.4¢V, respectively. The area ratios of the two
peaks, A(Ti 2ps;»)/A(Ti 2p, ), are equal to 2.0+0.2 and the
binding energy (BE) difference, Ey(Ti 2p,2)-En(Ti 2p3)2), is
5.6-5.7¢eV. All of these values indicate that Ti exists in the
Ti** form [26] on the surface of C-modified titania films.
The high-resolution XPS spectrum of the O ls peak is
shown in Fig. lc. It consists of a main peak at
529.3-529.9¢eV and a shoulder at 531.2-531.8 eV, which
can be assigned to bulk O*~ from TiO, and ~OH adsorbed
on the surface of as-prepared film, respectively [27]. Table 1
also summarizes the titanium and oxygen concentrations
detected by XPS for the C-modified titania films. As
indicated in Table 1, oxygen is deficient in a stoichiometric
ratio.

3.2. Crystal structure

Fig. 2 shows the XRD patterns of the dried C-modified
titania powders from sol prepared at 100 °C. The diffrac-
tion peaks at 20 = 25.15°, 37.79°, 47.75°, 54.15°, 62.67°
correspond tothe (101),(103,004and 112),(200),(105
and 21 1), (204) crystal planes of anatase, respectively [28]
(JCPDF Card no. 21-1272). All of the XRD peaks are not
so sharp as compared to the highly crystalline bulk titania,
which indicates the small crystal size of the dried C-
modified titania powders from sol. In fact, the particle size
calculated from Scherer equation is 7+ 1 nm, which is of

A
A

anatase phase

Intensity (a.u.)

20 30 40 50 60 70
2 Theta (deg.)

Fig. 2. XRD patterns for dried powders from C-modified titania sol.

nanoscale. Usually, the amorphous-anatase transformation
may complete in the temperature range from 250 to 400 °C.
All the results mentioned above, however, may inspire us
to develop low temperature methods to prepare nanoscale
nonmetal-doped TiO, photocatalysts with anatase phase.
Zhang et al. [24] have prepared visible-light-active carbon-
doped TiO, photocatalysts using glucose as carbon source
at 160 °C using a hydrothermal method. Recently, in our
team, F—-N-codoped and S—N-codoped titania powders
with high visible-light activity were also prepared at
temperature as low as 100 °C [29,30].

3.3. Morphological studies

Fig. 3 illustrates the topographic images obtained by
AFM measurements in tapping mode of C-modified titania
films (dip-coating for 15 cycles and annealing at 500 °C for
5h in air) surfaces (scanned area is 1000 x 1000 nm?) in
atmospheric air. The surface morphology of pure TiO, film
shown in Fig. 3a is obviously much different from that of
C-modified titania films. As for the C-modified titania
films, uniform, small and interconnected grains are
observed (Fig. 3b—e) and their dimensions vary in a narrow
range (20-30nm in diameter), with root mean square
surface roughness 5.0 + 1.0 nm. The analysis of grain sizes
from AFM is different from that from XRD of C-modified
titania powders dried from sol (Table 1), which indicates
that annealing of films influences the grain growth.
Furthermore, pores are distributed on the surface of C-
modified titania films. This homogeneous and porous
structure is also obviously observed on typical scanning
electron microscopy (SEM) images of C-modified titania
films shown in Fig. 4. It can be seen that all of the films
present quite similar worm-like structure with uniform
pores regardless the dosage of starting carbonic ink. The
pore size varied from 10 to 20 nm, which is typically the
mesoporous structure. This structure is undoubtedly
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Fig. 3. AFM top view images of different films dip-coated for 15 cycles and annealed at 500 °C for 5h in air: (a) TiO,; (b) TC1; (c) TC2; (d) TC3; (e) TC4.
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[

100nm

Fig. 4. SEM images of selected C-modified titania films dip-coated for 50 cycles and annealed at 400 °C for 3 h in argon: (a) TCI; (b) TC2; (c) TC3;

(d) TC4.

beneficial for the adsorption of organic molecular and thus
improves the photocatalytic activity.

3.4. Optical properties of C-modified titania

Fig. 5 shows optical data for unmodified and C-modified
titania films. It can be seen that the onsets wavelength for
absorption in C-modified titania films shift into the visible
region, while the onset of unmodified titania film is close to
the UV region. The interference-like pattern probably
originates from difficulties in measuring the total reflec-
tance [31]. Hashimoto and coworkers [15] synthesized
C-doped anatase titania thin films by magnetron sputtering
method, and they observed that the dopant carbons located
at the oxygen sites caused the shifts in both the absorbance
edge and shoulder to a longer wavelength region. In our
case, this shift was influenced by the modifying carbon
concentration. Lettmann et al. [17] found that pyrolysis of
alcohols led to highly condensed, coke-like carbonaceous
species embedded in n-TiO, matrix, which contributed to
absorption of light in the visible region and enhanced the
photocurrent response both in UV and visible region.
Khan et al. [32] synthesized carbon-modified (CM)-n-TiO,,
which absorbed well into the visible to near infrared region
up to 800nm and exhibited enhanced photocatalytic
activity for the degradation of 4-chlorophenol under visible
light illumination. From the results of Figs. 1 and 5, we
conclude that different from that of most literatures, the
visible light response is caused without the substitution of
oxygen by carbon, though the reasons should be further
studied.

Absorption

0.0 -~ T T T T T T T 1
400 500 600 700 800

Wavelength (nm)

Fig. 5. Spectral absorption for different C-modified titania films. The
films were dip-coated for 50 cycles and annealed at 400 °C for 3 h in argon.

3.5. Photocatalytic activity

The photocatalytic degradation of MO with as-prepared
films was detected by measuring MO absorption spectral
changes after 22 h visible light irradiation (Fig. 6). It can be
seen that the dosage of carbonic ink affects the photo-
catalytic activity. The visible-light driven catalytic activity
of various films is in the following order of: pure
TiO, <TC1<TC4<TC3<TC2. Among them, TC2 film
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Fig. 6. Absorption spectral changes of MO solution in the presence of
various films after irradiation by visible light for 22 h. The films were dip-
coated for 50 cycles and annealed at 400 °C for 3h in argon.

shows the highest photodegradation activity with a MO
conversion of 40.63%, which is much higher than that by
pure TiO, film (2.19%). Obviously, the visible-light
absorption of C-modified titania films revealed in Fig. 5
contributes to the visible-light induced catalytic activity.
Furthermore, C-modifying leads to the formation of
porous structure (Figs. 3 and 4), which benefits for the
adsorption of MO and thus improved the photodecompo-
sition. Finally, the surface hydroxyl detected by XPS was
as high as 16.4% for TC2 film annealed at 400 °C in argon
(Table 1). The Ti**—~OH" entities could be formed by a
surface hydroxyl trapping a hole, among which the OH"
radicals drive degradation reactions, which can eventually
lead to the decomposition of organic pollutants [33]. These
results indicate that C-modifying is an effective way to
improve the visible-light driven catalytic activity of TiO,-
based catalysts for decomposition of organic compounds.

4. Conclusions

C-modified anatase titania films have been successfully
prepared by using the sol-gel and dip-coating methods.
Compared with that of pure titania film, UV—vis absorp-
tion spectra of C-modified titania films show a shift
towards higher wavelengths. Carbon modifying also
produces uniform morphology with porous structure on
the as-prepared films. All these are beneficial for the high
photocatalytic efficiency for the decomposition of MO
under visible irradiation.
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