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This study aimed to develop an effective, environmentally benign composite catalyst composed of carbon materials and titanium
dioxide (TiO,). Carbon-doped titanium dioxide (C-TiO,) was prepared by coating TiO, onto macro-mesoporous carbon (MMC).
The structure, morphology and surface chemistry states of the C—TiO, were characterized by XRD, TEM, XPS, UV-vis and FTIR.
The photocatalytic activity of C-TiO, was evaluated based on the decomposition of an aqueous methyl orange solution in visible
light. C-TiO, significantly improved photocatalytic activity. A possible mechanism for the improvement of the photocatalytic
activity of C-TiO; in visible light was proposed. The results of the analysis suggested that MMC played key roles as the support,
absorbent, location of photo-generated electron transfer, and carbon-doping source during methyl orange photodegradation.

Keywords: Macro-mesoporous carbon; titanium dioxide; carbon doping; photocatalysis; mechanism.

Photocatalysis has made significant developments over the
past few decades as a result of greater understanding of
photocatalyst surface characteristics. Photoinduced charge
carriers can be used for a variety of catalytic applications.
Therefore, photocatalysis is an attractive method particularly
in the degradation of organic dye in wastewater. In various
photocatalytic products, the selective formation of a desired
photocatalyst remains imperative.

Titanium dioxide (TiO,) is an important semiconductor.' Its
use as a photocatalyst for many chemical reactions is one of its
most important applications. One example involves the reaction
of an organic dye in wastewater.” The TiO/ultraviolet (UV)
catalytic system has been widely investigated, and its photo-
catalytic mechanism is generally attributed to the creation of a
hole—electron pair upon UV irradiation.®* The hole can migrate
to the surface and react with an OH™ group or O, absorbed on

**Corresponding authors.

the catalyst surface to produce a hydroxyl radical or a super-
oxide radical cation, respectively.®* The highly active species
generated at the catalyst surface can efficiently oxidize organic
compounds. However, TiO, cannot be practically applied as a
photocatalyst because approximately only 4% of solar radiation
energy can effectively generate hole—electron pairs. This limi-
tation is due to the large band gap energy (3.2 eV) of anatase.’
Therefore, modifying or doping TiO, is essential so that it can
be activated in a visible light wavelength range.®®

Carbon materials have attracted significant attention be-
cause of their unique properties and widespread applications.
Carbon materials have been widely used in catalysts,” !
coatings,'” sensors,'3-!14 separation adsorbents and chemical
filters,'>'® photonics,'’~>! microelectronics, electro-optics,
environmental engineering, chromatographic stationary pha-
ses,??24 insulators, biomaterials, controlled-release materials,
and nanolithographic templates for etching.”>>® Multi-walled
macro-mesoporous carbon (MMC) has been widely investigated
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for use in modifying TiO,,?” and carbon doped-TiO, composites
have been obtained by using the sol-gel method.?® These com-
posites have good adsorption properties, such as cooperative or
synergistic adsorption, and catalytic effects. In this study, we
developed a composite catalyst, 3DOM carbon-doped TiO,, by
using a photocatalyst.

Analytical grade reagents were used in the experiment.
Tetrabutyltitanate (Ti(OC4Hy),), ethanol (CH;CH,OH), aque-
ous acetic acid (C;H40,), and methyl orange (MO) were
purchased from Shanghai Chemical Reagents Co. P25 TiO,
from Degussa was employed as a standard photocatalyst for
comparison with the prepared photocatalyst. P25 TiO, mainly
consisted of anatase-phase (ca. 80%) non-porous polyhedral
particles with a mean size of ca. 30nm and a Brunauer—
Emmett—Teller surface area of 45m?g~!.

The C-TiO, system was prepared by using sol-gel
method. Tetrabutyltitanate (TBT, 80 mmol) was used as the
precursor in anhydrous ethanol (60 ml). Aqueous acetic acid
(20ml) was added to catalyze the reaction, and the ethanol/
TBT solution was hydrolyzed by adding 18 mL of deionized
water. Gels were formed and then aged for 2h at 35°C.
MMC materials with different pore sizes were then synthe-
sized based on the method used by Kim.>> The MMC was
used as a supporting template and adsorbent. Up to 3 g of
MMC were added to the aged TiO, gel, and the mixture was
subjected to weak sonication for 30 min in a water solution.
To generate the final C-TiO, material, the samples were
dried at 80°C for 3 h followed by calcination at 200°C for 2 h
and then further calcined at 450°C for 2 h.

The crystalline structure of the samples was determined
by using X-ray diffraction performed with a Philips X’Pert
MPD Pro X-ray diffractometer with Cu-Ka radiation (1 =
1.5406 A). Data were collected over 26 values from 20° to
80° at a scan speed of 1°/min. D is the crystal size, which
was calculated by using Scherrer’s equation D = £ with
2 =1.54178 A and K = 0.89, and B is the length in radians
at half the peak’s intensity with diffraction angle B. The
surface properties of the samples were examined by using
X-ray photoelectron spectroscopy (XPS) on a Kratos AXIS
Ultra DLD system which employs monochromatic Mg-Ka
excitation. All the bonding energies were calibrated by using
the C 1s level at 284.8 eV as an internal standard peak. Gatan
ORIUS™ SC 200CCD was used for transmission electron
microscopy (TEM) to examine the product microstructure.
Ultraviolet-visible (UV-vis) diffuse reflectance spectra were
obtained by using a Perkin Elmer Lambda 750S UV/Vis
spectrophotometer equipped with an integrating sphere as-
sembly. The spectra were recorded at room temperature in air
from 300 nm to 800 nm. The Fourier transform infrared
spectroscopy(FTIR) were obtained on a spectrophotometer
(Nicolet 6700).

To confirm the performance of the catalyst, MO degra-
dation in the as-prepared catalyst samples was investigated.
First, MO adsorption was studied by using a homemade
quartz photochemical reactor (Fig. 1) in the dark. The reactor,
which contains 1 g of C-TiO, adsorbent and 500 mL of MO
solution at a concentration of 40 mg/l (C,), was prepared.
Air was bubbled through the adsorption tubes, which caused
the formation of a homogenous suspension of the C-TiO,
adsorbent in the solution. The suspension was continuously
stirred magnetically at 20°C in the dark to ensure that the
mixture reached adsorption equilibrium on the catalyst sur-
face. Samples were taken at different time intervals and fil-
tered by using a Millipore Millex 25 0.45um membrane
filter. The MO concentration in the remaining clear liquid
(C,) was measured by using UV-vis spectroscopy.

MO degradation was carried out in a reactor (Fig. 1) fitted
with a circulating water cooling system to maintain constant
temperature. A medium-pressure 500 W Xenon vapor lamp
was used for visible light irradiation, and the UV light source
was a S00 W mercury lamp. Air was bubbled through the
reaction in all experiments to provide oxygen for oxidation,
thereby causing the formation of a homogenous suspension
of the catalyst in the solution. The initial concentration of the
MO solution in all experiments was 40 mg/l (Cy). Before
illumination, the suspension was magnetically stirred for
30min in the dark to ensure that the mixture reached ad-
sorption equilibrium on the catalyst surface. During photo-
reaction, 10 mL of the solution was removed every 10 min.
Next, the photocatalyst was separated from the solution by
centrifugation and then filtered by using a Millipore Millex
25 0.45 ym membrane filter. The MO concentration in the
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Fig. 1. Photocatalytic reactor.
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Fig. 2. XRD patterns of (a) TiO, and (b) carbon-doped TiO,.

remaining clear liquid (C,) was measured by using UV-vis
spectroscopy.

The X-ray diffraction patterns of the pristine C-TiO, and
the pure (undoped) TiO, synthesized by using sol-gel con-
densation are shown in Fig. 2. The 26 diffraction peaks of
pure TiO, (a) at 25.3°, 37.8°, 48.0°, 53.9°, 55.1° and 62.8°
correspond to the diffraction peaks of the (1 0 1), (004), (20
0), (105),(211)and (2 0 4) crystal planes of anatase TiO,,
respectively. The peak at 27.4° was for rutile TiO,. This
27.4° diffraction peak disappeared in the C-TiO, (b) sample
which exhibited typical anatase-type TiO, peaks only. C—
TiO, was used to ensure that only the formation of anatase-
type TiO, occurred without any other crystal forms. After
calcination at 450°C, the rutile crystals transformed into
anatase. Speculation about the reason is that carbon has a
significant anatase crystalline phase stability, which limited

50 nm

(2)

crystal growth and grain sintering. In addition, the high po-
tential energy surface, which was filled with macro-, meso-
and microporous crystals, inhibited the phase transition of
crystalline anatase. The interaction mechanism of carbon and
TiO; in high temperature during carbonization was studied.

TEM was performed to investigate the morphology of the
photocatalysts. Figure 3 illustrates the C-TiO, surface mor-
phology. Many TiO, nanoparticles as well as a cluster of
TiO, particles are present on the carbon surface [Fig. 3(a)].
The TiO, particles measure about 5nm to 14 nm. The sup-
ported TiO, particles have a small size distribution, as seen
in Fig. 3(a) and more clearly in Fig. 3(b). This finding
indicates that ultrasonication promoted the dispersion of TiO,
particles, and calcining maintained this size distribution
during the loading process. After several ultrasonication
cycles, TiO, nanocrystals aggregated on the carbon surface
[Fig. 3(b)], which suggests that the MMC structure facilitated
TiO, dispersion on the carbon surface after the formation of
sol-gel TiO,. The HRTEM images shown in Fig. 3(c) indi-
cated that the crystal interplanar spacing (d-spacing) of the
nanoparticle is about 0.35 nm, which is corresponding to
the (1 0 1) planes of anatase TiO,. The SAED pattern [inset
of Fig. 3(c)] of this sample revealed a set of spots and rings,
which can be indexed to (1 0 1), (0 0 4), (2 00), (1 05)
crystal planes of anatase TiO,. It is clearly seen that it is in
good agreement with the XRD results.

XPS is a powerful method that is used to determine the
electron structure of the valence states, oxidation states and
chemical environment of atoms in the surface regions of solid
materials. The survey XPS spectrum [Fig. 4(a)] shows that
titanium, oxygen and carbon are present in the surface region
of the carbon-doped TiO,. Individual XPS Cls, Ols and Ti2p
spectra were measured at a high resolution, as shown in

(b)

Fig. 3. TEM images of carbon-doped TiO, photocatalysts (a) scale bar 50 nm, (b) scale bar 20 nm, (c¢) HRTEM micrographs and SAED patterns.
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Fig. 3.

Figs. 4(b)—4(d). The high-resolution Cls XPS spectrum in
Fig. 4(b) showed four peaks at respective binding energies
of approximately 284.4, 286.0, 287.5 and 289.0eV. The
major peak with a binding energy of 284.4 eV corresponds to
graphitic carbon from MMC. The 286.0 eV peak is ascribed to
highly oxidized carbon. This result is consistent with carbon
bonded to a single oxygen bond. Thus, it is assigned to a C—
O- Ti=bonded carbon when TiO, has chemically united with
carbon at the calcined MMC surface. This phenomenon keeps
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TiO, fixed on the surface of the carbon C-TiO,. The other
peaks with binding energies of 287.5eV and 289.0eV cor-
respond to C=0 and -COOH.3° The XPS spectra of the Ols
spectrum in Fig. 4(c) consist of three peaks. The peaks at
528.9, 530.3 and 531.2¢eV are ascribed to Ti-O bonds,?! Ti-
OH bonds (hydroxyl groups), and C-O (Ti—-O-C) bonds, re-
spectively, in agreement with the Cls spectrum. The chemi-
sorbed OH ™ on the surface of TiO, can react with the trapped
hole to improve the activity of the photocatalyst.>”
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Fig. 4. XPS spectra of (a) survey spectrum, (b) Cls, (c) Ols and (d) Ti2p in the C-TiO,.
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Fig. 4.

The Ti—~O-C bond is a result of the close contact and
reaction of TiO, nanoparticles with MMCs at higher tem-
perature.3-3* The two lower binding energy peaks of the Ols
spectrum indicate a change in the chemical environment of
the hybrid composite surface. These changes could be related
to the improved visible light photocatalytic activity of C-TiO,.
The Ti2p spectra in Fig. 4(d) contain two peaks located at
binding energies of 463.6 eV and 457.9 eV. These peaks are
assigned to Ti** 2p3/2 and Ti*t 2pl/2, respectively. The
binding energies are lower than those of the typical Ti 2p
signal of Ti*t (458.7 eV and 464.4 eV), which indicates that
the chemical environment of Ti in C-TiO, differs from that of
pure anatase.>* This result may be due to the somewhat lower
oxidation state of titanium when surrounded by both carbon
and oxygen atoms.*>

The distribution of functional groups on the surface of
composite photocatalyst indicates that some parts of the
surface of carbon were exposed when TiO, burned off after
high-temperature calcination. After high-temperature sinter-
ing, the oxygen functional groups and active carbon atoms on
the surface of the composite photocatalyst chemically bonded
or cross-linked to produce the C-O-Ti=chemical bond.3°

Unsaturated dangling bonds formed on the carbon atoms
on the edge of the graphite layers of the composite photo-
catalyst because the chemical bonds were interrupted, which
enhanced the adsorption of negatively charged oxygen atoms
or association, thus strengthening the chemical adsorption of
electropositive hydroxyl (-OH) hydrogen atoms because of
TiO,. The increased surface charge may reduce the band gap
energy of the semiconductor oxide.

The UV-vis absorption spectra of C-TiO, and pure TiO,
are presented in Fig. 5. The sharp absorption edge of C-TiO,
is greater than that of pure TiO, in the UV-vis range. The
high UV irradiation absorption of C-TiO, is due to the
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presence of photosensitive functional groups on the surface
of these materials, which indicates that this sample should
behave as a UV-photosensitive material.>’” Nevertheless,
C-TiO, has strong absorption throughout the entire visible
light region. This absorption is stronger than that of pure
TiO, because the carbons at the interstitial positions of TiO,
lattice induce several localized occupied states in the gap,
which contribute to the red shift of the absorption edge to-
ward the visible light region.®

The spectrum of the C-TiO, sample shows a steep ab-
sorption edge at about 410nm and a wide absorption
shoulder band in the range of 400nm to 800nm, which
indicates that a larger fraction of visible light could be
absorbed to induce electron-hole pairs.® This finding shows

1.4

1.2 4

P25-TiO,
0.4 1

S e —
300 400 500 600 700 800

Wavelength(nm)

Fig. 5. UV-vis absorption spectra of (a) TiO, and (b) carbon-doped TiO,.
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Fig. 6. FTIR spectra of (a) P25-TiO, (b) C-TiO,.

that C-TiO, may act as a photocatalyst under visible light
irradiation if this greater visible light absorption can induce
hole pair separation.*’

Infrared (IR) spectroscopy can detect the molecular rota-
tional and vibrational energy levels, which establish the
functional group and bonding state on the surface of the
material. The extinction coefficient of the carbon material is
close to that of graphite, which has a strong IR radiation
absorption. However, the pass rough surface will lead to IR
light scattering. To overcome interference in the functional
group discrimination, we use the surface DRIFT technique to
explore the organic groups of information on the surface of
the composite photocatalyst.

The IR spectra of the composite photocatalyst show that
the broad absorption peak near 3431 cm™! is caused by hy-
droxyl (OH) stretching vibration, which indicates the presence
of an OH~ group produced by the composite photocata-
lyst surface adsorption of water and pore water. The absorp-
tion peaks near 1580 cm~! and 1610cm ™! correspond to the
fused-ring aromatic carbon—carbon double-bond skeleton
stretching vibration. However, most researchers attribute
this peak to carboxyl (COO-) stretching vibration, which is
consistent with the results of the XPS spectrum. The absorption
peak near 1510cm ™! is a benzene ring structure. The sharp
peaks near 1610cm~! and 1507 cm~! are produced by the
aromatic ring, and the acromion near 1720 cm ! to 1667 cm ™!
is caused by the conjugate action of -C=0 and -C=C-.*! The
broad absorption band in 1500cm~! to 1750cm~! is com-
posed of several overlapping absorption peaks.

The absorption peak near 1370cm~! is attributed to
=C-H plane rocking. The absorption peaks near 1220 cm~!
and 1240 cm~! are possibly produced by the CO asymmetric
stretching vibration in the ether bond. The strong absorption
near 1020cm™~! is attributed to the asymmetric stretching
vibration of transitional-state carbide (Ti—C-) bond and the

generation of hybrid polymerization Ti—~O-C during hydro-
lysis and its attachment to the surface of the TiO, particles;
these particles have good thermal stability because they re-
quire a higher energy to bond cleavage. This inference is
consistent with the result of the XPS spectrum on the com-
posite photocatalyst.

The strong, broadly split absorption bands in the short
wave near 500cm~! to 720 cm ! are caused by the vibration
of the Ti—O-Ti bond, Which is the typical anatase structure.

Therefore, the functional groups on the surface of C-TiO,
are aromatic ring, hydroxyl, carboxyl, and other oxygen-
containing groups produced by high-temperature calcinations.

Characterizations of the aforementioned samples indicate
that the surface layer of C-TiO, is not simply due to the UV
and visible light wave that acts as a physical barrier and
affects the semiconductor’s absorption of effective light
wave. The surface layer is also ascribed to the presence of
surface functional groups that change the charge distribution
of the oxide surface, the absorption band edge, and the ap-
parent absorbance. These functional groups significantly
weaken the oxidation-reduction potential and eventually lead
to the transport of photogenerated electrons and migration of
holes to the catalyst surface.

MO is a very stable and common dye that is extensively
used in various industrial applications.*! Therefore, many
studies have employed MO as a model pollutant to evaluate
the efficiency of TiO,-mediated photocatalysis.*>~*

To estimate the photocatalytic activity of C-TiO,, we
investigated the decolorization of MO in a solution under UV
[Fig. 7] and visible light irradiation (4 > 420 nm) [Fig. 8] at a

1.04

0.8+

0.2+

0.0+

Time (min)

Fig. 7. Decolorization rate MO on P25-TiO, and MMC-TiO; in UV (Cy is
the initial concentration of MO; C, is the concentration of MO at time f).

1350068-6



Funct. Mater. Lett. Downloaded from www.worldscientific.com
by UNIVERSITY OF ELECTRONIC SCIENCE AND TECHNOLOGY OF CHINA on 12/12/13. For personal use only.

Properties of a Three-Dimensionally Ordered MMC-Doped TiO, Composite Catalyst

P25-TiO,

- )
= L

0.8

0.6

0.4

C/Cy (%)

0.2+ i
C-TIOZ

o+ T T T
0 20 40 60 8 100 120 140 160 180

Time(min)

Fig. 8. Decolorization rate at 20° C MO on P25-TiO, and MMC-TiO, in Vis
(Cy is the initial concentration of MO; C; is the concentration of MO at time £).

certain time. For comparison, the efficiency of P25 TiO, is
examined under the same experiment conditions. As shown
in Fig. 7, C-TiO, catalysts are more efficient than P25 TiO,
in the presence of UV light. This efficiency can be ascribed to
the presence of carbon substrates, which improved the pho-
toelectron and electron-hole separation of the supported
TiO,. Figure 8 shows the activity of C-TiO, catalysts in the
presence of visible light (1 > 420nm). P25 has relatively
poor photocatalytic activity due to its limited photoresponse
range. Compared with the efficiency of P25, the composite
C-TiO, exhibits faster decoloration.

The MO adsorption capability of C-TiO, and P25 TiO,
was also evaluated by conducting experiments under the
same conditions without irradiation [Fig. 9]. Adsorption

P25-TiO,

0.2

0.0 T T T T
0.0 05 1.0 15 2.0 25 3.0

Time (hour)

Fig. 9. Adsorption of methyl orange from water over P25-TiO, and C—
TiO, in the dark (Cy is the initial concentration of MO; C, is the concen-
tration of MO at time ?).

equilibriums were achieved within 30min. Composite
C-TiO, provided MO with superior adsorption capability
compared with P25-TiO,, which is in agreement with the
faster photocatalytic decomposition of MO over C-TiO,. The
large adsorption capacity can promote the organic decom-
position efficiency of C-TiO, under visible light.** Although
the visible light cannot directly excite valence band electrons
to the conduction band of TiO,, electrons can jump to the
conduction band through thermal excitation or energy
transfer from the excitations in the visible light absorption by
the carbon layer. Conduction band electrons will quickly
recombine with holes.*> Aside from being a substrate ad-
sorbent and a sensitizer in visible light, carbon can also
serve as an electron scavenger to inhibit the recombination
of the photogenerated carriers.** In this work, the C-TiO,
composites provide better MO adsorption which may help
transfer MO molecules to the TiO, surface. Thus, the C-TiO,
composites have superior adsorption and higher photo-
catalytic activities which promote photodegradation effici-
ency because of the synergistic effect of carbon substrate and
titanium.

The intermediates and the photodegradation mechanism
of MO in visible light were identified through high-perfor-
mance liquid chromatography-tandem mass spectrometry
(HPLC-MS). The HPLC profiles (Fig. 10) recorded at
465nm correspond to MO solutions degraded at 0 and
15 min. After 15min of irradiation, three new peaks are
clearly observed, except for the peak that corresponds to MO.
By analyzing the samples of the three new peaks through
HPLC-MS, three fragments with m/z values of 353, 320 and

MO

(a)

(b

— . — . |
] 5 10 15 mir
Retention Time (min)

Fig. 10.
15 min.

HPLC of samples MO (a) MO solution, (b) MO solution degraded
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Fig. 11. Proposed photodegradation pathways for the intermediate.

289 were observed. Figure 11 shows the numerical agree-
ment between the molecular weights and the hypothesis of
the formation mechanism. This result indicates that MO is
degraded under visible light irradiation.

A C-TiO, photocatalyst with superior performance to
TiO, in MO photodegradation was successfully prepared. Its
structure, surface morphology and surface oxidation states
were investigated. XPS spectra indicated that titanium is
chemically linked to its carbon support through the formation
of =Ti—-O-C chemical linkages during the preparation of the
C-TiO, photocatalyst. The strong binding interaction be-
tween carbon and TiO, extends the photoresponse into the
visible light range and enhances photogenerated charge
separation and mobility properties. Simultaneously, the lo-
calized occupied states in the porous structure of carbon may
restrict hole—electron recombination. In summary, C-TiO, is
a better catalyst than P25-TiO, for the photodegradation of
aqueous MO dye under UV and visible light irradiation.
Therefore, this work may be important to the preparation of
higher-performance TiO, photocatalysts and may facilitate an
understanding of how such catalysts work.
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