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An organic-free sol-gel method was developed to synthesize crack-free, high surface roughness and
visible-light-active C-N-codoped TiO; films. These films were subsequently evaluated for its photodegra-
dation efficient using stearic acid as the model pollutant compound. The current approach avoids the use
of hazardous organic solvents and employs carbon black as the carbon source as well as a template to
increase the surface roughness. The presence of carbon and nitrogen species in TiO, was studied and
discussed. The concentrations of carbon and nitrogen dopants in the TiO, films were affected by calci-

;ecy):vords" nation temperature and the concentration of carbon black. Optimal visible light photocatalytic activity
Dopant was observed for C-N-codoped TiO; film at 10.0 wt.% C, which was more than double that of the N-doped
Carbon TiO, film. The enhancement in visible light photocatalytic activities of the C-N-codoped TiO, films was
Nitrogen attributed to the synergistic effects of carbon and nitrogen dopants, and high surface roughness of the
Visible light prepared films.

Organic-free

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Among various types of photocatalysts, titanium dioxide (TiO,)
is the most widely investigated due to its attractive attributes of
being low cost, non-toxicity and chemical stability [1-3]. TiO, films
coated on glass slides have potential applications in self-cleaning
[4], solar cells [5] and decontamination of hazardous pollutant and
microbes [6]. However, pure anatase TiO; film can only be activated
under UV light due to its wide band gap (3.2 eV). Efforts made to
extend its optical absorption edge from UV to visible light region
include doping with transition metals (Cr, Fe, Mn, and V) [7-10]
and nonmetal atoms (N, S, and C) [11-14]. However, transition
metals doped TiO, have been found to suffer from thermal instabil-
ity and an increase of carrier-recombination centers, which could
decrease photocatalytic efficiency [15,16]. Among all the nonmetal-
doped TiO, photocatalysts, carbon doped TiO; and nitrogen doped
TiO, are widely investigated both experimentally and theoretically
[11,17,18]. According to the previous reports, three forms of car-
bon species have been detected in C-doped TiO-: elemental carbon
located within the tetrahedral and octahedral interstices in the
anatase crystal, the carbonate species adsorbed on the surface and
carbon atoms substituting atoms in the lattice of TiO, [19,20]. Sim-
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ilarly, there are different forms of nitrogen species in N-doped TiO,
detected in previous works: nitrogen atoms substituting oxygen
atoms in the lattice of TiO, and molecular chemisorbed nitrogen or
NOy or NH3 [18,21].

More recently, codoped TiO, has attracted considerable interest,
since it can result in a higher visible light photocatalytic activ-
ity compared with single element doped TiO,. For example, S-N
[22], F-N [23], B-N [24] and C-N [21,25-27] codoped TiO, pow-
ders were reported to significantly improve the photocatalytic
efficiency under visible light illumination. In our previous work,
we reported the preparation of visible-light-active C~-N-F-codoped
TiO, films, which exhibited much higher photocatalytic activities
than single doped TiO, film under visible light illumination [14].
Noguchi et al. reported the preparation of C-N-codoped TiO5 films
by using a dc reactive magnetron sputtering method [28]. This
method involves expensive equipment due to the requirement
of a highly regulated environment, and may be difficult to scale
up [29]. Among all the techniques for the preparation of TiO, or
nonmetal-doped TiO, films, the sol-gel method is the most widely
used method as it presents many advantages such as the use of very
simple equipment, low capital investment, and the ability to control
the microstructure and density of thin films. However, traditional
sol-gel method usually involves the use of organic solvents which
are considered as hazardous materials themselves. Yang et al. pre-
pared C-N-codoped TiO, films by using dip-coating method and
heating TiO, gel-films in an ionized N, gas [30]. Their method
involves organic titanium precursor, organic solvents and large
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Fig. 1. Scheme of the preparation of C-N-codoped TiO, films from aqueous peroxotitanate solution.

amount of gas, which are potentially environmental pollutants and
could be expensive.

Very few studies reported the use of organic-free aqueous per-
oxotitanate (PTA) solutions to prepare visible-light-active TiO,
films [31-34], and no studies have reported the preparation of
C-N-codoped TiO, films using PTA solutions as Ti source. Due to
the high surface tension of water-based solution, aqueous perox-
otitanate solution could not disperse uniformly on glass surfaces
which often resulted in cracks in the TiO, films [31-34]. In our
previous work, we reported a new method for the preparation of
N-doped TiO, films by exploiting the superhydrophilicity of freshly
calcined glass slides, and using aqueous peroxotitante solution as
the Ti source and NHj3 in Ti complex as the nitrogen source [35].
The N-doped TiO, coated glass slides were transparent, crack-free,
exhibited relative high photocatalytic activity under visible light
illumination but consisted of a relatively flat surface structure. It is
well known that the photocatalytic activity can be greatly enhanced
by high surface area and porosity [36,37]. Addition of polymer tem-
plate, such as PEG and PS, has been proven to be successful in the
development of porous and high surface area TiO film [38,39].

The current work reports an organic-free preparation and
characterizations of C-N-codoped TiO;, films with high surface
roughness and high visible light photocatalytic activity. Ammonia
in PTA solution was used as nitrogen source, while carbon black was
chosen as the carbon source and surface roughness inducing agent.
Stearic acid was selected as the model pollutant in the evaluation of
the visible-light photocatalytic activity. The synergy of carbon and
nitrogen dopants in enhancing visible light photocatalytic activity
is discussed and a mechanism is proposed.

2. Experimental details
2.1. Reagents

Titanium (IV) chloride (purity>99%) and ammonia solution
(25%) were purchased from Merck. Carbon black and sodium
hydroxide were purchased from Sigma. Hydrogen peroxide (30%)
was purchased from AnalaR. The chemicals were used without fur-
ther purification.

2.2. Preparation of C-N-codoped TiO, precursor

A modified method involving the use of aqueous peroxotitanate
solution (PTA) was used to prepare the C-N-codoped TiO, [35]. In
a typical synthesis, carbon black (5.0, 10 and 20 wt.% with respect
to TiO,) was dispersed in 300 ml distilled water and ultrasonically
treated for 1 h. 3.6 ml of TiCl, was then added drop-wise into the
carbon suspension solution in an ice bath under vigorous stirring.
The pH of the solution was then adjusted to 10 by drop-wise addi-
tion of diluted ammonia solution (3.0 M). After stirring for 24 h,
the obtained precipitate was filtered and washed thoroughly with
distilled water repeatedly until no CI~ was detected. Thereafter
the precipitates were ultrasonically dispersed in 80ml distilled

water. H,0, (28 ml) was added drop-wise into this mixture under
continuous stirring. The theoretical concentration of TiO, in the
resulting carbon-nitrogen-PTA solution (CN5-PTA, CN10-PTA and
CN20-PTA respectively, according to the concentration of carbon
black) was adjusted to 2.0wt% for subsequent coating. Separate
solutions of nitrogen-PTA (N-PTA, without carbon), carbon-PTA (C-
PTA, 10 wt.% of carbon black with respect to TiO,, ammonia solution
was replaced by NaOH solution) and PTA (without carbon black
and ammonia solution was replaced by NaOH solution) were also
prepared.

For the TG-DTA measurement, the obtained N-PTA and CN10-
PTA (10wt.% C) solutions were heated at 100°C to evaporate the
solvent and dried in oven at 100 °C for 3 h. For XRD and BET mea-
surements, the obtained yellow powder (N-PTA) and black powders
(CN5-PTA, CN10-PTA and CN20-PTA) were further heated at 500°C
for 1 h to form NT-500, CNT5-500, CNT10-500 and CNT20-500 pow-
ders, respectively.

2.3. Preparation of C-N-codoped TiO, films

Glass slides were heated at 500°C for 1 h with a heating speed
of 10°C/min, cooled down to room temperature and used within
0.5 h. CN10-PTA solution was coated on the superhydrophilic glass
slides using a KSV Dip Coater at a withdrawal speed of 0.2 cm/s. The
coated glass slides (CN10-PTA, 10 wt.% carbon black) were dried in
vacuum at room temperature for 10 min and then calcined in air ata
heating speed of 10 °C/min and kept at 450 °C, 500 °C and 550 °C for
1 h respectively. Finally the samples were cooled to room temper-
ature. The obtained films were labeled as CNT10-450, CNT10-500
and CNT10-550 respectively, according to the calcination temper-
atures.

The C-N-codoped TiO, films with different concentrations of
carbon black were prepared at 500 °C using CN5-PTA, CN10-PTA
and CN20-PTA as dip-coating solution, and the obtained films were
labeled as CNT5-500, CNT10-500 and CNT20-500 respectively in
accordance to the original concentrations of carbon black. The
scheme of the preparation of C-N-codoped TiO, films is illustrated
in Fig. 1. N-TiO5 film (NT-500), C-TiO; film (CT-500) and pure TiO,
film (T-500) were also prepared by using N-PTA, C-PTA and PTA
solutions as dip-coating solutions, respectively.

2.4. Characterization

X-ray diffraction analysis (XRD) was carried out using a Philips
PW1010 X-ray diffractometer with Cu Ko radiation. XRD pattern
was recorded with a scan step of 1° min—! (26) in the range from 20°
to 70°. Surface species of these samples were analyzed by Fourier
Transform Infrared Spectroscopy (FTIR, Digilab FTS 3100). X-ray
photoelectron spectroscopy (XPS) analysis was carried out with a
PHI Quantum 2000 Scanning ESCA Micro-probe equipment (Phys-
ical Electronics, MN, USA) using monochromatic Al-Ka radiation.
The X-ray beam diameter was 100 wm, and the pass energy was
29.35eV for the sample. The binding energy was calibrated with
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Fig. 2. XRD pattern of C-N-codoped TiO, prepared at (a) different calcination temperatures and (b) different carbon black concentrations.

respect to C(1s) at 284.6 eV. Surface morphologies of C-N-codoped
TiO, films were evaluated by JEOL field emission electron micro-
scope (FESEM) JSM-6700F. Surface roughness and morphologies of
C-N-codoped TiO, film were evaluated by atomic force microscopy
(AFM, MFP 3D). Nitrogen adsorption-desorption isotherms were
measured at —196°C on a Quantachrome AUTOSORB-6B static
volumetric instrument. Prior to measurements, the samples were
degassed at 250 °C for 5 h under high vacuum. The specific surface
areas were calculated using the BET method [40]. UV-vis spec-
tra of films were obtained using a UV-visible spectrophotometer
(Shimadzu).

2.5. Photocatalytic activity tests

For the evaluation of photocatalytic activities of the N-doped
TiO, and C-N-codoped TiO, films, one 300 W halogen lamp held
at 20cm from the sample with a 420nm UV filter (JB420) was
used as the visible light source. Photocatalytic activity measure-
ments were performed using stearic acid as the model organic
compound, spin-coated on the surface of the photocatalyst films.
200 ! of stearic acid—-methanol solution (0.015 M) was dropped
on the films, followed by 2 min of 1000 rpm [41]. The thickness
of the coated stearic acid films on the photocatalysts was around
30-40 nm. The change in stearic acid layer thickness was moni-
tored by measuring the infrared absorption spectrum with a FTIR
instrument (Digilab FTS 3100). The absorbance at 2917 cm~! was
converted to a thickness on the basis of an earlier observation
that an absorbance intensity of 0.01 corresponds to a thickness of
12.5nm [41].

3. Results and discussion

The crystalline phase and particle size of the C~N-codoped TiO,
prepared at different calcination temperatures were determined by
XRD (Fig. 2a). The distinctive peaks at 20 =25.3°, 38.0°, 48.1°, 53.8°,
54.8° and 62.8° are attributed to the anatase TiO,, which indicates
that all the C-N-codoped TiO, films mainly consist of anatase phase.
It is obvious that the intensity of CNT10-450 is lower compared to
that of CNT10-500 and CNT10-550, which is due to lower amount
of crystalline phase formed at lower temperature. The crystal sizes
of CNT10-450, CNT10-500 and CNT10-550 were determined to be
16.5nm, 17.2 nm and 20.5 nm, respectively, by Scherrer’s equation.
The crystal sizes increase with the increase of calcination temper-
atures, which is due to the aggregation of TiO, particles at high
temperature.

The presence of carbon and nitrogen atoms in the CNT10-450,
CNT10-500 and CNT10-550 films were revealed by XPS (Fig. 3a and

b). The C 1s spectrum shows a single strong peak at 284.6eV and a
weak shoulder at around 288.5 eV, which are attributed to the pres-
ence of adventitious elemental carbon and C-0 bond, respectively
[42-44]. Generally, the C-O band at 288.5 eV has been considered
as the formation of Ti-O-C bond due to the substitution of car-
bon for some of the lattice titanium atoms, though this peak may
come from the surface functional group of carbon black [41-43].
The peak at around 281.0eV of Ti-C bond was not observed in
these samples, which suggests that carbon did not substitute for
oxygen atom in the lattice of TiO, in the current system. It has
been reported that the carbon doping states and species cannot be
directly confirmed by only analyzing the XPS C 1s spectra [42,44].
Further analysis of the XPS Ti 2p spectra can help to investigate the
carbon doping state, because carbon-doping can lead to the forma-
tion of oxygen vacancies and Ti3* defects and result in a slight shift
of the Ti 2p peaks toward the lower binding energy [42-44]. Fig. 3¢
shows a comparison of the Ti 2p peaks of the N-doped TiO, film
(NTO-500) and C-N-codoped TiO, films. For the NTO-500 film, two
XPS signals are observed at binding energies at around 458.7 eV and
464.5 eV, which are in good agreement with that of pure TiO, [43].
By comparing the Ti 2p peaks for all samples, the obvious red shift of
C-N-codoped TiO, films toward the lower binding energy reveals
the successful carbon-doping in these C-N-codoped TiO; films [42].
Moreover, the Ti 2p peaks of the CNT10-550 film are red shifted
to the binding energies slightly lower than that of CNT10-450 and
CNT10-500 films, which is probably due to the enhancement in car-
bon doping in TiO, at a higher temperature. The Ti3* to Ti** ratios
for the NT-500, CNT10-450, CNT10-500 and CNT10-550 films esti-
mated from XPS curve fitting program are 0.1%, 4.0%, 10.5% and
11.3%, respectively. In Fig. 3a, the intensities of the peaks attributed
to elemental carbon in the C-N-codoped TiO, films decrease with
the increase of calcination temperature, which is due to the com-
bustion of carbon black in the presence of air at higher temperature.
The atomic percentages of carbon in the CNT10-450, CNT10-500
and CNT10-550 films are determined to be 42.51 at%, 28.59 at% and
26.27 at%, respectively. It should be noted that some of the car-
bon atoms in the C-N-codoped TiO, films are originated from the
equipment itself.

So far, the carbon states and species in carbon-doped TiO,
which are responsible for visible light photocatalytic activity have
remained controversial. Khan et al. [12] and Irie et al. [45] reported
that the band-gap narrowing of C-doped TiO, was caused by the
shift of valence band edge to higher energy as a result of the
substitutional carbon atoms in the lattice of TiO,. Lee et al. [42]
and Ren et al. [43] reported that the formation of Ti-O-C led to
the enhancements of visible light absorption and photocatalytic
activities. Yang et al. [46] and Lettmann et al. [47] reported that the
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Fig. 3. XPS spectra of C-N-codoped TiO; films (a) C spectra; (b) N spectra; (c) Ti spectra at different temperature and (d) C spectra; (e) N spectra (f) Ti spectra at different

carbon black concentrations.

elemental carbon incorporated interstitially in C-doped TiO, was
responsible for the visible light absorption up to 600 nm. Sakthivel
and Kisch [17] and Ohno et al. [48] found that the absorption
edge of TiO, was largely shifted to 700 nm by carbonate species
absorbed on the TiO, surface. In the current work, our XPS data
strongly suggest the presence of carbon doped into the TiO,
material, and hence resulting in enhanced absorption and hence
visible-light photocatalytic activity.

For the N 1s spectrum, two peaks appear at 400.0eV and
406.8eV. The peak at 406.8eV is generally considered as the
evidence for the presence of nitrate species [49]. The XPS signal of
nitrogen at around 400.0 eV has also been a subject of controversy
in the identification of nitrogen species in the study of N-doped
TiO,. Many reports had suggested that the signal at 400.0 eV was
attributed to NOy species adsorbed on crystallite surface [49].
Sakthivel et al. [50] and Navio et al. [51] reported that the signal at

around 400.0 eV was attributed to the presence of hyponitrite. Qiu
et al. assigned the signal at 400.0 eV to the nitrogen incorporated
into the TiO, lattice [52]. However, they unanimously reported
that the peak at 400.0 eV was critical for a visible light response.
The atomic percentages of nitrogen in the CNT10-450, CNT10-500
and CNT10-550 films were determined to 0.41 at%, 0.32 at%
and 0.26 at%, respectively. The atomic percentages of nitrogen
decreased with the increase of calcination temperature. According
to previous reports, a higher temperature resulted in lower atomic
percentage of nitrogen doped in TiO,, which may be attributed
to desorption of nitrogen species on TiO, at high temperature
[26,53-55]. The accuracy of nitrogen quantification can vary from
5% to about 30% depending on parameters such as signal to noise
ratio and peak intensities [56]. In the current work, the major peaks
are reported and thus it is reasonable to assume the accuracy to be
around 90-95%. We estimate the error to be +£0.04 at.%, £0.03 at.%
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Fig. 4. Photocatalytic activities of C-N-codoped TiO, films prepared at (a) different calcination temperatures and (b) different carbon black concentrations.

and +0.03at.% for the CNT10-450, CNT10-500 and CNT10-550
films, respectively.

In order to investigate the optimal calcination temperature, the
photocatalytic activities of CNT10-450, CNT10-500 and CNT10-550
films were evaluated by monitoring the degradation of stearic acid
under visible light illumination (Fig. 4a). The photocatalytic activ-
ities were evaluated based on the thickness (in nm) of stearic acid
degraded after 24 h of visible light illumination [57]. The CNT10-
500 film exhibits the highest photocatalytic activity, with 25.6 nm
of stearic acid degraded. The relative lower photocatalytic activ-
ity of the CNT10-450 film probably can be attributed to its lower
crystallinity. For the CNT10-550 film, the increase of nanoparti-
cle size and the decrease of carbon and nitrogen concentrations
could be responsible for the lower photocatalytic activity, com-
pared with that of the CNT10-500 film. Based on the above results,
500°C is considered to be the optimal calcination temperature for
the preparation of C-N-codoped TiO, films.

To further optimize the photocatalytic film, different concentra-
tions of carbon black were used to prepare C-N-codoped TiO, films.
The crystalline phase and particle size of T-500, NT-500, CNT5-
500, CNT10-500 and CNT20-500 were determined by XRD (Fig. 2b).
The distinctive peaks at 20=25.3°, 38.0°, 48.1°, 53.8°, 54.8° and
62.8° are attributed to anatase TiO,. Compared to the pure TiO,
(T-500), no shift of the peak position is observed for NT-500, CNT5-
500, CNT10-500 and CNT20-500, which probably because C/N do
not substitute the atoms in TiO, lattice or the concentration of
C/N substituted in TiO, lattice is low. The crystal sizes of CNT5-
500, CNT10-500 and CNT20-500 were determined to be 17.5nm,
17.2nm and 17.0 nm respectively using Scherrer’s equation. Wang
et al. prepared nanocrystalline TiO,/activated-carbon composite
catalysts for the degradation of chromotrope 2R [58]. They found
that the combustion of carbon during calcinations resulted in a
higher temperature inside the composite catalysts and the increase

of TiO, particle size [58]. However, Yu et al. reported that carbon
doped into TiO, increased steric hindrance for grain growth and
decreased TiO, particle size [59]. In our case, the particle sizes
of C-N-codoped TiO, films were not significantly affected by the
concentration of carbon black.

FTIR analysis of CN5-PTA, CN10-PTA, CN20-PTA, N-PTA and PTA
films before (Fig. 5a) and after 500 °C calcination (Fig. 5b) was per-
formed. In Fig. 5a, the absorption bands at 900 cm~! are attributed
to the stretching vibrations of peroxo band (0-0) [34]. The bands
at 1620cm~! and the wide bands at 3100-3700cm™! are resul-
tant from O-H bending of adsorbed water molecules. The bands
at 1400cm~! are assigned to the stretching vibrations of the N-H
bonds in NH3, which evidences the presence of NH3 in Ti complex
[35]. The NHj3 in the Ti complex is regarded as a nitrogen source for
the N-doped TiO, [35,49]. The band at 1400 cm~! is not observed
for PTA. Fig. 5b shows the FTIR of these samples after calcination.
It is obvious that the O-0 bands at 900 cm~! and the N-H bands at
1400 cm! disappear, which evidences the decomposition of per-
oxotitanate and NHj3. The signals in the range 400-1250cm™~! are
characteristic of the formation of an O-Ti-O lattice [57]. There are
no obvious stretching bands attributed to the NO, species, which
is probably due to the low atomic percentage of nitrogen doping in
TiOs.

To elucidate the effect of carbon on CN-PTA, N-PTA was used
for photocatalytic performance comparison. Typical TG-DTA pat-
terns of the as-synthesized N-PTA and CN-PTA (10 wt.% C) powders
are shown in Fig. 6. At temperatures near 100°C, an endother-
mic peak is observed, which is resulted from the evaporation of
adsorbed water. The exothermic peaks near 250°C are attributed
to the decomposition of peroxo group in peroxotitanate [60]. The
broad exothermic peaks at 350-370°C correspond to the crystal-
lization of amorphous TiO, to anatase TiO, [61]. The weight loss
at the temperature lower than 350°C is mainly attributed to the
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Fig. 5. FTIR spectra of the CN5-PTA, CN10-PTA, CN20-PTA, N-PTA and PTA (a) before and (b) after calcination at 500 °C.
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removal of adsorbed water and the decomposition of peroxo group.
For the N-PTA (Fig. 6a), there is no further obvious weight loss in
the range of 350-700 °C. However, for the CN-PTA, there is approx-
imately 6 wt.% of weight loss in the range of 400-550°C and a big
exothermic peak near 500 °C, which is attributed to the combustion
of carbon. The combustion of carbon during calcinations resulted in
a higher temperature inside the catalysts, which is consistent with
the result reported by Wang et al. [58].

The presences of carbon, nitrogen and Ti atoms in the CNT5-
500, CNT10-500 and CNT20-500 films were also revealed by XPS
(Fig. 3d-f). Similarly, the C 1s spectrum shows a single strong peak
at 284.6eV and a weak shoulder at around 288.5eV, and the N 1s
spectrum shows two peaks at 400.0eV and 406.8 eV. The atomic
percentages of nitrogen in the CNT5-500, CNT10-500 and CNT20-
500 films were determined to be 0.39at.%, 0.32at.% and 0.15at.%
respectively. The atomic percentages of nitrogen decrease with the
increase of the concentration of carbon black. This could be due to
the combustion of carbon black, which releases high heat energy

"
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and increases the temperature of the C~N-codoped TiO, films [58].
Higher initial carbon content implies a greater amount of carbon
to be burnt at 500 °C, which result in a higher inner temperature
inside the composite catalysts during calcination process, and thus
decrease the atomic percentage of nitrogen in TiO, [26,53-55]. A
comparison of the Ti 2p peaks of the NTO-500 film and CNT5-500,
CNT10-500 and CNT20-500 films is shown in Fig. 3f. An obvious red
shift of the CNT5-500, CNT10-500 and CNT20-500 films toward the
lower binding energy is observed, which may suggest successful
carbon-doping in these C-N-codoped TiO, films [42]. The Ti3* to
Ti** ratios for the NT-500, CNT5-500, CNT10-500 and CNT20-550
films estimated from XPS curve fitting are 0.1%, 10.3%, 10.5% and
9.2%, respectively.

The morphologies of the NT-500, CNT5-500, CNT10-500 and
CNT20-500 films were further investigated by using FESEM (Fig. 7).
All the films are uniform and crack-free. The surface structure of
NT-500 is very flat. However, with the increase of the concen-
tration of carbon black, the surface roughness increases. Fig. 8
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Fig. 7. FESEM images of (a) NT-500 film; (b) CNT5-500 film; (c¢) CNT10-500 film; (d) CNT20-500 film.
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Fig. 8. AFM images of (a) NT-500 film; (b) CNT5-500 film; (c) CNT10-500 film; (d) CNT20-500 film.

displays the AFM 3D images of the NT-500, CNT5-500, CNT10-
500 and CNT20-500 films. It further confirms that the addition of
carbon black and calcination at 500 °C leads to the increases of sur-
face roughness. The surface roughness of the NT-500, CNT5-500,
CNT10-500 and CNT20-500 films are 3.2 nm, 35.6 nm, 48.8 nm and
61.8 nm, respectively, as determined by AFM. BET analysis of the
NT-500, CNT5-500, CNT10-500 and CNT20-500 powder samples
were determined to be 45.3, 53.6, 58.8 and 61.5 m?/g respectively,
indicating an increase in surface area and surface roughness with
the increase of carbon black concentration. Yang et al. [21] reported
that organic compounds were pre-adsorbed on the surface of the
semiconductor particles to effectively utilize the photoexcitation,
thus higher surface area can provide more surface active sites for
the adsorption of organic compound and exhibit higher photocat-
alytic efficiency. Along with the function as a dopant, the carbon
also increases the surface area, which may provide much more
possibly accessible active sites, thus enhancing the photocatalytic
activity.

The optical absorption spectra of the C-N-codoped TiO, films
are shown in Fig. 9. All the C-N-codoped TiO, films exhibit
absorption in the visible light region. The absorption intensities of
C-N-codoped TiO, films in the visible region are higher than that
of the NT-500 and T-500 films, due to the synergistic effects of car-
bon and nitrogen doping [21]. The absorption edges of the T-500
and NT-500 films are around 380 nm. There is no obvious red shift
of the NT-500 film is observed compared with T-500 film, which is
probably due to the fact that the doping state of nitrogen in TiO; is

NOy species adsorbed on crystallite surface and nitrogen does not
substitute for oxygen in TiO, lattice. The absorption edges of these
C-N-codoped films slightly shifts toward longer wavelengths of
390-393 nm, which further confirms the successful carbon-doping
in these C-N-codoped films. The presence of both nitrogen and car-

CNT20-500
CNT10-500
CNT$5-500
NT-500
T-500

Intensity (a.u.)

T T T
300 400 500 600 700
Wavelength (nm)

Fig. 9. UV-visible diffuse reflectance spectra of C~-N-codoped TiO films prepared
at different carbon black concentration.
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bon species in TiO; has evidently enhanced visible light absorption.
The absorption intensities of C-N-codoped TiO, films in the visible
region increase with the increase of the concentration of carbon
black. However, the absorption intensity of CNT20-500 was only
slightly enhanced in the visible light region compared with that
of CNT10-500, even thought the concentration of carbon doping in
CNT20-500 was higher than that of CNT10-500. This may due to the
fact that the atomic percentage of nitrogen doping in CNT20-500
(0.15 at.%) is lower than that of CNT10-500 (0.32 at.%).

The photocatalytic activities of the NT-500, CNT5-500, CNT10-
500 and CNT20-500 films under visible light illumination were
evaluated (Fig. 4b). With an increase in carbon dopant concen-
tration and surface roughness, the photocatalytic activities of
C-N-codoped TiO, films was optimal at 10.0 wt.% C. The photocat-
alytic activity of CNT20-500 film was lower than that of CNT10-500
film, which may due to the decrease of nitrogen dopant. It was
found that 25.6 nm of stearic acid was degraded on the CNT10-500
film, which was more than double that of NT-500 film. To identify
the synergistic effects of carbon and nitrogen dopants, the pho-
tocatalytic activities of CT-500 and T-500 films were measured for
comparison. As shown in Fig. 4b, the photocatalytic activities of CT-
500 and T-500 films are 10.8 nm and 0.8 nm in thickness of stearic
acid layer degraded respectively, which are much lower than that
of the CNT10-500 film. It should also be mentioned that no obvi-
ous decrease in stearic acid layer thickness (<0.5 nm) was observed
for uncoated glass slides under visible light illumination. Herein,
the high photocatalytic activities of C~-N-codoped TiO, films are
attributed to the high surface area and the synergistic effects of
carbon and nitrogen dopants [21].

A mechanism on photogenerated charge transfer attributed to
the synergy of carbon and nitrogen dopants in TiO, under visible
light illumination is proposed. Carbon-doping in TiO, may lead to
the formation of impurity level above the valence band of TiO,.
Under visible light illumination, the photoelectron can be excited
to the conduction band of TiO, [46]. Electrons can also be excited
from surface states energy level (from the nitrogen surface species)
to the conduction band of anatase TiO, under visible light illumina-
tion [62]. Subsequently, the photogenerated electrons are directly
captured by the adsorbed O, molecules on the surface of C-N-
codoped TiO, to form O,~, which is capable of degrading organic
compounds [46,47]. In addition, the photogenerated holes at both
the impurity level and surface states can directly oxidize organic
compounds, or be trapped by surface hydroxyl groups to form
active hydroxyl radicals (OH*). For the current C-N-codoped TiO,
films, electron-hole pairs can be generated simultaneously by both
routes. Hence, co-doping the current TiO, films with Ti-O-C band
and nitrogen surface species may lead to an increase of photogen-
erated electrons and holes, compared with pure TiO, and single
N-doped TiO, films, thus leading to an increase of visible light
photocatalytic activity as observed in the current work.

4. Conclusion

We have developed an organic-free method for the preparation
of C-N-codoped TiO, films by using aqueous peroxotitanate solu-
tion as the Ti source, NH3 in Ti complex as the nitrogen source
and carbon black as carbon source. The C-N-codoped TiO, films
were uniform, crack-free and had high surface roughness. All the
C-N-codoped TiO,, films exhibited photocatalytic activities under
visible light illumination. The photocatalytic activity of CNT10-500
film (10 wt% C) was found to be optimal and more than double that
of NT-500 film under the same visible light illumination. The high
photocatalytic activities of C-N-codoped TiO, films are attributed
to the high surface area and the synergistic effects of carbon and
nitrogen dopants.
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