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Carbon-doped Ti@ micro-/nanospheres and nanotubes have been synthesized via a single source
chemical vapor deposition in an inert atmosphere. Organic compound ;FigR@as used as the titanium,
oxygen, and carbon source, while argon served as the carrier gas. The effect of the temperature, substrate,
and the flow rate of the carrier gas is investigated. The diameter of the formed carbon-dopsghéees
can be adjusted from 100 nm to several micrometers by varying the flow rate of the carrier gas. The
as-prepared Ti@nanotubes are highly ordered with a diameter of about 100 nm and a wall thickness of
around 15 nm. The estimated optical band gap is 2.78 eV for the formed carbon-dopedidi@pheres
and 2.72 eV for the synthesized carbon-doped,Ti@notubes, both of which are much smaller than that
of bulk anatase Ti@(3.20 eV). The photocurrent of the carbon-doped ;I$Pheres is much higher than
that of commercial P-25, which is currently considered as one of the besphiocatalysts, especially
under visible light irradiation. The possible mechanism of the formation of $iDeres and nanotubes
is also discussed.

Introduction TiO2 nanoparticles have been fabricated by various methods
Jincluding sot-gel, hydrothermal method, and coprecipita-

iAn 11-13 ; ; ;
dous attention in both fundamental studies and applicationst'on' Mo;t method; menUoned_above require multiple
due to their unique physical and chemical properties. Of the steps to obtain monodispersed particles. Meanwhile, several

various types of nanostructured materials, titania £JiO approaches have also been reported for synthesis of one-

nanostructures are extensively studied because of their broacﬁ]IImenSIonal Ti@ nanostructures, for instance, electrochemi-

range of applications2 TiO, photocatalysis provides promis- & zén?jdlzatlor%%f -I(;' n ﬁqueolus F-contzlgllr;g e:ectr(l)lﬂrte@,
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synthesis, energy renewal, and energy storage due to itScription using organogelators as templ&ted,and chemical
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The fundamental aspects of CVD (e.qg., process principal, particles produced by these methods are usually not in
deposition mechanism, reaction chemistry, thermodynamics,spherical shapes. Recently, hydrothermal methods have been
kinetics), the advantages, and limitations of CVD as well as proposed to synthesize spherical Zi®However, the as-

its applications have been reviewed recently by CR@VD

synthesized particles are usually amorphous or poorly

is a relatively mature and useful technique to synthesize TiO crystallized due to low synthesis temperatéfre.

thin films and nanomateriaf$8-3° The size distribution can

Recent studies reveal that doping C, N, F, or S enhances

be controlled by adjusting the temperature of the substrate.the photocatalytic activity of Ti@3"~43 Although carbon-
Precursors used in CVD can be gases, liquids, or solids.doped TiQ thin film can be fabricated using the flame
Important factors in considering compounds for use as oxidation of Ti metal, rutile is the dominant phase, and it is
precursors in CVD have been reviewed by O’Brien and co- difficult to control the morphology of the formed TiGilm. 3
workers®! The delivery of liquid precursors has been |n this paper, we present a facile and reproducible technique
dominated by the use of so-called “bubblers”, and an ideal to synthesize, on a large scale, carbon-doped, Sitheres
liquid precursor should possess a significant vapor pressure formed on Ti substrates and carbon-doped sTi@notubes
For instance, inorganic Ti precursors with low boiling points  within nanochannels of alumina template using CVD. The
(e.g., TiCk) are introduced into a CVD reactor with a carrier  effect of temperature and flow rate of the carrier gas was
gas to produce Tigilms.3273% Most organic Ti precursors,  studied. The as-synthesized carbon-doped, Fiénostruc-
such as titanium isopropoxide, have very low vapor pressure,tures and microstructures were characterized using scanning
requiring heating to increase the equilibrium vapor pressure electron microscopy and X-ray diffraction. Our study dem-
within the bubbler. However, two potential problems are onstrates that the Ti precursor, Ti(@QHG)s, can effectively
associated with this technique. First, to prevent COﬂdensationprovide sources of titanium, carbon, and oxygen to form

of the precursor in other parts of the CVD system, it may carbon-doped Ti@nanostructures with enhanced visible light
become necessary to heat the entire network of feed linesresponse.

upstream of the substrate. Second, for delivery to be
successful, the precursors must have long-term stability at
the elevated temperature used. In this study, titanium(IV)
n-butoxide (Ti(OGHy)4) was chosen, for the first time, as a
Ti precursor to synthesize Tihanomaterials. Titanium-
(IV) n-butoxide is inexpensive, commercially available, and
stable. It is liquid at room temperature with a very high
boiling point, 312°C. In order to circumvent the heating

Experimental Section

Titanium plates of 1.6« 12.5x 8 mm were degreased first using
acetone, then washed with distilled water, etched in 18% HCI at
85 °C for 15 min, then completely washed with distilled water,
and finally dried in a vacuum oven at £C. For comparison,
silicon, aluminum, and glassy carbon plates were also used as the

e . . L . substrates. All experiments were carried out in a horizontal tube
difficulties associated with a liquid precursor with a very ¢,.nace equipped with a quartz tube (diameter 35 mm, length 700

low vapor pressure we put the precursor Ti¢Bl6), .inSide mm). To fabricate Ti@ spheres, the pretreated Ti plates and the
the CVD reactor. This makes the CVD operation much other substrates (e.g., Si, Al) were placed into the center of the

simpler and more convenient for the mass production o6 TiO quartz tube, and a ceramic boat loaded with Ti§B¢), was placed

nanomaterials.
In addition, it is well-known that crystalline TiCexhibits
effective photocatalysis, while amorphous Fi@es nof*

on the upper stream of argon flow-10 cm away from the Ti
plates). To synthesize Tianotubes, the Ti precursor Ti(QHs),
was loaded into a ceramic boat and covered with a porous anodic

Many synthesis techniques have been developed to synthesiz&lUmina (PAA) template. Then the boat was placed in the middie

TiO, particles, although there are still difficulties in the

production of high-quality spherical crystalline Ti@articles.

In industrial production, Ti@particles are produced based

on the so-called “sulfate” and “chloride” procesgedio,

(20) Jung, J. H.; Kobayashi, H.; van Bommel, K. J. C.; Shinkai, S.; Shimizu,

T. Chem. Mater2002 14, 1445.

(21) Kobayashi, S.; Hamasaki, N.; Suzuki, M.; Kimura, M.; Shirai, H.;

Hanabusa, KJ. Am. Chem. So@002 124, 6550.

(22) Peng, X.; Wang, J.; Thomas, D. F.; Chen,Manotechnology005
16, 2389.

(23) Choy, K. L.Prog. Mater. Sci2003 48, 57.

(24) Chen, X. B.; Mao, S. Sl. Nanosci. Nanotechna2006 6, 906.

(25) Evans, P.; Pemble, M. E.; Sheel, D. Bhem. Mater2006 18, 5750.

(26) Apatiga, L. M.; Rivera, E.; Castano, V. M.Am. Ceram. Sa2007,
932.

(27) Yang, W. L.; Wolden, C. AThin Solid Films2006 515, 1708.

(28) Mellott, N. P.; Durucan, C.; Pantano, C. G.; Guglielmi, Tin Solid
Films 2006 502 112.

(29) Peng, X.; Chen, AJ. Mater. Chem2004 14, 2542.

(30) Mathur, S.; Kuhn, PSurf. Coat. TechnoR006 201, 807.

(31) O'Brien, P.; Pickett, N. L.; Otway, D. Lhem. Vap. Depositior002
8, 237.

(32) O'Neill, S. A,; Parkin, I. P.; Clark, R. J. H.; Mills, A.; Elliot, NJ.
Mater. Chem2003 13, 56.

(33) Hyett, G.; Green, M.; Parkin, . B. Am. Chem. So2006 128 12147.

(34) Ohtani, B.; Ogawa, Y.; Nishimoto, S.J. Phys. Chem1997, B101,
3746.

of the quartz tube. Prior to heating, the system was purged using
ultrapure argon (99.9995%) at a flow rate of 200 standard cubic

cm per min (sccm) for 4 h, then the system was heated to a

predetermined temperature, the temperature was maintained for 2
h, and then the system was cooled to room temperature with a
continuous purge of the pure argon stream. Finally, the synthesized
TiO, was annealed in air at 50@ for 1 h.

The PAA templates used in this work were prepared by a two-
step aluminum anodic oxidation process in a 0.3 M oxalic acid

(35) Kirk-Othmer Encyclopedia of Chemical Technolpgpwe-Grant, M.,
Ed.; John Wiley & Sons, Inc.: 1997; Vol. 24, p 225.
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Figure 1. Low and high magnification SEM images of Ti@pheres prepared at (a and b) 5@ (c and d) 65CC; and (e and f) 750C.

solution?* Briefly, after being annealed in a vacuum (773 K) and counter electrode and was flame annealed before each experiment.
degreased in acetone, highly pure Al plate (99.999%) was anodizedA saturated Ag/AgCI electrode was used the reference electrode.
in 0.3 M oxalic acid solution at a constant potential of 40 V for 8 The synthesized Tigspheres were used as the working electrode.
h. After removal of the anodic oxide layer in a mixture of The UV source was Cure Spot 50 (ADAC systems). The wave-
phosphoric acid and chromic acid solution, the textured Al plate length range was from 280 to 450 nm, and the light intensity was
was anodized again under the same conditions as the first2 mWi/cn?. For visible light irradiance, the light from the source
anodization. Then the Al layer of the sample was removed in a was passed through an optical filter, which cut off wavelengths
saturated Snglsolution. After the coating layer was dissolved in  below 420 nm. The intensity of the resulting visible light was
acetone, the barrier layer of the membrane was removed in ~0.015 mW/cm. P-25 was used as the benchmark to evaluate the
phosphoric acid to form a regular hollow membrane. photoelectrochemical activity of the synthesized J$pheres. P-25
The synthesized Tigspheres and nanotubes were characterized is a mixture of anatase~<79%) and rutile {+21%) TiO,, and it is
by X-ray diffraction (XRD) (Philips PW 1050-3710 diffractometer currently considered as one of the best commercial, Tiioto-
with Cu Ka. radiation), scanning electron microscopy (SEM) (JEOL catalysts. For SEM observation of the formed Ti@notubes the
JSM 5900LV) equipped with an energy dispersive X-ray spec- alumina template was partially dissolved 2 M NaOH. The
trometer (EDS) (Oxford Links ISIS), transmission electron micro- template was completely dissolved2 M NaOH, and the individual
scopy (TEM) (JEOL 2010F) and UWis spectroscopy (Varian  TiO, nanotubes were dispersed in ethanol for TEM characterization.
Cary 5E). To determine the relative concentration of carbon in
samples, the EDS analysis was calibrated with a standard SiC
sample. Photoelectrochemical experiments were carried out in a Effect of Temperature on the Morphology of the
glass cell using a three-electrode system controlled by a VoltaLab Formed TiO, Spheres.Figure 1 presents the low and high
used in this study was 0.5 M Ba0O,. A Pt coil was used as the 500 °C (a and b), 650C (c and d), and 750C (e and f)

(44) (2) Son, 5. 1., Reichel, 3. He, B.; Schuch VLo S B using Ti(OGHo),4 as the starting material at an argon flow

a) oon, S. J.; reicnel, J.; e, B.; Schuchman, v.; Lee, 3. BM. . i .

Chem. $0c2005,127, 7316. (b) Peng, X.; Chen, Aanotechnology _rate of 100 (sccm). As shown in the low magnification SEM
2004 15, 743. images (a, ¢, and e), all samples possess a porous network

Results and Discussion
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Figure 2. A: EDS of the samples prepared at (a) 5@ (b) 650°C; and
(c) 750°C. B: XRD patterns of the samples synthesized at (d) ED(e)
650 °C; and (f) 750°C.

structure formed by a huge number of small spheres. Their
corresponding high magnification SEM images (b, d, and f)
reveal that the diameters of the formed spheres are within 2

um and that the morphology of the microspheres synthesized

at the different temperatures is very similar. We further
investigated the composition of the formed microspheres
using EDS. Strong Ti and O peaks are seen in Figure 2A
with a ratio close to 1:2, indicating the formed microspheres
are TiQ. In addition, a small carbon peak-8%) appears

in the three EDS spectra. The corresponding XRD patterns
of the three samples synthesized at 500, 650, and°Z50
are presented in Figure 2B. The peaks marked by a star ar
derived from the Ti substrate. Only anatase phase t&D

be seen in the samples prepared at 30QFigure 2d). In
contrast, with the increase of temperature, rutile phase TiO

appeares gradually, both anatase and rutile coexist in the The Formation of Carbon-Doped TiO,

samples produced at 65Q (Figure 2e), and the rutile phase
becomes the dominant phase at 7&0(Figure 2f).

Effect of the Flow Rate of the Carrier Gas on the TiG,
Spheres.To study the impact of the carrier gas flow rate on
the formation of the Ti@spheres, we chose two different
flow rates, 100 and 200 sccm, while the temperature was
kept at 500°C. As shown in Figure 3a, the diameter of the
formed spheres is aroundu2n at a flow rate of 100 sccm,
consistent with the observation shown in Figure 1b. The
diameter of the formed spheres became much smailEdp
nm, when we increased the flow rate to 200 sccm (Figure

Chem. Mater., Vol. 19, No. 18, 208533

Figure 3. SEM images of TiQ spheres prepared under 500 at the Ar
flow rate of (a) 100 sccm and (b) 200 sccm.

that of the formed microspheres due to the increase of the
Ar flow rate.

Effect of Substrates on the Formation of TiG, Spheres.
For comparison, silicon, aluminum, and glassy carbon plates
were also used as the substrate. As shown in Figure 4, very
similar porous network structures composed of a huge
number of microspheres were formed on the Ti, Al, Si, and
glassy carbon plates (Figure 4 (parts a, b, ¢, and d,
respectively)) at 500C and the flow rate of 100 sccm. The
diameters of these spheres are all aboun® We further
investigated the initial stage of the formation of the TiO
microspheres. The CVD experiments on the four different
substrates, Ti, Al, Si and glassy carbon plates, were carried
out under the same conditions as described above except that
the reaction time was 10 min instead of 2 h. Their SEM
images reveal that the Tihanoparticles and nanospheres

Sormed on the four different substrates are very similar. All

the above results show that there is no obvious influence of
the substrate on the morphologies and compositions of the
formed TiQ spheres.

Nanotubes.As

the substrates have no obvious influence on the formation
of the TiO, spheres, it is expected that different FiO
nanostuctures can be formed using different templates. In
this study, alumina templates were fabricated and used to
synthesize Ti@nanotubes. Figure 5a presents an SEM image
of the porous alumina template; the diameter of the pore is
around 100 nm. To synthesize TiManostructures, we
placed the template on a ceramic boat containing the organic
Ti precursor Ti(OGHg)4 and increased the temperature to
500°C. As shown in Figure 5b, well-aligned nanotubes were
formed. The diameter of the nanotubes is around 100 nm,

3b); the coverage of the formed nanospheres is lower thanand the wall thickness of is approximately 15 nm. Figure 5¢
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Figure 5. SEM images of (a) the porous alumina template; (b) the top-view of the A@otubes synthesized from Ti(GHz)4 at 500°C; (c) the cross
section view of a Ti@ nanotube; and (d) the XRD pattern of the formed Fi@anotubes.

shows the cross section SEM image of the nanotubesFigure 6b presents the selected area electron diffraction
imbedded in the template. Their crystallographic character- (SAED) from the nanotube. The presence of the ring patterns
ization was performed using XRD. Peaks observed in Figure reveals the formation of polycrystalline Tihanotubes.

5d equal to 25.6, 38.1, 48.2, and 54 Gorrespond to an  Meanwhile, the SAED pattern shows (101), (004), (200),
anatase structure (JCPDS 21-1272), showing that anatasand (105) diffractions of the anatase phase, which is
TiO, nanotubes were formed. The TEM image of a synthe- consistent with the XRD result shown in Figure 5d. To
sized TiQ nanotube is presented in Figure 6a, further determine the composition of the synthesized nanotubes, an
showing that the diameters of the Li@anotubes are around EDS spectrum was recorded and is presented in Figure 6c¢.
100 nm and the wall thickness is approximately 15 nm. Tiand O are observed with an estimated atomic ratio of 1:2.
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Figure 7. (A): UV —vis spectra of (a) the blank porous alumina template;
(b) the P-25 film on the porous alumina template; (c) nanospheres; and (d)
TiO, embedded in a porous alumina template. (B): Variationodf/j'/2

Vs excitation energyhy) for the TiO; nanosphere and nanotubes to identify
(C ) indirect transitions: () the P-25 film; (¢) TiO2 nanospheres; and'{driO,

embedded in a porous alumina template.

ﬂ coefficiento. and the indirect band gdg are related through

o I‘ the following equatioff
I |
|l| | || (ahw)? 0 hw — E, (1)
| !
Ef I| || || Ti wherev is the frequency, antl is Planck’s constant. The
v e . . B\ /\}\ Tauc plots, ¢hv)Y2 vs hy, obtained after substituting the
1 zEnergnyeV t 3 value ofa in eq 1, are shown in Figure 7B. The optical

band gap, estimated by dropping a line from the maximum
Figure 6. (a) TEM image of a TiQ nanotub_e; (b) SAED pattern of TiO slope of the curve to the-axis, is 2.78 eV for the Ti@
nanotube; and (¢) EDS spectrum of the Ti@notube. microspheres and 2.72 eV for the Fi@anotubes, which
are much smaller than that of bulk anatase ;I{&20 eV),

In addition to the Ti and O peaks, a strong C peak is also indicating that carbon is doped into the Ti€rystal lattice.
observed in the EDS spectrum; however, the EDS result This is consistent with our EDS data: the percentage of
cannot distinguish the origin of the C signal, which may arise carbon in TiQ nanotubes is approximately 5%, which is
from carbon doped into the Tihanotubes and/or carbon higher than the percentage of carbon in the sTi@icro-
on the surface. spheres+{3%). To further prove that carbon has been doped

Optical Properties and Photocurrent of TiO, Nano- into TiO,, not just covering the surface, we did control
spheres and NanotubesTo determine whether carbon was  experiments. Carbon was coated on the surface of P-25 film
doped into the Ti@microspheres and nanotubes and, if so, for 1 min using an EDWARDS coating system. The UV
the effect of carbon doping on their UWis light response,  spectrum of the carbon coated P-25 is almost identical to
we further studied the synthesized TiGtructures using  the spectrum of P-25 without coated carbon; thus there is
UV —vis spectroscopy. The UWvis spectra of synthesized no obvious absorption edge shift when the carbon is simply
TiO, microspheres and nanotubes are shown in Figure 7.coated on the surface. All the above results demonstrate that
For comparison, the UVvis spectra of a blank porous the significant absorption shift shown in Figure 7 is not due
alumina template (a) and P-25 film (b) are also included in to carbon on the surface of the samples; it can thus be
Figure 7. Comparison of spectrum b (P-25), spectrum c{TiO ascribed to carbon doped into the Fi@icrospheres and
spheres), and spectrum d (Li@anotubes) reveals a signifi-  nanotubes.
cant red shift of the absorption edge toward the visible region
for both TiO, spheres and nanotubes. The absorption (45) Tauc, JMater. Res. Bull197Q 5, 721.
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Figure 8. Variation of photocurrent density vs applied electrode potential L . ) .
for the carbon-doped TiDspheres and P-25 film in 0.5 M BBO Figure 9. Variation of photocurrent density vs applied electrode potential
electrolyte under Hg lamp irradiation-@ mWicri?). for the carbon-doped TiOspheres and P-25 film in 0.5 M NaO,

electrolyte under visible light irradiatior ¢ 420 nm).
The direct growth of large amounts of TiGpheres on

titanium substrates allows us to further study their photo-
electrochemical activity. Figure 8 shows a comparison of
the photocurrent density vs applied potential curves for the
TiO, microspheres and one P-25 film under Hg lamp
irradiation (~2 mW/cn?). The electrolyte used in the
photoelectrochemical study was 0.5 MJS&, The reaction
being investigated here is thus the water splitting reaction:

the vapor is decomposed in the high-temperature zone. In a
vapor or liquid process via pyrolysis of metallorganic
precursors, the decomposition of the reactant is rapid, and
the nucleation and growth of Tiparticles occur in a quasi-
equilibrium state after the completion of chemical reactions.
During this process, Ti©@monomers are formed, and then
TiO, monomers condensate to form larger clusters by

2H,0—2H,+ O, (2) homogeneous nucleation in the gas phase based on the

collision mechanism® forming microspheres and nano-

The photocurrent increases with the increase of the appliedspheres. Thus, the density of the vapor of the organic Ti
electrode potential as the applied positive electrode potentialprecursor has a significant impact on the diameter of the
reduces the recombination of the phOtOgenerated eleCtronSormed T|Q spheres_ If the density of the vapor of Organic
and holes. This is consistent with the previous literature Tij compounds is low, the possibility of agglomeration of
results!* The photocurrent of the carbon-doped Fifi- small TiO, droplets reduces greatly, favoring the formation
crospheres is approximately 2 times higher than that of the ¢ nanospheres. By changing the flow rate of the carrier gas,
P-25 film showing that the formed TiOnicrospheres have  gne can change the density of the vapor. This is why the
a much higher real surface area although their geometric gigmeter of TiQ spheres decreased fromugh to 100 nm

surface area is the same. . when the flow rate of the carrier gas was increased from
As seen in Figure 7A,B, the synthesized carbon-doped 100 to 200 scem as shown in Figure 3.

TiO, spheres show enhanced visible light absorption. We
further measured the photocurrents of the carbon-dopeg TiO
spheres and the P-25 film under visible light radiation with

Similarly, the formation of the C-doped Tihanotubes
also involves several steps. During the heating process, the

a wavelength of. > 420 nm and intensity equal to 0.015 organic Ti precursor vaporizes. The evaporated organic Ti
mW/cn?. As shown in Figure 9, as expected, the photocur- molecules enter the porous alumina template and deposit on

rent of P-25 is very low and does not change with increased the innerdv;/all of t:e nano_ch?nnelg f(;rmirég an orgar(;ic
applied potential. Interestingly, the synthesized carbon-dopedcompoun ayer. The organic layer IS then decomposed at
TiO, spheres show much higher photocurrent than the F,_25the high temperature, forming the Ti@anotubes. It should

film, demonstrating that the carbon-doped T&pheres can be noted .that the TiPnanotubes can _only be synthesized.
more effectively harvest visible light. This is consistent with Under an inert atmosphere. We also tried the experiments in

the UV—vis results shown in Figure 7. air, and under an atmosphere purged by oxygen,, TiO

Growth Mechanisms of the Carbon-Doped TiQ Spheres particles rather than Tipnanotgbes were formed in bof[h
and Nanotubes The boiling point of the organic Ti precursor ~ €aS€s. As thermal decomposition occurs under an inert
Ti(OC4Ho), used in this study is 312C. We carried outthe ~ atmosphere (argon gas), in the absence fte organic
same experiment as described in the Experimental Section!! Precursor provides both Ti and O sources for the formation
but at a low temperature (3FZ); very few particles were of TIOZ nanot_ubes. Thgs_, it is expected that carboq will be
formed, showing that Ti(OBu)is stable and does not easny doped into the Ti©in the course of the formation of
decompose at its boiling point. It is expected that several the TiQ: spheres and nanotubes. This is why a strong carbon
steps are involved in the formation of the carbon-doped, TiO Peak appears in the EDS spectrum (Figure 6b) although the
spheres: (i) the organic Ti precursor turns to vapor; (ii) the Sa@mple was annealed in air at 580 for 1 h.
organic Ti vapor passes through the high-temperature zone
by diffusion and the push of the carrier gas argon; and (iii) (46) Pratsinis, S. E.; Vemury, Rowder Technol1996 88, 267.
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There are three possible ways to dope carbon into titania: Conclusions
(i) doped carbon as cation replacing Ti; (ii) as anion
substituting O; and (iii) insertion of carbon, in anion or cation
form, into crystal lattice. To understand how carbon is doped
into TiO,, we did further quantum chemical calculations on
the electronic states of anatase titania crystal with doped
carbon; details are described in the Supporting Information.

In summary, we have developed a facile and reproducible
method to synthesize, on a large scale, carbon-doped TiO
spheres and nanotubes, where the Ti, O, and C are from a
single Ti precursor Ti(OgHg)s. The diameter of the spheres
can be easily varied from 100 nm to several micrometers by
: ) i adjusting the flow rate of the carrier gas. The synthesized
Doping of carbon as a tetravalent catlgn does not .|nfluence carbon-doped Ti@microspheres and nanotubes possess high
the CB and VB of pure anatase but induces an interband , o catalytic activity and enhanced visible light response.
gap vacant electronic state, which is located above VB by Tha photocurrent of the carbon-doped T&pheres is much
1.08 eV. Therefore, the results suggest that a new absorptiorhigher than that of P-25, especially under visible light
peak at 1.08 eV may appear in the absorption spectrum, andradiation. Quantum calculations indicate that the possible
a shift of band edge would not be supported. This is not structure of doping is insertion of carbon into Fi€rystal
reflected in our experimental results. Even assuming that |attice. As the substrate has very little impact on the process
carbon is included as anions substituting O, again no bandof the TiO, formation, different carbon-doped Tiano-
gap narrowing is observed, and an interband gap vacant statgtuctures can be achieved using different templates. The
appears above VB by 0.46 eV. These results indicate thatapproach described in this study can also be adopted to
both cation and anion doping do not account for the presentfabricate other oxide nanostructures.
visible-light absorption. Thus, one possible structure of
doping is insertion of carbon, in anion or cation form, into  Acknowledgment. This work was supported by a Discovery
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