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bstract

Visible light responsive carbon doped TiO2 films were developed by ion-assisted electron-beam evaporation using rutile powder as source material
nd two different gases, CO2 and CO in the ion source as dopant source. The influence of beam current on the carbon content and crystallinity of the
lms was systematically studied to understand their effect on photocatalytic activity. More carbon content was incorporated when ion beam current
as raised and when CO2 gas was utilized as the ion source and it also resulted in shifting the absorbance edge of TiO2 towards higher wavelength

egion. The TiOxCy film of well-crystallized anatase phase with 1.25 at.% carbon dopant from CO2 source exhibited the lowest contact-angle close
o zero and the best photocatalytic activity in terms of the reduction of silver ions to metallic silver and the degradation of methylene-blue under

isible-light illumination. Post annealing the films at a higher temperature (500 ◦C) also improved the overall photocatalytic activities. This work
emonstrates clearly that the photocatalytic performance of the TiOxCy films under visible light correlates well with the anatase crystallinity and
arbon dopant concentration.

2007 Elsevier B.V. All rights reserved.
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. Introduction

TiO2 has been identified as the most effective and useful
hotocatalyst exhibiting interesting photo-induced photocataly-
is and hydrophilicity. But the available titanium oxides are poor
bsorbers of photons in the solar spectrum and only absorb the
ltraviolet light, which constitutes only a small fraction (<5%) of
he solar spectrum [1]. The efficient utilization of solar energy is
ne of the major goals of modern science and engineering that
ill have a great impact on technological applications [2–6].
onsequently any improvement of the photocatalytic efficiency
f TiO2 by shifting its optical response to the visible region will
ave a profound positive effect. A number of approaches have
een used to modify the semiconducting-natured TiO2 for its
se in the visible light photocatalysis [7–16].
Impurity doping is one of the typical approaches to extend the
pectral response of a wide band gap semiconductor to visible
ight. An initial approach of doping TiO2 with transition metals

∗ Corresponding author. Tel.: +886 3 8634206; fax: +886 3 8634200.
E-mail address: mswong@mail.ndhu.edu.tw (M.-S. Wong).
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as been investigated extensively [7]. However, the photocat-
lytic activity of metal doping is impaired by thermal instability
7] and an increase in carrier-recombination [8]. Recently, some
esearchers have reported TiO2 doped with non-metallic atoms
ike nitrogen [9–11], carbon [12,13], sulphur [14], iodine [15]
nd co-doping with nitrogen and flouorine [16]. All show high
hotocatalytic activity under visible light owing to band gap
arrowing.

Among the anion doped TiO2 powders or thin films, car-
on doping has been theoretically claimed to have a potential
dvantage over nitrogen doping [17]. A more substitutional car-
on incorporation results in narrower bandgap and hence better
hotocatalytic performance compared to a similar amount of
itrogen doping. Substitutional carbon atoms introduce new
tates (C2p) close to the valence band edge of TiO2 (i.e. O2p
tates). As a result of this the valence band edge shifts to higher
nergy compared with the reference TiO2 and the band gap
arrows. The energy shift of the valence band depends on the

verlap of carbon states and O2p states. A higher doping concen-
ration of carbon results in higher energy shift due to significant
verlap of carbon and oxygen states and this leads to narrower
and gap in the compound [17]. Moreover, our earlier results

mailto:mswong@mail.ndhu.edu.tw
dx.doi.org/10.1016/j.molcata.2007.09.024
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trongly suggest that the photocatalytic performance is prefer-
ntial to its anatase crystallinity for pure titania and to both
natase crystallinity and dopant concentration for doped titania
lms [10,18–20].

Recently, carbon doped TiO2 films have been prepared by
adio frequency (RF) magnetron sputtering and the hydrophilic-
ty characteristics are found to depend on the amount of carbon
oped in TiO2 [21]. The nature, crystallinity and amount of car-
on incorporated depend on the preparation strategy adopted. In
he present paper, we report the preparation of carbon doped
iO2 films (TiOxCy) by ion-assisted electron-beam evapora-

ion method using CO and CO2 as the source gases and their
hotocatalytic activity dependence on the crystallinity (crystal
hase and crystallite size) and carbon content of as deposited
lms. Improvement of crystallinity is attempted by post anneal-

ng the films at 500 ◦C and the corresponding enhancement of
hocatalytic behavior is assessed.

. Experimental procedure

The ion beam assisted electron-beam evaporation system was
ssembled by Branchy Vacuum Technology Co., Ltd. (Toayuan,
aiwan) using rutile TiO2 (99.99%) as a source material. The
etails of the system were described elsewhere [18]. The ion
eam source was made by Veeco Inc. and the diameter of
his Kaufman-type ion source was 3 cm. The distance between
he rotating substrate holder and the evaporation source was
50 mm. The chamber was evacuated using a mechanical pump
ALCATEL-2033SD) and a cryopump (CTI-Cryo-Torr8®). The
ase pressure was 6.65 × 10−4 Pa. The pure films were deposited
n oxygen atmosphere (6.65 × 10−3 Pa), and for the carbon
oped films the working pressure was set to 1.74 × 10−2 Pa
ith 7 sccm of CO or CO2 flow in the ion gun. The substrates
ere sputter-etched with argon ions (Ar+) for 5 min prior to the
eposition to remove any residual pollutants on the surface. The
ubstrate temperature was maintained at 300 ◦C by quartz lamp.
n order to incorporate significant dopant in the films, the ion
un beam current was varied from 0 to 35 mA and beam volt-
ge was maintained at 1000 V with commonwealth scientific ion
eam supply (IBS) controller. The deposition rate was adjusted
o 0.2 nm s−1 by quartz crystal monitor for all the films to deposit
thickness of 1.2 �m. The film deposited without ion beam cur-

ent using either CO or CO2 as source gas is essentially pure
iO2 and is referred as T1 hereafter. The films obtained with
eam currents 10, 20 and 35 mA using the source gases CO and
O2 are entitled as T2, T3, T4 and T5, T6, T7, respectively. To

mprove the crystallinity, the films which were initially deposited
t a substrate temperature of 300 ◦C are further post annealed at
00 ◦C for 8 h.

The crystallinity of the films was investigated with a
igaku D/MAX-2500V 18 kW low angle X-ray diffractome-

er (XRD) operating with Cu K� radiation (λ = 1.54178 Å) at
0 kV and 200 mA. The grain size was calculated from the

RD patterns according to Scherrer equation. Raman spectra

or the films were recorded on RENISHAW 1000B spec-
rometer. The absorption spectra were obtained using Hitachi
300H UV–visible spectrophotometer. The TiOxCy films were

t
r
a
w
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eposited on quartz in order to avoid the UV–vis absorption
f the Si substrate in the range of 300–600 nm. The surface
orphology and composition were characterized by scanning

lectron microscopy equipped with energy dispersive spec-
roscopy (SEM/EDS, Hitachi 3500H). Carbon content in the
iO2 films was determined by electron probe micro analyzer
EPMA) using JXA-8800 (JEOL, Japan).

The photocatalytic activity under visible-light illumination
as characterized by (i) the variation of surface hydrophilicity

valuated by the change of water contact angle on the surface of
he films (ii) the reduction of Ag+ ions in 0.1 M AgNO3 to Ag

etal, and (iii) the degradation of 5 ppm methylene blue (MB)
queous solution (Riedel-de Haen). The visible light source
as a fluorescent lamp (Hitachi-FML27EX-N) with the wave-

ength distribution around 400–700 nm, the maximum intensity
t 550 nm and the light intensity on sample surface around
.51 mW cm−2. The photocatalytic activity was performed for
oth the as prepared and the post annealed (500 ◦C) films.

The variation of surface hydrophilicity was determined
t ambient conditions (i.e. 298 K, RH: 58%) using a com-
ercial contact angle meter (FACE, Kyowa Kaimenkagaku,

apan). For silver reduction, the carbon doped films (dimen-
ions 3 mm × 3 mm) are immersed in 2 ml of AgNO3 solution
0.1 M conc.) and illuminated with visible light source for 3 h,
fter which the films were cleaned with de-ion water and dried
or SEM analysis. For photodegradation of MB, a 1 cm × 1 cm
hin film was immersed in 6 ml solution of MB (conc. 5 ppm)
n dark at room temperature. After irradiation the solution for a
efinite time with visible light, the conc. of MB was measured
y following the absorbance at 664 nm wavelength of MB with
V–vis spectrometer.

. Results and discussion

Fig. 1a and b show the XRD patterns of pure and carbon
oped TiO2 films before and after annealing. Prior to anneal-
ng, all films except T4, T6 and T7 exhibit pure anatase titania
hase though the XRD peaks in carbon doped films are little
road, less intense and shifted to lower angle side as the beam
urrent is increased from 10 to 35 mA. This is attributed to the
on bombardment and to the incorporation of carbon atoms in
lace of oxygen. As the beam current is increased the high ener-
etic beam bombards the surface of depositing film and thereby
nduces atomic shuffling. Films become more defective as ener-
etic ions from source gas insert themselves in and forcibly
isplace oxygen atoms of TiO2 from equilibrium sites. These
rocesses lead to a reduction of film crystallinity and is reflected
n the form of broad and less intense peaks in the XRD pattern.
hanges in the interplanar spacings and film orientations are also
xpected with increasing ion energy or flux due to the incorpora-
ion of carbon atoms or associated defects. The increased lattice
onstant with the energetic ion bombardment (increased beam
urrent) results in the shift of XRD peaks for carbon doped films

owards lower angle. In films T4, T6 and T7, small fraction of
utile phase was also observed. At the same time, composition
nalysis by EPMA indicates an increase in the carbon content
ith the increasing beam current. The incorporated carbon along
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ig. 1. XRD patterns of pure and carbon doped TiO2 films obtained using CO a
nnealing.

ith high energetic beam decreases the crystallinity and there-
ore, the films deposited with a beam current of 10 mA are more
rystalline compared to the films deposited with higher beam
urrents.

For the same beam current, the carbon content in the films
eposited with CO2 as source gas is always higher than that from
O. Scherrer’s equation was applied to the most intense anatase
eak ((1 0 1) or (0 0 4)) which provided a mean grain size in
he range of ∼15–20 nm. Calculations from the XRD peak posi-
ions also reveal that an anisotropic lattice expansion occurs with
ncreased carbon content. The calculated lattice parameters ‘a’
nd ‘c’ lie in the range 3.7870–3.8218 Å and 9.2977–9.6226 Å,
espectively while the standard values from the XRD
ata base are, a = 3.7852 Å and c = 9.5139 Å (JCPDS card
o. 21–1272).
The XRD patterns of films post annealed in air under normal

umidity and atmospheric pressure are shown in Fig. 1b. The
nnealing affects grain growth in anatase (2 1 1) plane for the
lms T2, T3 and T4, while the sharpness of diffraction peaks
i.e. the FWHM of the peak) in general improved for all samples
ndicate increased crystallinity. But for T4, T6 and T7, the emer-
ence of peaks corresponding to rutile phase (especially T4) and
(2 0 0) orientation preference of anatase phase is observed more
rominently upon annealing. In an earlier report [22], carbon
oped titania obtained by temperature-programmed carboniza-
ion (TPC) of anatase phase exhibits an inhibition towards rutile
hase formation. In the present study, the continuation of rutile
hase upon post annealing is due to the existence of small amount
f rutile phase in the as deposited films of T4, T6 and T7. The for-

ation of rutile TiO2 in T4, T6 and T7 is probably due to the ion

ombardment effects, since these samples were produced under
igher ion flux. However, the crystallinity has been improved in
he low carbon content samples (T1, T2, T3 and T5 with 0, 0.8,

(
t
i
p

O2 as source gases at different beam currents (a) before annealing and (b) after

.1 and 1.25 at.% C, respectively) besides retaining the anatase
hase.

The Raman spectra display a consistent result with that from
RD patterns and the films exhibit primarily a well-crystallized

natase structure as shown in Fig. 2a and b, before and after
nnealing, respectively. The anatase titania is characterized [23]
y the obvious bands at 398, 518 and 640 cm−1 but the band
round 518 cm−1 was overlapped with silicon substrate. Upon
-beam heating, TiO2 source can be vaporized and may be
ecomposed into Ti, O, O2 and TiO species, which proceed
o rearrange on the substrate. However, the sample T1 is stoi-
hiometrically TiO2 only and not TiO2−x. The Raman spectra
f T1 clearly indicate the absence of any bands corresponding
o lower oxides of Ti, for example Ti2O3 or TiO. But the small
ands around 267 cm−1 observed for T2, T3 and T4 are due to
he formation of Ti2O3 [24]. It is well known that rutile TiO2 is
thermodynamically stable phase and generally forms at high

emperatures (>800 ◦C) while anatase is a kinetically controlled
rystal structure which can form at sufficiently low temperature
<500 ◦C). Hence, the films grown at 300 ◦C of substrate tem-
erature would prefer to the formation of anatase phase (Fig. 2a).
he intensity of anatase titania bands decreased with beam cur-

ent, in films obtained from both source gases CO (T2, T3, T4)
nd CO2 (T5, T6, T7), due to the ion bombardment and the car-
on incorporation in the doped films. The ion bombardment
nd carbon incorporation decreases the crystallinity of films
ue to induced defects and therefore the Raman bands whose
ntensity depends on the crystallinity also gets decreased, corre-
pondingly. However, the Raman spectra of post annealed films

Fig. 2b) show intense and sharp bands due to increased crys-
allinity (upon annealing out the defects) compared to the peaks
n non-annealed films. But the peaks corresponding to rutile
hase titania in T4, T6 and T7 are not distinctly visible as they
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result. The little red-shift of the optical spectra of the carbon-
doped titania (T2, T3 and T5) in Fig. 3 is mainly due to: (1)
The contents of doped carbon in the titania films is relatively
low, 1.25 at.% at the most, and (2) The films were grown at a
Fig. 2. Raman spectra of pure and carbon doped T

ere submerged as shoulders in the 398 and 640 cm−1 peaks
f anatase. The low concentration of rutile phase and the close
roximity of peak position to anatase phase deter a clear obser-
ation of rutile phase in Raman spectra. Thus, these findings are
onsistent with the XRD results.

The deposition condition (such as, beam current, gas source)
sually determines the composition and microstructure and
herefore the properties. However, considering the variation of
ncorporated carbon (increasing carbon content) and anatase
hase crystallinity, we feel that the films T1, T2, T3 and T5
ould constitute a good combination for further study compared

o other films which contain 1.35 at.% or more amount of car-
on and also possessed a small amount of rutile phase in them.
hough T5 is prepared with a different source gas compared to
1, T2 and T3, we consider it reasonable to choose crystal phase

anatase) as a primary step along with increasing carbon content,
or grouping them together for further study. Here the selection
f anatase phase for comparison is only a criterion based on the
ast literature, in which anatase phase is proved to be a better
hotocatalyst compared to rutile or mixed phases.

Fig. 3 shows the UV–vis absorption spectra of undoped (T1)
nd carbon-doped (T2, T3 and T5) TiO2 films before annealing.
arbon substitution causes a considerable shift in the absorbance
dge of TiO2 towards higher wavelength region. The pure TiO2
lm shows the absorption edge at ∼380 nm and its absorption
dge red-shifted gradually to ∼410 nm in T2 and ∼430 nm in
3 films. But the absorption edge of T5 is less than T3. The shift

n the visible light region is largely due to inclusion of carbon
nto TiO2 network to form Ti–C bonds. Similar optical spectra
ere obtained by Irie et al. [21] in the carbon doped titania films
ith the absorption shift mainly dependant on the carbon con-
ent. The UV–vis spectra of samples T4, T6 and T7 are taken
ut not shown for clarity, since they are all red shifted from the
ormation of rutile phase. But when the films were annealed,
he UV–vis spectra (not presented here) did not show an appre-

F
a

lms (a) before annealing and (b) after annealing.

iable red shift, instead showed a slight blue shift especially
or T3, T4, T6 and T7. This result suggests the role of oxygen
acancies or defects induced by the high energy beam used for
eposition. Before annealing, the defects form isolated local-
zed bands in the energy gap and hence can lead to absorption
f higher wavelengths. After annealing, however, the oxygen
acancies or defects are reduced and the absorption shifts to
ower wavelengths again. So, the better absorption of film T3 in
he visible region is apparently due to the relatively more defects
ormed by the higher flux of the high-energy beam used. The
ntensity of peak corresponding to Ti2O3 in the Raman spectra
f T3 and T5 before and after annealing also corroborates this
ig. 3. UV–vis absorption spectra for T1, T2, T3 and T5 titania films before
nnealing.
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[20].
ig. 4. Water contact angle variations following the visible light illumination
ime for T1, T2, T3 and T5 titania films before annealing.

ubstrate temperature of 300 ◦C, at which some of defects gener-
ted by ion bombardment could be annealed out. Therefore, the
ffects of the carbon incorporation and the creation of defects
rom ion bombardment are reflected in the absorption spectra of
arbon doped titania films.

Water contact angle measurements were conducted to exam-
ne the visible-induced hydrophilicity of pure and carbon doped
iO2 films. Fig. 4 shows the contact angle variation following

he time of visible light illumination for T1, T2, T3 and T5 before

nnealing. The pure TiO2 film (T1) shows the angle reduction
rom 62 to 48◦ after 90 min of visible light illumination. The T2
nd T3 films display the angle reduction from 58 to 36◦ and 60

v
a

Fig. 5. SEM images of silver ion reduction for T1, T2, T3 and
talysis A: Chemical 279 (2008) 20–26

o 30◦, respectively. However, the T5 film showed the highest
eduction (48 to 3◦) corresponding to the best hydrophilicity on
he surface under visible light illumination. The hydrophilicity
haracteristics of carbon doped TiO2 films studied earlier [21]
howed a reduction of water contact angle from 20 to 13◦ even
or the optimum carbon content of 1.1 mol% in the films. The
arge reduction of water contact angle in T5 indicates a better per-
ormance. The mechanism for the conversion from hydrophobic
o hydrophilic under illumination was explained [25] by assum-
ng that surface Ti4+ sites were reduced to the Ti3+ states via the
hotogenerated electrons, and oxygen vacancies were generated
hrough the oxidation of the bridging O2− species to oxygen via
he photogenerated holes. Dissociated water gets adsorbed on
he vacancy sites to create hydrophilic hydroxyl groups on the
urface. The better performance of T5 compared to the films
btained by RF magnetron sputtering [21] could be partly due
o the presence some Ti3+ sites along with oxygen vacancies and
lso due to the presence of a higher carbon content in T5. The
arbon content in all films is obtained from EPMA as well as
PS. T5 showed a carbon content of 1.25 at.% and also anatase
hase crystallinity even after post annealing treatment. As T1,
2 and T3 are also of anatase phase with high crystallinity after
ost annealing, the high carbon content in T5 in comparison to
hem is considered to be responsible for better photocatalytic
erformance. The XPS depth profiles (not shown here) of the
lms reveal that C–C bond exists on the film surface but dimin-

shes with ion etching and finally gets replaced by Ti–C bond
Fig. 5 shows the surface morphology (SEM images) of sil-
er ion (Ag+) reduction on the non-annealed (left side of panel)
nd annealed (right side of panel) films T1, T2, T3 and T5,

T5 titania films before (left) and after annealing (right).
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Table 1
Beam current and carbon content dependant characteristics of photocatalytic properties before and after annealing the carbon doped titania films

Film Carbon source gas Beam current (mA) Carbon content (at.%) Annealing effect on photocatalytic properties

Rate constant (K, h−1) Relative Silver (%)

Before After Before After

T1 – 0 ∼0 0.042 0.042 0 0
T2 CO 10 0.8 0.084 0.140 2.9 2.6
T3 CO 20 1.1 0.069 0.161 1.0 9.8
T4 CO 35 1.36 0.052 0.083 0 0
T5 CO2 10 1.25 0.108 0.170 7.7 10.6
T
T

r
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w
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6 CO2 20 2.2
7 CO2 35 3.2

espectively. Bulk silver particles are formed by the reduction of
queous AgNO3 solution on the surface of carbon doped TiO2
lms while no silver formation is shown for pure TiO2 even
fter annealing. The relative amount of reduced silver quantified
y EDS is presented in Table 1. In the non-annealed films, the
mount of reduced silver follows the order T3 < T2 < T5 while in
he annealed films the order is T2 < T3 < T5. The improved per-
ormance of T3 after annealing for photocatalytic reduction of
g+ is specifically due to the enhanced crystallinity upon anneal-

ng (Fig. 5). However, the film T5 showed the best performance
ue to more carbon content and perfect anatase crystallinity
nlike T6 and T7 (for whom the SEM images are not shown

ut the data is presented in Table 1). The photocatalytic perfor-
ance before and after annealing are compared in Fig. 6 which

hows an overall increase of silver content in the annealed films
f different carbon concentration.

ig. 6. Annealing effect on photocatalytic behavior of TiO2 and TiOxCy films
or (a) reduction of Ag+ and (b) degradation of MB with different carbon content
pon visible light illumination.
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0.082 0.091 1.2 1.2
0.059 0.062 0.1 0.5

The visible light-induced photodegradation of MB for pure
iO2 and carbon doped TiO2 films was studied. The plot of the
atural log of the MB concentrations versus irradiation time is
straight line. Thus, the kinetics of MB degradation suggested
first order mechanism, and the rate constants are presented

n Table 1. The non-doped anatase film has a rate constant of
.042 h−1 and the value does not change after the annealing,
hile the carbon-doped titania films all have higher rate constant.
mong the carbon-doped titania films, those of pure anatase

rystallinity (T2, T3 and T5) possess higher rate constant values
hich increasing with the carbon content in the films, while the
lms of mixed phases of rutile and anatase or amorphous phase
ave lower rate constants. After annealing, the rate constants
or all the carbon-doped titania films become higher, but the
lms of pure anatase phase exhibit larger increment than those
f mixed phases. The overall improvement of rate constants in
nnealed films as a function of carbon content is illustrated in
ig. 6. Analogous to superior hydrophilic performance, the film
5 (containing 1.25 at.% C) showed best photocatalytic activ-

ty with a rate constant of 0.108 h−1 before annealing which
ncreased to 0.170 h−1 upon annealing. However, after anneal-
ng, a marked improvement in the rate constant is shown by T3,
lmost attaining that of film T5. This is reasonable, since T3 and
5 have very close amount of carbon dopant and about the same
rystallinity after annealing.

The improvement of catalytic activity in the lower carbon
ontent region (up to 1.25 at.% C) implies an optimum car-
on content in carbon doped TiO2 thin films by electron beam
vaporation method. The crystallinity and carbon content are
ependent on the beam current. This method of deposition with
O and CO2 as source gases offered a means of controlling

hese crucial parameters for evaluating their photocatalytic per-
ormance. Annealing of films led to mixed anatase and rutile
hase formation beyond the 1.25 at.% of carbon content (shown
s thick dotted line in Fig. 6), i.e. in films T4, T6 and T7. The
eason for the more incorporation of carbon in titania films using
O2 gas can be attributed to the less bond dissociation energy
f double bonded CO2 than triple bonded CO. Moreover, the
oisonous nature of CO makes it a less viable option compared

o CO2 gas.

Our prior studies and many other literatures have shown the
hotocatalytic properties of pure and nitrogen doped titania are
roportional to composition and anatase crystallinity of the sam-



2 r Ca

p
i
r
w
T
i
d
e
T
s

n
r
t
i
i
o
a
t
d
c
d
a
d

4

m
r
e
c
r
g
p
i
i
f
m
fi
b
d

A

S
E

R

[
[

[
[

[

[

[

[
[
[
[

[

[
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les. Photocatalytic performance deteriorates a lot, if the phase
s deviating from pure anatase to those consisting of amorphous,
utile or mixed phases. The results of this carbon-doped titania
ork again support the previous findings. The films T2, T3 and
5 are of anatase phase with varying crystallinity. After anneal-

ng, they possess about the same crystallinity but with increasing
oped carbon content (T2 < T3 < T5) their photocatalytic prop-
rties also increase accordingly. On the other hand, the films T4,
6 and T7 before and after annealing are all of mixed phases,
o their photocatalytic performance is rather poor.

The carbon species or states and defects in C-doped tita-
ia that induced a visible-light photocatalytic activity have still
emained controversial. The incorporation of carbon atoms into
itania inevitably influence the crystallinity and defect density
n the films. The defects may include various kind of defects
n the lattice, color centers (oxygen vacancies) and the doping
f the lattice by C-species. These defects all contribute to the
bsorption of visible light and to the photocatalytic effect. For
itania samples in either powder or film form, it is very hard to
ifferentiate the type of defects and their corresponding photo-
atalytic effect. Our work demonstrates that the effect of carbon
oping in titania lattice is evident through a series of annealed
natase films of varying carbon content but with comparable
efect density and crystallinity.

. Conclusion

This study demonstrates the effectiveness of using carbon
onoxide (CO) and carbon dioxide (CO2) gases for the prepa-

ation of carbon doped TiO2 films by ion-assisted electron-beam
vaporation. The beam current had a significant influence on the
arbon content of the films and their crystallinity. At a beam cur-
ent of 10 mA, the carbon doped TiO2 film deposited using CO2
as is found to exhibit superior photocatalytic properties com-
ared to other films. This is attributed to the optimum carbon
ncorporation with most favorable crystallinity in the film. An
ncrease in titania crystallinity by annealing the films at 500 ◦C
or 8 h gave favorable results in terms of photocatalytic perfor-

ance. On the whole, the annealed carbon doped TiO2 anatase
lm with the most doped carbon content of 1.25 at.% gave the
est visible light photocatalytic activity for superhydrophilicity,
egradation of MB and reduction of silver ions.
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