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a b s t r a c t

Composite TiO2/carbon thin films prepared by physical vapor deposition techniques on fused silica sub-
strates show enhanced photocatalytic activity towards decomposition of methanol to CO2 and water, as
compared to pure TiO2 films of similar thickness. Raman and XRD measurements confirm that annealed
TiO2 films exhibit anatase structure while the carbon layer becomes graphitic. Characteristic for the com-
posite films is an enhanced optical absorption in the visible range. The presence of the carbon film causes
a shift of the TiO2 absorption edge and modifies its grain size to be smaller. We hypothesize that the
eywords:
itanium dioxide
arbon
hin film
haracterization
hotocatalysis

observed enhancement of photocatalytic activity is due to synergy effects at the carbon/TiO2 interface,
resulting in smaller titania crystallite size and anisotropic charge carrier transport, which in turn reduces
their recombination probability.

© 2010 Elsevier B.V. All rights reserved.
ethanol decomposition

. Introduction

Titanium dioxide is a well-known and widely studied photocat-
lyst especially after the pioneering work of Fujishima and Honda
n water splitting with light [1]. Ever since it has been of great
nterest due to potential applications for environmental remedies
uch as purifying organic waste or cleaning air pollutants [2], for
nergy conversion technologies such as in solar cells [3], production
f “solar” hydrogen [1], etc. TiO2 is recognized for its characteris-
ic properties such as strong oxidation potential of photogenerated
oles, chemical stability, non-toxicity and low cost. TiO2 crystal-

izes in three crystal phases; anatase, rutile and brookite, among
hich the anatase phase typically has a higher photocatalytic activ-

ty due to its band position with respect to the hydrogen redox
otential [4]. However, it has some practical limitations in absorb-

ng the visible part of the electromagnetic spectrum due to its wide
andgap (∼3.2 eV), and it suffers from fast electron-hole recombi-

ation [5]. Since the ultraviolet (UV) portion of solar radiation at the
arth surface constitutes only 5% of the total, it is highly desirable
o extend the light absorption of the photocatalyst in the visible
ange.

∗ Corresponding author at: Fysikgrand 3, F5121, Chalmers University of Technol-
gy, 41296 Gothenburg, Sweden. Tel.: +46 31 7723373; fax: +46 31 772 31 34.

E-mail address: rayas@chalmers.se (R. Sellappan).
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Among the many attempts in this direction, modification with
carbon (C) has been an efficient route to alter the photocatalytic
properties of TiO2 [6–8]. Carbon itself plays an important role in a
number of heterogeneous catalytic processes acting as adsorbent,
catalyst support or active material [9]. In particular, the proper-
ties of graphitic carbon films, such as good conductivity and high
light absorption in the visible range, are utilized for photocatalytic
applications [9].

Carbon as a dopant in TiO2 improves the optical absorbance in
the visible spectral range by introducing localized energy states
in the bandgap, but at the same time increases the electron-hole
recombination probability [10]. Doping and addition of carbon to
TiO2 catalysts, where the carbon atoms substitute oxygen or tita-
nium atoms or occupy interstitial sites, can be achieved in different
ways, and there are several reports on the positive catalytic effect
of these procedures [8,11,12]. Despite these observations, it is crit-
ically argued that experimental evidence for the enhancement of
photocatalytic reactions with visible light for the carbon-doped sys-
tem is still missing or at least controversial [13]. Several studies also
suggest that TiO2 on an activated carbon matrix simply enhances
the surface area and hence more reactants can adsorb on the surface

of the catalyst for photocatalytic degradation of pollutants [14,15].
Similarly, recent work describing how carbon nanotubes have been
employed as a support for TiO2 is assigned to improvements of the
photo-response due to improved conductivity and dispersion of the
system [7,16–18]. With these previous results as a reference, we

dx.doi.org/10.1016/j.molcata.2010.11.025
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:rayas@chalmers.se
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ave chosen to introduce carbon as a separate film and investigate
ts role in a well-defined and simple model system of C/TiO2 thin
omposite film. The main investigated parameters are the thick-
ess of the films and the effect of annealing on the morphology and
ptical properties of TiO2.

Takahashi et al. [5] have suggested that the efficiency of TiO2
s decreased due to recombination of the photo-generated carri-
rs at trapping sites both in the bulk and at the surface. Therefore,
lms with smaller thickness are expected to show reduced (bulk)
lectron-hole recombination. This is the reason to restrict the
hickness of investigated films to no more than 100 nm. It is also
xpected that interface effects will play an important role, which
ould be sensed at a certain TiO2 thickness; meaning for thick
iO2 films, the underlying carbon film will no longer play a role.
i and Gray [19] have suggested that the interface between solid
articles of the same kind or different kinds act as a ‘hot-spot’
or enhanced photocatalytic activity. Another issue of interest is
elated to synergy effects at the interface between the films and
ow they affect the charge transport as well as the photocatalytic
ctivity.

While the primary aim of this work is to understand how a thin,
raphitic-like carbon film enhances the optical absorption in the

isible range, and what are the structural changes of TiO2 deposited
n carbon, another aim of the study is to provide a base for com-
arison with core-shell and other self assembled TiO2/C composites
10,20]. Hitherto, little work has been carried out on graphitic-like
arbon material with TiO2 for photocatalytic and photoelectro-

Fig. 2. Schematic of the photocatalytic microreactor setup used in th
Fig. 1. Schematic structure of the prepared samples with respective thickness of
the carbon and titania films.

chemical applications [10,21,22]. We hope that this work will lead
to further improvements in this direction.

2. Experimental

2.1. Sample preparation

Fig. 1 shows the schematic structure of the investigated sam-

ples. The first fabrication step was the deposition of a carbon
film on a fused silica substrate (Double side polished (DSP), Uni-
versity wafer). This was followed by TiO2 deposition onto the
carbon film. Before deposition, the substrates were cleaned by
a standard procedure that includes washing in acetone and iso-

is work; the inset shows a photograph of the reactor chamber.
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Table 1
Sample types with their respective thickness and description of different characterization performed on samples.

Sample type Thickness in nanometer (nm) Thermal annealing Characterization

FS/C 20 Yes and no AFM, XRD, Raman, optical, PCM
FS/TiO2 35a Yes and no AFM, XRD, Raman, optical, PCM
FS/TiO2 50a, 65a, ∼100a Yes AFM, optical, PCM
FS/C/TiO2 20 + 35 Yes and no AFM, XRD, Raman, optical, PCM
FS/C/TiO2 20 + 35 Yes: Carbon Optical

No: TiO2

FS/C/TiO2 20 + 25 Yes Optical
FS/C/TiO2 20 + 50 Yes AFM, XRD, Raman, optical, PCM
FS/C/TiO2 20 + 65 Yes AFM, XRD, Raman, optical, PCM

Yes AFM, XRD, Raman, optical, PCM

F M, photocatalytic measurement; no, as-deposited film.
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FS/C/TiO2 20 + ∼100

S, fused silica substrate; AFM, atomic force microscopy; XRD, X-ray diffraction; PC
a The estimated variation of TiO2 thickness = (±∼3–5%).

ropyl alcohol in an ultrasonic bath and oxygen plasma etching
Plasma Therm Batchtop RIE 95(m)). The size of the sam-
les, as determined by the requirements for the photocatalytic
nd optical measurements, was 1 cm × 1 cm and 1.7 cm × 1.7 cm,
espectively.

The carbon film was deposited in an electron beam evapora-
ion system (AVAC HVC-600, at a base pressure between 3 and
× 10−6 mbar) using graphite as a source material. The deposition
as performed after degassing the source for a few minutes and

stablishing a constant evaporation rate (monitored by a Quartz
rystal thin film monitor). Carbon film of desired thickness (20 nm)
as deposited at a deposition rate of ∼1 Å/s.

TiO2 was deposited by DC reactive magnetron sputtering (FHR
S150). The base pressure of the chamber was maintained at high

acuum (10−7 mbar range), and the working pressure was kept at
bout 5 × 10−3 mbar. The resulting film thickness was measured
fter the deposition with the help of a surface ellipsometer (J.A.
oollam M2000).
Post-deposition annealing was carried out with the help of a

apid thermal processing (RTP) system (JIPELEC Jet First 200) for
min in Argon atmosphere. The cooling time was set to 5 min.

A number of samples were prepared by the methods described
bove and their parameters are summarized in Table 1.

.2. Sample characterization

The samples were characterized with a variety of techniques
ith focus on their optical and morphological properties. The sur-

ace morphology of the samples was characterized with an AFM
DI Dimension 3000 SPM) operated in tapping mode and using
ilicon tips with a tip radius below 5 nm. The structural charac-
erization was done by XRD and Raman spectroscopy. The XRD
haracterization was carried out with a help of a Siemens D5000
iffractometer with a step size of 0.03 deg and time/step of 2 s.
he Raman measurements were carried out by a LabRam Raman
pectrometer using a He–Ne laser of 632.8 nm light with a beam
ntensity of 1.76 mW. Optical measurements were carried out with
he help of a Cary Varian-500 double-beam spectrophotometer and
diffuse reflectance accessory (DRA).

.3. Photocatalytic experiments

The photocatalytic tests were performed in a home-built stain-
ess steel microreactor (reactor volume 880 �l) coupled with an
n-line mass spectrometer (VG instruments SX200 quadrupole
ass analyzer) for detection and analysis of the reaction products.
he overall reactor and the irradiation setup are shown in Fig. 2. The
ylindrical reactor chamber is closed on both sides with optically
at fused silica windows (Oriel, 20 mm diameter, 1 mm thickness)
nd sealed with Viton© O-rings and standard 30 mm (outer) diame-
er stainless steel miniflanges (KJLesker). The sample (and reactor)

Fig. 3. (a) CO2 mass spectrometer signal (m/z = 44) from methanol photodecompo-
sition on TiO2/C samples with different thicknesses. The signals are normalized to
the background CO2 concentration. The UV light illumination is turned on at t = 0.
(b) Qualitative plot of CO2 evolution for films of different thicknesses. The plot was
obtained by integrating the data shown in (a).
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ig. 4. Optical measurements of individual and composite films of C (20 nm) and T
lms transmission, (e) composite films reflection and (f) composite films absorptio

emperature was controlled by external heating of the reaction cell
nd water-cooling. The temperature was measured directly by a
hermocouple placed inside the reactor and in contact with the
ample. The average reactor temperature during the experiments

escribed here was about 16 ◦C. The light induced heating under

rradiation of the sample was maximum 5 ◦C. The pressure in the
eactor chamber was measured with a capacitance manometer and
ould be varied between 5 × 10−3 and 1000 mbar. The gases from
he reactor were let into the mass spectrometer (MS) chamber via
5 nm) on fused silica: (a) transmission, (b) reflection, (c) absorption, (d) composite

a capillary leak. The reactor volume was filled with a mixture of
methanol (10 �l) and oxygen gases from a small stainless steel
container. The monitored products of methanol photo-oxidation
were carbon dioxide and water (m/z = 44 and 18, respectively). The

measurements were performed in batch mode.

The non-polarized photon source used in the measurements
was a continuous wave (cw) system (PTI) based on a 75/100 W
Xe/Hg arc lamps with a combination of focusing lenses, apertures,
neutral density filters and bandpass filters. The system allows accu-
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We further believe that the photocatalytic activity has a strong
ig. 5. Optical absorption of composite films with different thicknesses of TiO2

eposited on fused silica. Absorption edge has been marked by a tangent line for
ll spectra.

ate control of the photon wavelength and flux on the sample.
n particular, a short pass filter (Thermo Oriel) with 85% trans-

ission between 250 nm and 400 nm was used. The irradiation
as made through the UV transparent (Fused silica) and O-ring

ealed reactor window (see Fig. 2). The backside window (of the
ame type) provides possibility for direct optical measurements
f the transmitted light through the sample. The output power
rom the optical system was measured in air by focusing the light
nto a thermopile power sensor mounted in an Isoperibol enclo-
ure (Scientech). Focusing lens, apertures and the use of neutral
ensity filters could regulate the photon flux on the sample sur-
ace. The typical light intensity used in the measurements was
20 mW/cm2.

The measurements were performed according to the follow-
ng procedure: the reactor containing the sample was annealed
nd evacuated. After cooling it down to 16 ◦C, the reactants were
et into the reactor, and the valve to the mass spectrophotometer

as opened. Once the reactants pressure has reached equilibrium,
he MS background signals were recorded. Then the sample was
rradiated, while continuously monitoring the reactor pressure,
emperature and gas composition.

. Results and discussions

The methodology of this study was to systematically analyze
he effects of the different preparation steps, such as deposition
rder and annealing conditions, on the optical and morphologi-
al characteristics of the samples. These observations were then
orrelated with changes in measured photocatalytic performance.
nother parameter in the study was the TiO2 film thickness, which
e varied between 25 nm and 100 nm.

Both the carbon and TiO2 films are amorphous after deposi-
ion. The e-beam evaporated carbon film, using graphite as a source

aterial, is mostly amorphous, but annealing above 700 ◦C makes
t graphitic and conducting [23,24].

TiO2 was deposited onto the annealed carbon film and then the
amples were annealed at the same condition as carbon at 500 ◦C. It
s known that annealing TiO2 in the range between 400 and 600 ◦C
ill make it crystallize in the anatase phase [25], which in turn has a
igher photocatalytic activity [26]. The reason for using rapid ther-
al processing (RTP) in argon atmosphere was to prevent carbon

xidation.
lysis A: Chemical 335 (2011) 136–144

3.1. Photocatalytic measurements

The test reaction for evaluation of the photocatalytic activity of
fabricated samples was oxidation of gas phase methanol (CH3OH)
to CO2 and H2O (Eq. (1)). These measurements are indicative for
the overall activity of the films and are also able to discriminate the
effect of thickness and the optical absorption on charge transport
and separation of the generated charge carriers. Typical MS traces
for the films are shown in Fig. 3(a).

2CH3OH + 3O2 → 2CO2 + 4H2O (1)

TiO2 films of different thickness showed significantly different
activity. As the film thickness increases up to 65 nm, the CO2 evo-
lution also increases and then starts to decrease or saturate around
100 nm. We suggest that once the film thickness reaches beyond
the charge carrier mean free path, the film thickness will cease to
play a role for the reaction rate. On the other hand, the large volume
of the thicker film will increase the total absorption of the system.

TiO2 films deposited on carbon showed higher photocatalytic
activity compared to the same TiO2 films deposited directly on
fused silica. Similarly to the pure TiO2 films, the activity increases
up to a certain thickness (∼50 nm in this case) and then decreases
for thickness larger than ∼65 nm. This trend is illustrated qual-
itatively in Fig. 3(b). From these measurements it is possible to
distinguish the effect of TiO2 film thickness on the photocatalytic
activity for samples with and without a carbon film underneath.

Based on our observations and comparing with similar stud-
ies [10,16], we hypothesize that possible reason for the observed
increase in photocatalytic activity of the composite films are effects
at the interface of TiO2 crystallites and the carbon films that con-
tribute to efficient separation of the generated charge carriers. The
hole would move to the surface of the TiO2 film, and the electron
would be conducted away from the interface and transferred to
the carbon film. On the other hand, the charge transport will be
restricted within the mean free path (e�) and thus thicker films
above e� will not show an increased activity.

In order to prove that the observed variations of CO2 signal are
due to methanol oxidation but not to oxidation of the carbon film,
we performed control measurements on a bare carbon film with
methanol and composite films without methanol under UV illumi-
nation. The result undoubtedly showed no CO2 evolution in both
cases. Strong UV irradiation of the reactor interior, even without
any sample always produces slight increase of all background sig-
nals, including CO2. However, based on such control measurements
we can with confidence trace the origin of the increase. We note
that as-deposited films did not show any activity in this work, and
no activity was observed in dark. It may be expected that upon
annealing of composite films, the carbon may react with oxygen
atoms in the titania lattice and produce oxygen vacancies in the film
[27]. However, considering the sequential deposition and anneal-
ing (Note that carbon film becomes graphitic before deposition of
TiO2.), we assume that the carbon-related variation of the amount
of oxygen vacancies and their respective contribution to the activity
is negligible.

From the photocatalytic measurement, we suggest that the car-
bon film plays a role in increasing the relaxation time [28] of the
generated charge carriers in the TiO2 film. It is possible to find
an optimum thickness of the photocatalyst to increase the quan-
tum efficiency. We suggest, however, that the optimum thickness
depends on the quality of the film, including its crystallinity and
the number of localized sites or traps etc.
dependence on the optical absorption, surface area and crystalline
phase of the films since they are the main governing parameters in
the photocatalytic reaction. We try to correlate these parameters
with the observed increase in photo-activity in the next sections.
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F ); amorphous and annealed TiO2 films (c and d, respectively); amorphous and annealed
C , and the scan size was 1 �m × 1 �m. The RMS roughness is mentioned on each image.
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ig. 6. AFM images of amorphous and annealed carbon films (a and b, respectively
+ TiO2 composite films (e and f, respectively). Fused silica was used as a substrate

.2. Optical characterization

The optical absorption (A) of the sample is determined as:

(%) = [1 − (T + R)] × 100 (2)

here T and R are the measured transmission and reflection in %,
espectively.

The optical measurements were performed in two steps; the
ransmission measurement was done by placing the sample sur-
ace perpendicular to the light beam and collecting the transmitted
ight by placing the detector far behind the sample. The reflectivity

easurement was done using an integrating sphere. In this case the
ctive layer of the sample faced the light source, and all backward
cattered light was collected in the sphere.

Fig. 4(a)–(f) summarizes the optical measurements of the fab-

icated samples. The optical absorption of carbon and TiO2 films,
oth as-deposited and annealed, is shown in Fig. 4(c). The absorp-
ion edge of annealed TiO2 films appears between 370 and 380 nm,
hich is in agreement with the width of the bandgap of the anatase,

g∼3.3 eV. One can also note that the absorption edge of amor-
Fig. 7. XRD spectra of as-deposited and annealed TiO2 with and without carbon on
fused silica.
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Table 2
Absorption threshold of different thicknesses of TiO2 on carbon films.

Film thickness (nm) Absorption threshold (nm)

TiO2 (35) ∼375

F
E
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hous TiO2 is slightly smeared out in comparison with the sharper
bsorption edge of the annealed films. The measured relatively
eak absorption in the visible might be due to reduced TiO2 [29,30].

The reflectivity of carbon films is below 20% in the visible part
f the spectrum followed by a sharp drop in the UV range (see
ig. 4(b)). The result is in accordance with our previous mea-
urements of nanostructured carbon films [31] and confirms the
raphitic nature of the film. The annealed carbon film is more reflec-
ive, because of its better-ordered structure.

The optical absorption of composite TiO2/carbon films was
alculated from the separate measurements of transmission and
eflection (see Fig. 4(d) and (e), respectively)). The optical absorp-
ion of these films shows some peculiar features as, for example,
n increased absorption around 440 nm (Fig. 4(f)). Comparing and

alculating the optical response of films with different thicknesses
eveal the origin of this increase. From the analysis of TiO2 films
ith different thicknesses deposited on the carbon film (20 nm

hick), we conclude that the increase in absorption is due to inter-
erential effects. From the same measurements (see Fig. 5) it is

ig. 8. (a) Raman spectra of TiO2 films (annealed) with different thicknesses. (b) Raman s
g peak comparison for TiO2 films (annealed) with and without carbon. The substrate wa
C + TiO2 (20 + 25) 396.3
C + TiO2 (20 + 35) 401.5
C + TiO2 (20 + 50) 417.9
C + TiO2 (20 + 65) 495.6

evident that the underlying carbon film causes a red shift of the
absorption threshold of TiO2. The absorption threshold was esti-
mated according to the procedure adopted in [32] and is displayed
in Table 2.

The main observation from our optical measurements is that the

composite films absorb strongly in the visible region and exhibit a
red-shifted absorption edge in comparison with pure TiO2 films.
Both the shift and the total absorption are more pronounced for
thicker TiO2 films. This is in agreement with the observed trend of
the photocatalytic activity with increased film thickness. The effect

pectra of composite films (annealed C + TiO2) with different thicknesses. (c) Raman
s fused silica (FS) in all cases.
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Table 3
FWHM value for the film with different thicknesses of pure TiO2 and composite films
on fused silica.

Film thickness of TiO2/(C + TiO2) on
fused silica in (nm)

FWHM of Eg peak at 139/(142)
(cm−1)

35/(20 + 35) 9.6/10
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50/(20 + 50) 9.3/9.5
65/(20 + 65) 9.2/10
100/(20 + 100) 9.7/10.2

f thickness is obviously restricted by the mean free path of the
harge carriers and above that range, there is only increase of the
ptical absorption but not of the catalytic activity, see Fig. 3(b).

.3. Morphology and structural characterization

Fig. 6 shows representative AFM images of the different types of
abricated samples. The morphology of TiO2 films changes signifi-
antly after annealing. This is valid for films deposited both on bare
used silica substrate and the substrate pre-covered with carbon. It
s known that the structure of a thin film depends on the substrate
r layer on which it is grown [33]. In our case, it is expected that
he underlying carbon film will affect the size of the TiO2 grains.
his is indeed manifested by the increased roughness of the com-
osite films. This change in morphology of the composite films may

nfluence the photo-reaction as Li and Gray [19] reported. In this
aper, the authors hypothesized that the ‘solid–solid interface is a
ey structural feature that facilitates charge separation to hinder
ecombination and enhance photocatalytic efficiency’.

From the XRD results shown in Fig. 7, it is clear that the as-
eposited TiO2 films are purely amorphous. Annealing them at
00 ◦C (with and without carbon underneath) transforms them

nto the anatase phase. We conclude that the TiO2 film is poly-
rystalline with a strong diffraction peak for the 〈1 0 1〉-crystal facet.
he grain size has been approximately estimated, using the high
ntensity crystal facet 〈1 0 1〉 peak, according to the Scherrer equa-
ion by taking background and instrument broadening effects into
ccount. The calculated grain size of the composite films is roughly
6% smaller than for pure TiO2 films. This result indicates that the
rain size of the TiO2 becomes smaller on the carbon film. This
hange in crystallite size was manifested in morphology as seen
n the AFM study. The noise in the beginning of the XRD scan was
ttributed to reflection from the substrate.

The Raman spectra of TiO2 films with different thicknesses
rown on fused silica are shown in Fig. 8(a). The result shows
hat the annealed TiO2 films are composed of only the anatase
hase which is characterized by the Raman peaks (in cm−1) at
39 (Eg mode), 394 (B1g mode), 512 (A1g or B1g mode), and 633
Eg mode) [34]. As the thickness of the TiO2 film is increased,
he peak intensity of Eg also increases which could be related to
hanges in the optical properties of the material, since the scatter-
ng cross section is dependent on the material’s optical constants
35,36], and/or enhanced crystallinity in the films [10]. The com-
osite films also exhibit the same anatase phase (see Fig. 8(b)),
ut there is a peak shift for the Eg modes to higher wave numbers
139 → 142, 633 → 636). The peak shift Eg at 139 cm−1, shown in
ig. 8(c), is correlated to the size of the TiO2 grains. The full width
t half-maximum (FWHM) of the Eg peak at 139 cm−1 (142 cm−1

or composite films) is displayed in Table 3. There is a small peak
roadening effect for the composite films compared to pure TiO2
lms. Several reports correlate this shift, the broadening of peak

idth and the decrease in intensity to the smaller crystallite size

f TiO2 [37–39]. There is a small variation of all peaks from the
eference value [34], which could be attributed to instrumentation
calibration) error.
lysis A: Chemical 335 (2011) 136–144 143

It is clear from the Raman measurement that the annealed car-
bon film becomes graphitic (see Fig. 8(b)). The graphitic nature
is characterized by the G-band which refers to single crystalline
graphitic that has a peak position around 1585 cm−1, and the D-
band (∼1356 cm−1) which refers to the intra-band disorder in the
hexagonal ring structure in the film [40]. The relative peak intensity
(ID/IG) of the D- and G-bands is a measure of the degree of graphi-
tization in the film. In contrast, the Raman spectra of as-deposited
carbon films show overlapping D and G peaks (not shown). This
is interpreted as indicative for the amorphous character of the as-
deposited films.

The main finding from the Raman measurements is that the TiO2
grains become smaller in the composite films than in pure TiO2
films. The smaller grain size of TiO2 could be one of the possible
reasons for the enhanced activity of the composite films due to
an increase in surface area, in addition to the synergy effect. We
note that the crystallite size is not related to the film thickness. On
the other hand, we relate the film thickness, in the discussion, to
the amount of TiO2.For both pure TiO2 and composite films with
different thicknesses, there is no shift in Raman Eg peak position
(within the error limit). The enhanced Raman peak intensity of
different thicknesses of TiO2 could be interpreted as an increased
crystallinity in the TiO2 film. This could be, in turn, correlated to an
enhanced absorption in the UV range and an increased photocat-
alytic activity of the composite films as well as pure TiO2 films with
different thicknesses on fused silica.

4. Conclusions

We have fabricated and tested composite TiO2/graphitic-like
carbon films with different thicknesses and correlated their
optical absorption, structure, and morphology to the observed
photocatalytic performance. We have drawn the following
conclusions:

(1) Enhanced photocatalytic activity was observed for the compos-
ite films in comparison to TiO2 films with similar thickness.

(2) The enhanced activity was attributed to the synergy effect of
carbon at the interface, which aided the separation of photo-
generated charge carriers and reduced their recombination
probability. This mechanism was also in line with an observed
optimum thickness for the enhancement of photo-activity.

(3) The optical measurements showed an enhanced absorption in
the visible range for the composite films. The absorption in the
UV part also varied with different thicknesses of TiO2 films. The
underlying carbon film caused a red shift of the TiO2 absorption
edge.

(4) Annealing induced a structural change both in carbon and TiO2,
which was confirmed by Raman and XRD. These results also
showed that the underlying carbon film reduced the TiO2 crys-
tallite size in the composite films.
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