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a b s t r a c t

Films made of different types of TiO2 powders and carbon nanotube–TiO2 composites were prepared
on a glass substrate by using the doctor blade technique. The electron microscope thin films ranged
from 3.75 to 5.00 �m in thickness. Depending on the nature of the TiO2, the composite films containing
different amounts of carbon nanotubes evidenced different spectroscopic and morphological properties.
The surface roughness was analyzed by atomic force microscopy. The photocatalytic activity of the films
was tested in the degradation of methylene blue by near-UV to visible irradiation. The introduction of
eywords:
hotocatalysis
arbon nanotubes
itanium dioxide
omposites

carbon nanotubes in the TiO2 matrix usually increased the rate of photocatalytic degradation.
© 2011 Elsevier B.V. All rights reserved.
ilms
ethylene blue

. Introduction

Environmental problems associated with effluents (gases or
iquids) generated by industries and the development of technolo-
ies for treatment of these effluents have provided the driving
orce for sustained fundamental and applied research in the area
f environmental remediation. Heterogeneous photocatalysis by
emiconductor materials has been extensively studied and widely
pplied to environmental purification both in gas and liquid phases
1–4]. This is because the photoactivated semiconductors can com-
letely decompose various kinds of organic pollutants that are
efractory, toxic, and nonbiodegradable, to CO2 and H2O under mild
onditions (room temperature and atmospheric pressure) [1,5].

Although titanium dioxide is considered the catalyst of
xcellence in photocatalysis applications, in particular for the
egradation of organic pollutants, it requires excitation in the near
V region (bandgap energy of 3.2 eV), accounting for its low solar
fficiency [6–8]. In order to overcome this limitation, the major
ractices involve catalyst modification by doping metal and non-

etal ions into the TiO2 lattice, dye photosensitization, deposition

f noble metals, mixing with other semiconductors, or addition of
nert supports [9–14].

∗ Corresponding author.
E-mail address: jlfaria@fe.up.pt (J.L. Faria).
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It has been reported that carbon materials have some beneficial
effects on the photocatalytic activity of TiO2 by inducing synergies
or cooperative effects between the metal oxide and carbon phases
[11,15–18]. Some recent works have emphasized the preparation
of carbon nanotube/titanium dioxide (CNT–TiO2) nanocomposite
catalysts aiming at a synergetic combination of their intrinsic prop-
erties and thus enhanced performance in the field of heterogeneous
photocatalysis [19–21].

The application of photocatalysts as suspensions to treat aque-
ous effluents can ensure a shorter time for pollutant degradation
compared to when they are applied as a film, due to the larger
amount of catalyst per unit of volume. However, several practical
problems arise from the use of a catalyst in powder form: diffi-
cult separation of the catalyst from the suspension, aggregation of
its particles at higher catalyst loading on the suspension and the
difficulty of applying the method for continuous flow systems. One
way of circumventing these drawbacks is by using coatings or films
on support surfaces where the catalyst particles are immobilized
[22–25].

In this work, CNT–TiO2 materials were immobilized as thin films
on glass slides by using the so-called doctor blade method which
can be easily employed as a fast and nonenergy consuming tech-

nique for mass production of thin films with good uniformity and
reproducible properties. Our goals are to produce CNT–TiO2 films
with different morphologies at the micro/nano scale and to study
their performance in photocatalytic oxidation reactions in aqueous
media. Films produced using different TiO2 sources and differ-

dx.doi.org/10.1016/j.cattod.2010.11.081
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:jlfaria@fe.up.pt
dx.doi.org/10.1016/j.cattod.2010.11.081
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Fig. 1. SEM images of SG/CNT-20 (a), (b) and (c), EP/CNT-20 (d), (e) and (f), a

nt CNT contents were used in the photocatalytic degradation of
ethylene blue (MB) in aqueous solutions, which is a commonly

sed model compound for photocatalyst screening reactions using
iO2-based films [26,27].

. Experimental

.1. Reagents and materials

Titanium (IV) isopropoxide (Ti[OCH(CH3)2]4, 97%), titanium (IV)
xide powder anatase (TiO2, 99.8% metal basis), nitric acid (HNO3,
65%), methylene blue hydrate (C16H18ClN3S·xH2O ≥ 95%), �-

erpineol (C10H18O, 90%), acetone (CH3COCH3 ≥ 99.5%) and ethyl-
ellulose were purchased from Sigma–Aldrich. Ethanol (C2H5OH,
9.5%) was obtained from Panreac. Ultrapure water was produced

n a Direct-Q millipore system. TiO2 Aeroxide P-25 was supplied
y Degussa AG (now Evonik). Multi-walled carbon nanotubes
ere purchased from Shenzhen Nanotech Port Co. Ltd. (man-
facturer data: purity > 95%, diameter < 10 nm, length = 5–15 �m;
sh content ≤ 0.2 wt.%, surface area = 40–300 m2 g−1, amorphous
arbon < 3%). The measured BET surface area (see below for mea-
urement details) of the original carbon nanotubes was 100 m2/g.
.2. Catalyst preparation

Before being used, carbon nanotubes were functionalized in a
0 M HNO3 solution at boiling temperature for 3 h. After cooling,
/CNT-20 (g), (h) and (i). Figures (c), (f) and (i) are sectional cuts of the films.

the CNT were recovered by filtration, rinsed with distilled water up
to neutral pH and dried overnight at 110 ◦C. The BET surface area
of the functionalized CNT (see below for measurement details) was
160 m2/g.

CNT–TiO2 composite catalysts were prepared by mixing TiO2
(commercial or previously synthesized by a sol–gel method
as described elsewhere [28]) with the CNT phase by using a
hydration–dehydration technique [21]. Firstly, the functionalized
CNT were dispersed in water under ultrasonication. The TiO2 pow-
der was added 30 min later to the suspension and the mixture
was heated up to 80 ◦C and magnetically stirred until the water
was completely evaporated. The obtained composite was dried
overnight at 110 ◦C to eliminate the remaining humidity before
being stored.

The composite materials were obtained by using different types
of TiO2 and different CNT loadings. Catalysts were labeled as
XX/CNT-Y, where “XX” corresponds to the type of TiO2 (“EP” for
Evonik P25, “SA” for TiO2 obtained from Sigma–Aldrich and “SG”
for TiO2 produced by the sol–gel procedure) and “Y” corresponds
to the weight ratio of CNT in a 100 weight basis of neat TiO2.
For instance, SG/CNT-20 means (100)SG:(20)CNT w/w, where the
amount of TiO2 is 5 times higher than the one of CNT.
EP has been widely used in numerous photocatalytic studies
being generally accepted as the benchmark catalyst for photo-
oxidation reactions. It is constituted by 80% of anatase phase and
20% of rutile (manufacturer data). Both SA and SG are constituted
by pure anatase TiO2 nanoparticles.
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Fig. 2. AFM images of SA

.3. Film preparation

Glass slides of 1.5 cm diameter coated on one side with dif-
erent pastes of each material were used to prepare thin films.
o remove contaminants, glass slides were cleaned with distilled
ater containing an anionic detergent and subsequently washed

xhaustively with milli-Q water and sonicated for 15 min. Then
he slides were immersed in acetone and sonicated for 15 min. The
ame procedure was repeated using isopropanol.

A paste of each powder material was prepared by mixing 50 mg
f the respective solid with 1.5 mL of a solution constituted by ace-
one (10.0 mL), �-terpineol (5.0 mL) and ethylcellulose (0.3 g). The

ixture was left under stirring during 24 h in a closed vial. After
hat period, the vial was opened for solvent evaporation under stir-
ing for another 24 h. Each paste was spread on a freshly cleaned
ransparent glass slide using the doctor blade technique.

The surface to be covered by the semiconductor was defined by
wo parallel stripes of one layer Scotch® adhesive tape as a spacer
o obtain approximately the same film thickness. The area obtained
as of 1.0 cm2. After the tape was removed, the glass plates were

alcined at 450 ◦C for 1 h. The original CNT are stable at this tem-
erature, as confirmed by thermogravimetric analysis.
.4. Characterization techniques

The UV–Vis spectra of the powder solids and films were mea-
ured on a Jasco V-560 UV–Vis spectrophotometer, equipped with
n integrating sphere attachment (JASCO ISV-469). The spec-

Fig. 3. Diffuse reflectance UV–Vis spectra of SA (a), EP (b) and SG (c) films. SA
nd SA/CNT-20 (b) films.

tra were recorded in diffuse reflectance mode and transformed
by the instrument software (JASCO) to equivalent absorption
Kubelka–Munk units. Observations of the surface morphology and
roughness of the films were performed using scanning electron
microscopy (SEM) FEI Quanta 400FEG ESEM/EDAX Genesis X4M
instrument. The SEM apparatus was equipped with a special mul-
tiple sample holder, in which the broken glass slides were vertically
positioned to observe and measure the cross-section of the catalyst
films by using SEM instrument software. Atomic force microscopy
(AFM) was performed on a Veeco Metrology Nanoscope IVA atomic
force microscope, operating in tapping mode. The specific surface
area (SBET) of the powder materials was determined by multipoint
analysis of N2 adsorption isotherms at 77 K using BET method, with
a Quantachrome NOVA 4200e multi-station apparatus.

2.5. Photodegradation experiments

The films were used in the photocatalytic degradation of methy-
lene blue (MB) in aqueous solution. The photocatalytic experiments
were performed in a glass cylindrical reactor filled with 6.5 mL of a
10 ppm MB aqueous solution. The solution was magnetically stirred
and continuously purged with an oxygen flow. The irradiation
source consisted in a Heraeus TQ 150 medium-pressure mercury

vapor lamp (�exc = 254, 313, 366, 436 and 546 nm). A DURAN® glass
cooling jacket was used for irradiation in the near-UV to visible
light range (�exc = 366, 436 and 546 nm). The lamp was located 6 cm
from the films. Light intensity at this position was approximately
50 mW cm−2. The maximum temperature reached during the pho-

*, EP* and SG* are the spectra of the corresponding powder substrates.
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powders (dashed lines) are also shown. As expected, TiO2 pow-
ders show the characteristic absorption sharp edge rising at around
400 nm. However, we could observe that TiO2 films show opti-
cal absorption for wavelengths higher than the typical absorption
ig. 4. MB conversion after 60 min of irradiation using SG, EP and SA based materials.

ocatalytic experiments was of 35 ◦C. The illuminated area on the
lms was kept at 0.79 cm2 and was delimited by using a Viton®

-ring.
Before turning illumination on, the solution was magnetically

tirred in the dark for 15 min, to establish an adsorption–desorption
quilibrium. The adsorption capacity of TiO2 films was around 4%
f the initial amount of MB and less than 10% for all the compos-
tes. Then, the solution was irradiated with near-UV to visible light
t constant stirring speed. The first sample was taken out at the
nd of the dark adsorption period, just before the light was turned
n, in order to determine the MB concentration in solution, which
as hereafter considered as the initial concentration (C0) after dark

dsorption. Samples were then withdrawn regularly from the reac-
or and analyzed by UV–Vis spectrophotometry in a Jasco V-560
pectrophotometer. Selected experiments were repeated in order
o check the reproducibility of the obtained results.

For comparison purposes, reactions using catalyst suspensions
ere also performed. In that case, the amount of catalyst was kept

t 1 mg in 6.5 mL of MB solution. Reaction in the absence of catalyst
as performed as a blank experiment in order to characterize the
ure photochemical regime.

. Results and discussion

.1. Film characterization

Scanning electron microscopy allows the visualization of the
orphology of the catalyst films deposited on the glass slides. Fig. 1

hows representative SEM micrographs of the films obtained using
he CNT–TiO2 composites with higher percentages of CNT. These
mages clearly reveal the differences in the particle size, unifor-

ity and shape of the particles of the composite materials. SEM
mages show that relatively homogeneous films at the microscale

ere obtained when EP (Fig. 1d and e) and SA (Fig. 1 g and h) were
sed as titanium dioxide phase. However, for SG composites it was
bserved the presence of particles of relatively large dimensions
ettled at the surface of the substrate (Fig. 1a and b). Higher mag-

ification micrographs show the typical morphology of CNT–TiO2
omposite materials with TiO2 particles surrounding carbon nan-
tubes. From the SEM images it could also be observed the presence
f TiO2 phases with different particle sizes and morphologies.
oday 161 (2011) 91–96

Typically, SG is constituted by very small anatase crystals of
around 10 nm aggregated as larger particles [18]. SEM images of
the composites prepared with SG reveal that carbon nanotubes are
located mainly at the surface of these large TiO2 particles, as can
be observed in Fig. 1b. Using HR-TEM analysis (not shown), it was
possible to verify that in the SG/CNT composites a few particles are
distributed on the CNT surface and most of them form big aggre-
gates. In the case of EP/CNT composite films, the TiO2 phase reveals
a more uniform nanoparticle size distribution centered at 30 nm,
with the carbon phase (CNT) homogeneously distributed into the
metal oxide matrix (Fig. 1e). This uniform morphology was also
observed in the case of SA/CNT films. In Fig. 1h a high magnifica-
tion image of a region on the SA/CNT-20 film shows the presence
of TiO2 particles with sizes in the order of hundreds of nanometers,
homogeneously embedding carbon nanotubes. This film is in fact
the more homogeneous, well structured and thinner (Fig. 1g–i).

The thickness of the films was determined from SEM micro-
graphs by measuring the cross section of sliced films over many
samples. As discussed previously, since the films prepared with SG
are very heterogeneous and mechanically unstable it is only possi-
ble to refer an estimated thickness, which in the case of SG/CNT-20
(Fig. 1c) was about 5.0 �m (with 8.00 �m at the maximum thick-
ness and 3.00 �m at the minimum). For EP/CNT-20 and SA/CNT-20
the thickness of the films measured from the cross sectional cuts
was of 4.50 and 3.75 �m, respectively (Fig. 1f and i).

Surface roughness of selected films was evaluated by atomic
force microscopy. Fig. 2 shows the images obtained for SA and
SA/CNT-20 films. For these films, the measured surface roughness
was of 151 and 156 nm, respectively. These results indicate that the
presence of carbon nanotubes do not affect significantly the film
surface which means that carbon nanotubes are well dispersed in
the TiO2 media. In particular for these films, the roughness values
are of the same order of the SA particle dimension, confirming the
uniformity of the film surface.

One of the most important characterization procedures for
materials used in photocatalytic applications consists in the deter-
mination of the optical absorption spectrum. Fig. 3 shows the
diffuse reflectance UV–Vis spectra of the films prepared on glass
substrates. For comparison purposes, the spectra of the three TiO2
Fig. 5. MB degraded during photolytic (–�–) and photocatalytic reactions using SA
(–�–), SA/CNT-5 (–�–), SA/CNT-10 (–©–), SA/CNT-20 (–♦– and –�–). Open and filled
symbols correspond to normalized (per yTiO2) and non-normalized results, respec-
tively. Inset: UV–Vis spectra of MB at 0 min (a), 15 min (b), 30 min (c), 45 min (d)
and 60 min (e) of irradiation using SA/CNT-20 as photocatalyst.
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dge, this absorption increasing following the order SG > EP > SA.
evertheless, this behavior was already expected since the films

how some light transparency, which can be related both to their
hickness and homogeneity.

It is noticeable for all cases that the introduction of CNT into the
iO2 matrix leads to an increase in the optical absorption mainly in
he visible spectral range.

The increase in light absorption appears to be proportional to
he CNT loading. Additionally, as can be observed in Fig. 3, the
ntroduction of CNT leads to an increase in the absorption edge,

hich indicates a decrease in the bandgap energy for the com-
osite materials. These observations are in agreement with results
eported for CNT–TiO2 composite powders [13,17,19], the increase
n the absorption being attributed to the creation of an electronic
nterphase interaction between CNT and TiO2.

.2. Photocatalytic degradation reactions

The efficiency of the prepared films was evaluated for the
hotocatalytic degradation of MB under near-UV to visible light

rradiation. Since we are irradiating at � ≥ 366 nm and MB shows
bsorption in this wavelength range, a photodegradation reaction,
n the absence of catalyst, was performed in order to quantify the
mount of dye degraded by the photochemical route. At these con-
itions, it was observed a decrease in MB concentration of less than
0% at the end of 60 min of irradiation.

Photocatalytic degradation of MB was performed by using films
f both pure TiO2 and CNT–TiO2 composites, obtained with differ-
nt types of titanium dioxide and different CNT loadings. Since the
mount of TiO2 in each material is different, the MB removal at dif-
erent reaction times was divided by the mass fraction of the TiO2
hase (yTiO2

) in the composite, as follows:

MBdeg

yTiO2

= (C0 − Ct) × V

(100)/(100 + Y)
(1)

here C0 is the initial concentration of MB, Ct is the concentration
t time t, V is the volume of the solution used for the photocatalytic
eaction and Y is the CNT mass fraction in the composite. The results
ere therefore quantified in terms of the amount of MB degraded
er mass fraction of TiO2 (yTiO2

) in each catalyst. Fig. 4 summarizes
he results obtained using SG, EP and SA-containing films.

Results show that in most cases there is an increase in the
hotoefficiency when CNT are present in the films. For EP and SA
ontaining films, this increase in the activity for MB removal was
roportional to the CNT loading. In the case of SG-films, no effect
as observed when low amounts of CNT were used. Neverthe-

ess, for SG/CNT-20, an increase in the efficiency of about 20% was
btained when comparing with the analogous TiO2 film. However,
mong the tested films, those containing SG presented the lowest
fficiencies than the ones produced using SA and EP, which can be
ttributed to the lower homogeneity of the resulting films.

SA films have shown the highest efficiencies, with the SA/CNT-
0 being the most efficient material. These good results obtained
or SA-containing materials can be attributed to both the homo-
eneity of the obtained films and to the photocatalytic properties
f the composite materials. The interaction between CNT and TiO2
hases in the composite materials also depends on key aspects
uch as TiO2 particle size, TiO2 crystalline phase composition and
urface chemistry of both CNT and TiO2. In EP anatase and rutile
rystalline phases are both present, and they can interact in a syn-

rgic way, accounting for the observed photocatalytic activity of
P–TiO2 composites. Since SA and SG consist only of anatase crys-
alline phase, the lower activity found for SG-TiO2 composites may
esult from aggregation of the SG very small particles, leading to a
eak interaction with the CNT phase. Fig. 5 shows the time con-
oday 161 (2011) 91–96 95

version plots of MB degradation in the presence of SA, SA/CNT-5,
SA/CNT-10 and SA/CNT-20 catalyst films. For comparison purposes
the data obtained for the photolytic reaction are also presented.
From Fig. 5 it can be seen that the kinetics of MB removal increase
when the composite catalyst films are used.

In Fig. 5 inset is shown the evolution of the spectra of the aque-
ous solution during the photocatalytic reaction using SA/CNT-20
film. After 60 min of irradiation, a decrease in MB concentration of
89% was observed using this catalyst, which is considerably higher
than the 79% of MB removal, obtained with the film prepared with
pure SA. It can also be observed in Fig. 5 that even without normal-
izing the data for MB removal using SA/CNT-20 per mass fraction of
TiO2, the observed MB removal was higher than the obtained with
SA.

Globally, the results obtained indicate that a synergy effect
exists between CNT and TiO2 phases, leading to an increase in
the efficiency for MB removal. Results obtained using suspensions
of the same catalysts (not shown) revealed a similar tendency as
when films were used, i.e., the highest efficiencies were obtained for
SA-containing catalysts. However, the optimal CNT loading when
using CNT–TiO2 composites in suspension were in some cases dif-
ferent that those obtained for films. In the case of EP materials,
the maximum efficiency was obtained for EP/CNT-10. At the end of
60 min of irradiation the conversion of MB using EP and EP/CNT-10
were of 6.4 × 10−2 and 7.5 × 10−2 mg MB/yTiO2

, respectively. For
SA and SG materials, the composite catalysts with the highest CNT
loading were the most efficient, with MB removals of 6.5 × 10−2

and 7.8 × 10−2 mg MB/yTiO2
obtained for SA and SA/CNT-20 and

of 4.9 × 10−2 and 5.3 × 10−2 mg MB/yTiO2
for SG and SG/CNT-20,

respectively. These results may indicate that the photoefficiency
of the composite catalysts cannot only be attributed to the intrin-
sic properties of the materials but also to the characteristics of the
films.

When using photocatalyst suspensions the optimal CNT loading
corresponds to the amount of CNT in the composite that leads to
the higher catalyst activity, i.e., to the maximum of synergy effect
between CNT and TiO2 phases. For higher CNT loadings, the increas-
ing amount of carbon nanotubes may cause light scattering, leading
to a decrease of the photoefficiency of the process. In the case of
CNT–TiO2 films, this occurrence is avoided by the immobilization
of the catalysts on the glass slides.

Studies using CNT–TiO2 slurries have suggested that the role of
the CNT phase in the composite catalyst can be ascribed to three
distinct mechanisms: (i) CNT may act as a dispersing media for TiO2
nanoparticles; (ii) CNT can act as a co-adsorbent; or (iii) CNT can
act as a photosensitizer [13,19,20]. The first mechanism is more
significant when TiO2 particles are generated simultaneously dur-
ing the synthesis of the composite catalyst. In this case, chemical
groups at the surface of the CNT may act as anchoring points to TiO2
nanoparticles.

The introduction of high amounts of CNT in the composite cat-
alysts leads to an increase of the SBET of the materials, which
can be attributed to a better dispersion of TiO2 particles avoid-
ing the formation of aggregates. The specific surface areas of
EP, SA and SG were of 56, 13 and 99 m2 g−1, while for the cor-
responding composite materials with the highest CNT loading
(TiO2/CNT-20) these values increased to 73, 25 and 108 m2 g−1,
respectively. In the photocatalytic reactions using CNT–TiO2 films,
it was observed for all cases a maximum decrease of 10% in the
concentration of MB after the dark adsorption period. Being so,
it is not reasonable to ascribe the beneficial effect promoted by
CNT to its action as a co-adsorbent. Therefore, it is more reason-

able to attribute the positive effect resulting from the presence
of CNT in the composite material to its action as a photosensi-
tizer, promoting electric charge transfer between the two phases,
reducing the bandgap of the resulting composite catalyst and thus
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ncreasing the efficiency of the photocatalytic process. For the
omposite films the synergy effect was in general proportional
o the increase in the absorbance observed for these materials

ainly in the visible spectral range, which supports the cre-
tion of an electronic interphase interaction between CNT and the
emiconductor.

. Conclusions

TiO2 and CNT–TiO2 composites immobilized in glass slides by
he doctor blade technique show photocatalytic activity for the
egradation of MB in aqueous media under irradiation in the
ear-UV to visible spectral range. The photoefficiency of the immo-
ilized catalysts appear to be related to the inherent properties
f the materials and to the characteristics of the resulting films.
A-containing films show higher efficiency for the photocatalytic
egradation of MB than SG and EP-based ones, which is attributed
o the physical–chemical and optical properties of these materials
s well as to the higher homogeneity of these films. Kinetics of MB
hotodegradation is improved by the use of CNT–TiO2 composites.
his increase in the photoefficiency is attributed to the creation of
n electronic interphase interaction between CNT and TiO2 phases,
hich leads to a decrease in the bandgap energy of the composite
aterial.
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