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Abstract

Recent studies have shown that the light-absorption and photocatalytic efficiencies of TiO, can be improved by coupling TiO, nano-particles
with nonmetallic dopants, such as carbon. In this paper, we describe the electrophoretic preparation of a novel TiO,-carbon nano-composite
photocatalyst on a glass indium thin oxide (ITO) substrate. The objective is to take better advantage of the (e ~/h*) pair generated by photoexcitation
of semiconducting TiO, particles. The transfer of electrons (e™) into adjacent carbon nano-particles promotes reduction of oxygen to produce
hydrogen peroxide (H,0,) which, in the presence of iron ions, can subsequently form hydroxyl radicals (OH) via the Fenton reaction. At the
same time, "OH is formed from water by the (h*) holes in the TiO,. Thus, the “OH oxidant is produced by two routes. The efficiency of this
photolytic-Fenton process was tested with a model organic compound, Orange-II (OG-II) azo dye, which is employed in the textile industry.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction In water, this process is followed by the formation of "OH at

the semiconductor surface as well as direct oxidation of organic
Heterogeneous photocatalysis for water-treatment technolo- compounds (R), according to the following reactions [5]:

gies has attracted the attention of many research groups around

the world [1]. Among advanced oxidation processes (AOPs), ~ hy +H20 — *OH + H* (2)

photocatalytic treatment offers a capability for destroying _ .

organic contaminants by oxidation with hydroxyl radicals ("OH) hi’rb +OH™ = “OHag 3)

that are generated under mild conditions [2,3]. The best-known h% + R, — RT 4)

photocatalyst is titanium dioxide (TiO;). The band-gap value

of anatase TiO; is around 3.2 eV, which enables UV light of Meanwhile, the electrons that are promoted to the CB can

wavelengths smaller than 400nm to activate the catalyst [4]. ~ react with electron acceptors, such as oxygen, present in the

The mechanism of photocatalysis involves the promotion of an ~ solution [5]:
electron (e™) from the valence band (VB) into the conduction
band (CB) of the semiconducting oxide, creating a hole (h*) in

the VB according to Eq. (1). In recent years, many studies have been made in order to
improve the catalytic efficiency of TiO;. The addition of other
materials, for example carbon, has been of interest because this
material can promote the adsorption of organic compounds to
* Corresponding author, Tel.: +52 442 2116006; fax: +52 442 2116007. be transformed [6,7]. The effect of carbon on the photocatalytic
E-mail address: 1godinez@cideteq.mx (L.A. Godinez). efficiency of TiO, has been tested [8,9], and improved pho-
URL: http://www.cideteq.mx (L.A. Godinez). tocatalytic effectiveness has been reported by several authors
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Fig. 1. Schematic diagram of the mechanism for the photocatalytic action of nano-structured TiO,-carbon films on an organic target molecule. Direct oxidation
occurs on the semiconductor, while electrons are transferred from the TiO, particles to the Vulcan carbon particle, forming peroxide by oxygen reduction, and

promoting the Fenton reaction in solution.

[10-12]. Other workers have found that the recombination of
holes and electrons, the major cause of inefficiency, can be
retarded by applying a small positive potential to the TiO», and
consequently the degradation of organic compounds through
photoelectrocatalysis is enhanced [13]. According to research
done by Egerton and Christensen [14], the method of prepara-
tion of the electrodes is the most important determinant factor
for controlling the photocatalyst activity [15-17].

In this work, we report a preliminary study in which two
approaches to water treatment are combined, photocatalysis
and Fenton’s reaction, which involves the homogeneous conver-
sion of peroxide to “OH. Vulcan carbon has been incorporated
with nanoscale TiO, particles in a mixed surface film, result-
ing in a nano-structured composite TiO,-carbon photocatalyst
for oxidative wastewater treatment. The overall reaction scheme
is illustrated in Fig. 1. The electrons ejected by UV illumi-
nation to the CB can reduce dissolved oxygen (ORR) on the
carbon surface to produce hydrogen peroxide. Ferrous ion in
solution subsequently catalyzes the conversion of peroxide to
"OH, an effective oxidant. At the same time "OH is also pro-
duced directly from water by the holes in the semiconductor.
With this scheme, we hope to enhance the degradation of organic
compounds present in the water. In this study, the efficacy of
the composite photocatalyst is tested by observing the decol-
orization of Orange-II (OG-II) azo dye as a model organic
compound.

2. Materials and methods
2.1. Reagents and instruments

Nano-particulate TiO; (P25, 80% anatase, 20% rutile, aver-
age particle diameter 20nm) was purchased from Degussa,
and Vulcan carbon XC-72R (nominal average particle diame-
ter Snm) was provided by CABOT. Conductive glass plates,
TEC15, coated with SnO; films doped with indium (ITO),
were supplied by Hartford Glass, USA. Analytical grade OG-II
dye (C1¢H11N2NaO4S) was obtained from Aldrich, and used
as received. NaySO4, FeSO4-7H,0, H2SO4, and 2-propanol
99.97% obtained from J.T. Baker were of analytical grade. Ana-
lytical grade oxygen (99.99%) was obtained from Infra. All

solutions described in this work were prepared using water type
I, according to ASTM-D1193-99¢!,

Cyclic voltammetry (CV) experiments were performed using
a BAS-Zahner IM6 potentiostat/galvanostat in a three-electrode
cell. Photocurrent spectroscopy (PS) experiments were made
using a quartz cell irradiated with a Xe lamp 6257, 100 W, and a
77250 monochromator (Oriel); this arrangement was calibrated
using an Eppley 17043 thermopile. Structural characterization
of the films was carried out by X-ray diffraction (XRD) using a
Bruker-AXS D8 Advanced diffractometer equipped with a Cu
tube for generating Cu Ka radiation (A = 1.5406 A). Scanning
electron microscopy (SEM) of the TiO; electrode surfaces was
carried out using a JEOL-5400LV microscope.

The test for HyO, production was conducted in 40 mL of
a NapSOy4 solution (0.05M) adjusted to pH 3 with HySO4.
The illumination was provided by a low-pressure mercury-
vapor UV lamp (UVP Inc., P=75mW/cm?, A =365nm). The
reactor was made of Duran® glass, and the illumination was
direct. Hydrogen-peroxide concentration levels in the solution
were determined by titration with titanium (IV) oxysulfate
[Ti(SO4);] with spectrophotometric detection at 406 nm [18].
Color changes in the course of the OG-II reaction were followed
at A =487 nm, using a UV-vis spectrophotometer (Spectronic
20D* Milton Roy).

2.2. Electrophoretic deposition of nano-structured
TiOz-carbon films

Nano-composite electrodes were prepared by electrophoretic
deposition (ED) of the particles on the ITO glasses plates
immersed in 10 mL of a colloidal suspension (0.5 g P25 TiO»
powder in 5% (v/v) 2-propanol). Various levels of carbon, rang-
ing from 0 to 0.1 g, were used in the synthesis suspension, based
on the method previously reported by Wahl and Augustyn-
sky [19]. Accordingly, a 4V potential difference was applied
between a stainless-steel shield, and the negative ITO plate for
a period of 40's at room temperature. The distance between the
electrodes was 2 cm. Following a previous report [20], fresh elec-
trodes were placed in an oven to sinter the nano-composite film
in air at 450 °C for 30 min, and they were then characterized by
SEM, XRD, CV, and PS. They were then tested with respect to
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Fig. 2. SEM images of (A) ITO surface and films formed by ED, and subsequent sintering at 450 °C for 30 min; (B) TiO;, and (C) nano-structured TiO,-carbon

films.

their photolytic activity for hydrogen-peroxide generation, and
for their capacity to oxidize the test organic compound, OG-II.
The supported films had a geometric surface of 0.16 cm?, and a
true area of 75 cm?, as indicated by hydrogen adsorption in CV
[21].

3. Results and discussion
3.1. Structure of the surface films

Representative SEM images of the experimental surfaces are
shown in Fig. 2. Fig. 2A shows the fresh ITO surface. Figs. 2B
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and C present the films of TiO», and the composite TiO,-carbon
films, respectively, both prepared by ED with a deposition time
of 405, and sintering. The difference between the simple TiO»
film, and that containing carbon suggests the formation of aggre-
gates that we ascribe to carbon particles in the TiO; film, and
both are much rougher than the ITO substrate. Fig. 3 shows the
structural characterization done by XRD measurements with a
long time scan (10s) and small steps (0.02° in 26). Fig. 3A
shows a typical XRD spectrum of the pure nano-TiO; film,
exhibiting 20 diffraction angles between 20 and 50°. In this
spectrum several principal peaks can be seen at 25.44, 37.92,
and 48.16°, respectively; which can be assigned to diffraction
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Fig. 3. XRD patterns of the electrodes deposited on ITO glass plates: (A) TiO, film without Vulcan carbon nano-particles, and (B) TiO-carbon film formed from a

0.005Wc—0.5Wrio, suspension.
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from the (101), (004), and (200) planes of anatase, respec-
tively [22]. Also, another peak appeared in 27.5° that can be
associated with diffraction from the (1 1 0) plane of rutile. Thus,
the film formed by ED of the TiO, particles retained mainly
the anatase structure. Fig. 3B shows the comparable diffraction
pattern for a sintered film formed from a suspension containing
0.005 g of Cin the 10 mL suspension (denoted W./Wrio, =0.01).
It is seen that the pattern exhibits the same peaks (specially
the principal diffraction peak at 25.44°, that corresponds to the
anatase TiO; structure), but at the same time it is possible to
discern the existence of a new signal around 26°, correspond-
ing to the carbon present in the film [23]. With these assays,
it is possible to infer that the carbon nano-particles present in
the film do not introduce a significant change in the anatase
structure.

3.2. Production of HyO3 from dissolved oxygen

The direct synthesis of hydrogen peroxide was tested by
immersing the nano-scale TiO;-carbon structures in 40 mL of
an acidic solution (pH 3) containing dissolved oxygen, and
illuminating directly the surfaces with UV light at A =365 nm.
The radiant flux was estimated to be 75 mW/cm?. The primary
objective was to demonstrate the validity of the scheme pos-
tulated in Fig. 1, specifically the occurrence of the photolytic
oxygen-reduction reaction (ORR) to produce H,O,, simulta-
neously with the reduction of water. The hydrogen peroxide
concentration, attained after 60 min of illumination, was mea-
sured for films produced with various concentrations of carbon
particles in the ED-synthesis suspension. The relevant results,
presented in Fig. 4, show the peroxide concentration achieved
after 60 min is a function of carbon level. It is seen that the H,O,
concentration produced with TiO; nano-particle films contain-
ing no carbon was only 1.2 mg/L, but when a low proportion of
carbon nano-particles was present, the level of hydrogen perox-
ide increased by as much as 50%, achieving the value of 1.8 mg/L
of H,O,. On the other hand, as the carbon level increased fur-
ther, the peroxide concentration decreased, and fell below the
pure-TiO; value. Presumably, this decrease results because an
excess of carbon ultimately reduces the photocatalytic proper-
ties of the TiO, nano-particle. With too much carbon present,
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Fig. 4. Concentration of H,O; produced after 60 min of photocatalytic reaction
on the nano-structured TiO;-carbon surface as a function of the carbon-TiO,
ratio in the deposition suspension, pH 3. The UV light was supplied at
A=365nm, and P=75mW/cm?,

the light cannot penetrate adequately the TiO; lattice, and the
photocatalytic charge separation is no longer possible. Based
on Fig. 4, the best proportion of carbon in the ED process was
Wc/Wrio, =0.01. This condition was used for the subsequent
tests.

3.3. Photocurrent spectroscopy and band-gap estimation

Action spectra for the TiO, films without carbon,
and for TiOj-carbon nano-structured films formed by ED
(Wc/Wrio, =0.01) at 40s deposition time were determined in
aqueous solution of NaSO4 (0.05M) adjusted to pH 3 with
H>SO4. The incident-photon-to-current efficiency (IPCE) was
calculated using the following relationship [24]:

1240 x jon
A X ¢g

where j,p, corresponds to the photocurrent density (wA/cm?), A
is the incident photon wavelength (nm), and ¢y is the incident
photon flux (W/m?2). The resulting IPCE versus A curves are
shown in Fig. 5A, where it is seen that the absorption region
begins around 400 nm (that is, 3.0 eV, related to electron exci-
tation of the Ti''-H,O doping sites) in close agreement with
earlier reports [25-27]. Absorption by the carbon-bearing films
is shifted to somewhat shorter wavelengths. In order to calculate

IPCE(%) = (6)
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Fig. 5. Photovoltaic analysis of the semiconductor films: (A) Action spectra of nano-structured TiO, and TiO,-carbon electrodes; (B) band-gap estimation for TiO,,

and nano-structured TiO;-carbon electrodes, according to Eq. (7).
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the band-gap energy values, &g, of the two films, we used the
following relationship [28]:

(IPCE x hv)'/? oc (hv — &) (7

and plotted the data from Fig. SA as (IPCE x hv)"/? versus hv.
The result is shown in Fig. 5B. According to the form of Eq.
(7), the band-gap energies may be estimated from the X-axis
intercepts to be 3.0 eV for the TiO» film, and 3.2 eV for the TiO;-
carbon. A possible explanation for this difference may be that the
presence of the carbon in the sintered TiO; film affects the dop-
ing density of Til within the nano-particulate semiconductor
[27].

3.4. Electrochemical behavior of the
compositeTiOz-carbon film on ITO

In order to evaluate the photoelectrocatalytic activity of the
nano-structured TiO;-carbon film, and to confirm its ability
to promote the (ORR), we performed CV experiments in the
dark, and under UV light irradiated at A =365 nm. The tests
were conducted in an aqueous solution of NaSO4 (0.05M)
adjusted to pH 3 with H,SO4 and saturated with pure oxy-
gen (Oy) at atmospheric pressure. Measurements were taken
between 0.547V and —1.03 V versus SCE, and the scan rate
was 50 mV/s. The results are shown in Fig. 6. For the simple
TiO, film in the dark (Curve A), one observes essentially no
signal with respect to the ORR on the film. With UV illumina-
tion, the TiO; film produced the response shown by Curve B. In
this case, we see a cathodic peak at —0.7 V, which corresponds
to the ORR on the TiO, film, with a current reaching about
6.2mA/cm?. Using the same conditions we tested the nano-
composite material (TiO,-carbon). In the dark, very little current
was produced, as shown by Curve C. With UV illumination
nano-composite TiO,-carbon film produced the response shown
as Curve D. In this case one sees a cathodic current rising to about
8.0mA/cm?, which is roughly 50% greater than that obtained
with the TiO, alone. Thus, we may conclude that the composite
material is an effective catalyst for the photolytic reduction of
oxygen.
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Fig. 6. Cyclic voltammograms for the TiO, and TiO,-carbon electrodes, in
aqueous NapSO4 (0.05M) adjusted to pH 3 with H,SO4, and saturated with
oxygen, in the dark, and under UV illumination at 365 nm.
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Fig. 7. Photochemical energetics of the TiO,-carbon nano-structured film.

3.5. Interparticle electron transfer in the nano-structured
TiOz-carbon film

Fig. 7 depicts the energetic relationships for the TiO,-carbon
material under UV light irradiation, with the photons being
absorbed by the TiO, nano-particle thus yielding (e~/h*) pairs.
The photogenerated electrons can be injected from the CB of
TiO, to the Vulcan carbon particle because the level of the CB
is —0.5eV versus NHE, and the reduction potential of oxygen
for the one-electron reduction is —0.2eV versus NHE. Since
this value is less negative than that of the CB potential of TiO;,
thermodynamic conditions favor the electron transfer from the
semiconductor to the carbon particle.

3.6. Photocatalytic oxidation of a model organic compound

Fig. 1 suggests that the composite photocatalyst, when com-
bined with ferrous ion in solution, should be able to oxidize
species in solution by two simultaneous mechanisms: direct
oxidation on the semiconductor by the photo-induced holes,
and oxidation by "OH formed from peroxide by the Fenton
reaction. This premise was tested by comparing the rate of decol-
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Fig. 8. Comparison of the fractional removal of color of a solution of aqueous
OG-II dye (50 mg/L) versus time for films of TiO;, and the composite TiO,-
carbon material, under UV illumination with addition of 0.01 mM of Fe?*. The
UV light was supplied at A =365 nm and P =75 mW/cm?.
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orization of OG-II dye in solution (50 mg/L) when exposed to
either a simple TiO, film or the composite TiO,-carbon film,
both exposed to UV light and in the presence of ferrous ion
(0.01 mM). As shown in Fig. 8, one obtains with the composite
catalyst about 30% removal of color within 2 h, which is more
than three times the removal achieved with the simple TiO»
photocatalyst.

4. Conclusions

This work presents a preliminary study of nano-structured,
composite TiO;-carbon photocatalysts. According to the results,
it is possible to synthesize the composite films by ED.
The resulting material was shown to promote photocatalytic
oxygen—reduction, and our results indicate that, with an opti-
mal ratio of carbon to TiO», it is possible to generate HyO»
in solution at a level 50% higher than that obtained by TiO»,
without carbon. With respect to the band-gap energies, the
action spectra indicate that the value for the composite mate-
rial formed with Vulcan carbon nano-particles is shifted by
—0.2 eV, making possible interparticle electron transfer. Finally,
it was shown that the TiO,-carbon catalyst is more effective
than simple TiO; for photolytic oxidation of an organic com-
pound by combining the photocatalytic oxidation with Fenton’s
reaction.
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