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a b s t r a c t

In this work the effect of doping concentration and depth profile of Cu atoms on the photocatalytic and sur-
face properties of TiO2 films were studied. TiO2 films of about 200 nm thickness were deposited on glass
substrates on which a thin Cu layer (5 nm) was deposited. The films were annealed during 1 s to 100 ◦C
and 400 ◦C, followed by chemical etching of the Cu film. The grazing incidence X-ray fluorescence mea-
surements showed a thermal induced migration of Cu atoms to depths between 7 and 31 nm. The X-ray
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photoelectron spectroscopy analysis detected the presence of TiO2, Cu2O and Cu phases and an increas-
ing Cu content with the annealing temperature. The change of the surface properties was monitored by
the increasing red-shift and absorption of the ultraviolet–visible spectra. Contact angle measurements
revealed the formation of a highly hydrophilic surface for the film having a medium Cu concentration. For
this sample photocatalytic assays, performed by methylene blue discoloration, show the highest activ-
ity. The proposed mechanism of the catalytic effect, taking place on Ti/Cu sites, is supported by results
obtained by theoretical calculations.
. Introduction

There are several treatment techniques for wastewaters reme-
iation, among them, advanced oxidative processes based on
ydroxyls radicals (•OH) are of particular importance [1]. One way
o produce •OH radicals consists in the irradiation of wide band gap
emiconductors by UV light. The generated valence band holes and
onduction electrons react with the surface hydroxyl groups and
xygen molecules adsorbed on the surface of the catalyst, forming
ydroxyl radicals and super oxide radical ions, respectively. The
igh activity of these species is used to oxidize organic compounds.
oreover, the direct reaction between holes and organic pollutant

lso produces radicals, depending on the electronic properties of
he target substance and the photocatalyst. In this case, the radical
erived from pollutant molecule can react with both •OH radicals
nd dissolved oxygen [2].

TiO2 is largely utilized as photocatalyst and various studies have

een employed to enhance its photocatalytic activity using metal
opants. The metal doping process can be homogenous, using the
ol–gel method (more common), or restricted to the surface by
etal deposition. Arabatzis et al. have doped TiO2 thin films with

∗ Corresponding author. Tel.: +55 16 3301 6886.
E-mail address: hudsonwpc@yahoo.com.br (H.W.P. Carvalho).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.08.033
© 2010 Elsevier B.V. All rights reserved.

different loads of Au (0.40, 1.11, 2.01 and 3.61 at.%) by electron
beam deposition. The thin films were employed to decompose
an azo-dye colorant, showing the highest activity for 1.11 at.%
load of Au [3]. The surface of TiO2 nanoparticles modifieid by Zn
oxide, and zinc aetate was used to evaluate its photocatalytical
activity for methyl orange degradation, showing in both cases a
higher activity than pure TiO2 [4]. Dahyl et al. have doped TiO2
nanoparticles sol by Ni acetylacetonate using high loads of Ni.
The sample doped with 10% mol of Ni has shown the best per-
formance to decompose a eiosine solution. The authors explained
the increase on TiO2 activity as due the increase of the Ti3+/Ti4+

ratio [5].
In this context, one potential metal dopant for TiO2 surfaces

is copper, a metal of relative abundance and low cost. This work
is aimed to investigate the influence of the Cu depth profile on
the structural and catalytic properties of the TiO2 surface. For
this purpose, grazing incidence X-ray fluorescence (GIXRF), X-ray
photoelectron spectroscopy (XPS) and UV–vis spectroscopy were
employed to analyze the Cu depth profile and the surface struc-
ture. The wettability of the doped surface was investigated by

contact angle measurements and the photocatalytic activity was
studied by monitoring the decomposition process of methylene
blue, used as model substance. Furthermore, the catalytic process
was modeled by theoretical calculations based on a titanium oxide
cluster.

dx.doi.org/10.1016/j.jhazmat.2010.08.033
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hudsonwpc@yahoo.com.br
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blue solution was irradiated using a high-pressure mercury lamp
Fig. 1. Schematic sequence of sample preparation.

. Experimental

.1. Sample preparation

In the first step of the sample preparation process, shown
n Fig. 1, 200 nm thick TiO2 films were deposited on glass sub-
trates (2 cm × 2 cm, borosilicate, Corning 7070) by DC sputtering
Balzers BA510). The main chamber base pressure was kept at
× 10−7 mbar, Ti (99.999%) was employed as target and the reac-

ive gas mixture consisted of O2 (99.99%) and Ar (99.99%). On the
op of the TiO2 film a 5 nm thick copper layer was deposited by DC
puttering using a Cu target (99.999%) and Ar (99.99%) working gas.
n both depositions the adjusted power was 800 W.

The photocatalyst materials were obtained by thermally
nduced diffusion of Cu atoms into the TiO2 films. For this purpose,
he samples were submitted to thermal treatment for 1 s at 100 ◦C
nd 400 ◦C in argon atmosphere, using a rapid thermal processing
ystem (RTA AG Heat Pulse 410). A set of non-annealed samples was
sed as a reference. After annealing, the Cu films were removed by
hemical etching (10 mL hydrogen peroxide (30%, v/v), 50 mL of
ulphuric acid and 440 mL of water; corrosion rate of 1 �m min−1),
eaving only a Cu doped TiO2 surface region [6].

.2. Characterization

The surface morphology was investigated by Atomic Force

icroscopy (AFM). The images were collected under ambient con-

itions using an Agilent 5500 microscope operating in acoustic AC
ode. Silicon tips (NanoWorld) with spring constants of 42 N m−1

nd 320 kHz resonance frequency were used.
ous Materials 184 (2010) 273–280

The X-ray diffraction (XRD) patterns were measured at room
temperature using a Siemens D5000 X-ray diffractometer. The Cu-
K� radiation with � = 0.154 nm was used as the X-ray source.

Contact angle measurements were carried out by the sessile
drop method using an OCA-20 Contact Angle System (DataPhysics
Instruments). The Cu doped TiO2 surface treated at room tem-
perature, 100 ◦C and 400 ◦C, referred as TiO2–Cu-RT, TiO2–Cu-100
and TiO2–Cu-400, were tested using liquids with different polarity
and surface tension: glycerol (�L,V = 65 mN/m), NaCl 3.5% solution
(�L,V = 73 mN/m) and ultra pure water (�L,V = 72 mN/m) (MlliQ Mil-
lipore). A drop of the liquid (10 �L) was placed, with 1 �L/s velocity,
on the film surface, and the contact angle was measured on three
different positions for each film. To guarantee a clean surface the
samples were cleaned in ultrasonic bath containing isopropylic
alcohol and than dried in a jet of dry nitrogen. The accuracy of the
contact angles was estimated as ±1% [7].

The absorption UV–vis spectra were recorded using a Cary 500
spectrophotometer. The optical gaps were determined from the
intersection of the energy axis and the extrapolated line from the
linear portion of the absorption threshold.

The grazing incidence X-ray fluorescence (GIXRF) measure-
ments were performed at the XRF beamline of the Brazilian
Synchrotron Light Laboratory (LNLS). The synchrotron radiation,
produced by the DO9B (15◦) bending magnet of the storage ring,
was monochromatized by double crystal “channel-cut” monochro-
mator equipped with a Si (1 1 1) crystal. The beam intensity was
monitored using an ionization chamber. The X-ray fluorescence
and scattered radiation coming from the sample was detected by
an Ultra-LEGe solid state detector. Samples were placed in a spe-
cial holder attached to a high resolution goniometer (0.001◦ angular
resolution). The monochromatic beam was collimated with orthog-
onal slits to 4 mm × 0.2 mm in the horizontal and vertical direction,
respectively. The selected beam energy was 9.5 keV, a value slightly
above the K absorption edge for Cu. The angular dependence of
the fluorescence signal was measured below and above the critical
angle for total external reflection of the incident X-rays, covering
an angular range between 0◦ and 1◦.

X-ray photoelectron spectroscopy (XPS) was employed to deter-
mine the composition of the surface layer and the chemical
environment of Ti and Cu using a commercial spectrometer (UNI-
SPECS-UHV). The Mg-K� line was used (h� = 1253.6 eV) and the
analyzer pass energy was set to 10 eV. The inelastic background of
the C 1s, O 1s, Ti 2p, and Cu 2p electron core-level spectra and the
Auger Cu LMM peak was subtracted using Shirley’s method. The
binding energies of the spectra were corrected using the hydro-
carbon component of adventitious carbon fixed at 285.0 eV. The
composition of the surface region was determined from the ratio
of the relative peak areas corrected by Scofield sensitivity factors
of the corresponding elements. The spectra were fitted without
placing constraints using multiple Voigt profiles. The width at half
maximum (FWHM) of the XPS components varied between 1.5 and
2.0 eV and the accuracy of the peak positions was ±0.1 eV. The pre-
cision of the atomic concentrations of the detected elements was
estimated as ±5%.

2.3. Photoactivity measurements

The measurements were carried out with 50 �L of hydro-
gen peroxide (30%, v/v) (Merck) and 5 mL (30 mg L−1) methylene
blue (Petroquímios) at pH 6.5. The degradation of the methylene
(Philips 20 W) at 25 ◦C. Samples were taken at intervals of 10, 45
and 120 min, and the dye photodegradation was monitored by
measuring the absorbance at 665 nm using a 1600 UV-vis spec-
trophotometer (Shimadzu UVPC).
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Table 1
Contact angle and surface free energy determined for different solvents.

Thin film Contact angle � (◦)a Surface energy
(mN/m)

Dispersion component
(mN/m)

Polar component
(mN/m)

H2O NaCl 3.5% Glycerol

TiO –Cu-RT 35 27 42 62 2 60
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TiO2–Cu-100 8 9 30
TiO2–Cu-400 51 46 41

a Estimated experimental error: ±1%.

.4. ESI-MS study

To identify the intermediates formed during the methylene blue
ecomposition, mass spectroscopy coupled with electron spray

onization (ESI) was used (positive mode of an Agilent MS-ion trap
ass spectrometer). After 20 min reaction a sample was collected

nd injected into the ESI source with a syringe pump at a flow rate
f 5 mL min−1, and the spectra were obtained as an average of 50
cans. The ESI conditions were as follows: heated capillary temper-
ture of 325 ◦C, sheath gas (N2) at a flow rate of 6 L min−1, spray
oltage of 4 kV and capillary voltage of 25 V.

.5. Theoretical calculations

All calculations were carried out using the Gaussian 98 program
ackage [8]. The hybrid B3LYP density functional method used

ncludes Becke’s 3-parameter nonlocal-exchange functional with
he correlation functional [9]. For Ti and Cu atoms the aug-cc-pVQZ
asis set was used, taking into consideration the effect of the diffuse
unction. For O and H atoms the cc-pVDZ basis sets was applied. The
iO2 surface structure, represented by a Ti2O9H10 cluster [10], was
ully optimized without placing any constraints. Furthermore, after
ach optimization the nature of each stationary point was estab-
ished by calculating and diagonalizing the Hessian matrix (force
onstant matrix). The unique imaginary frequency associated with
he transition vector (TV), i.e., the eigenvector associated with the
nique negative Eigen value of the force constant matrix, has been
haracterized. Potential Energy Surface (PES) was evaluated using
ingle-point energy calculation along the distance between two
ites on the TiO2 surface and metal. Moreover, the interaction of
ydrogen peroxide with the cluster containing adsorbed Cu was
tudied for a variable distance of the peroxide molecule.

. Results and discussion

Fig. 2 shows the AFM phase images of the TiO2–Cu photocat-
lysts. Phase imaging is useful to distinguish material phases by
ensing local variations in hardness, viscoeleasticity or adhesion
11]. The images show clear changes of the surface morphology as
function of thermal treatment. Although the XRD patterns (not

hown) confirmed the amorphous nature of the films, the spots
bserved in the AFM phase images support the hypothesis of partial
urface crystallization of the TiO2 films. These spots, which increase
n size with the annealing temperature, cannot be attributed to Cu
articles, due to the low surface concentration of Cu, determined
y the XPS analysis.

Since the photocatalytic reactions occur at the interface
etween solution and photocatalyst surface its wettability, related
o the interplay of cohesive and adhesive liquid–solid interac-
ions, is of particular interest. Contact angle measurements allow

o determine the surface tension or energy, which is the key
roperty influencing the wettability. Besides the chemical nature
f the surface, wettability depends on the surface morphology
nd the type of the contact liquid [12]. The surface energy was
etermined via Young’s equation: �sv = �sl + � lvcos �, where �
95 >1 95
50 19 31

is the measured contact angle and � is the surface energy of
the solid–vapour (sv), solid–liquid (sl) and liquid–vapour (lv)
interface. The solid surface energy was extracted employing the
Owens–Wendt–Rabel–Kaelble method [13,14]. A possible influ-
ence of the surface roughness on the wettability of the surfaces
was investigated using AFM results. They have shown that the
values of the RMS roughness of the samples were quite similar,
varying form 0.6 nm for the RT sample to 0.8 nm for the sample
annealed at 400 ◦C.

Table 1 displays the contact angle and the calculated surface
energies of the samples. It can be observed that the TiO2–Cu-100
film presents the highest surface energy and consequently quite
small contact angles for all liquids employed. A similar behavior
was reported for TiO2–Mn films, where the contact angle for low
dopant concentration decreases and then increases again for higher
doping levels [15]. It is expected that the metal dopant reduces
the Ti4+ to Ti3+ ratio on the surface. Then, the interaction of Ti3+

with water molecules leads to the formation of OH groups, which
increase the wettability of the surface.

To determine the depth of the Cu ions below the TiO2 surface,
measurements of GIXRF were performed near the critical angle of
total reflection, the experimental GIXRF data were than compared
to the calculated X-ray fluorescence intensity curve [16]. The crit-
ical angle �c (in degrees) depends on the energy of the incident
photons (E in keV), atomic number (Z), atomic mean mass (A) and
on the density (� in g cm−3). One approximation for the critical
angle can be obtained by:

�c ≈ 1.65/E

√
z

A
� (1)

One fraction of the incident X-ray beam penetrates the TiO2
surface. The penetration depth (Zn) is a function of the energy or
wavelength of incident photons (�) and of the complex refractive
index n = 1 – ı − iˇ. The depth of penetration can be written as:

If � � �c Zn ≈ �/4�
√

2ı

If � � �c Zn ≈ �/4�
√

ˇ

If � � �c Zn ≈ ��/4�
√

ˇ

(2)

The fluorescence intensity can be obtained as a function of inci-
dent angle. Employing a model were the Cu atoms are consider
a buried layer of constant concentration below the TiO2 surface,
the theoretical fluorescence intensity was determined and fitted to
the experimental data, thus allowing to determine the penetration
depth of Cu dopant. In this model the fluorescence intensity can be
written as:

I(�) = IocaC[1 − R(�)]�
Zn

(3)

where I(�) is the fluoresce intensity as a function of the incident
angle �, the Io is the intensity of incident photons, ca is called area

density (atoms cm−2) and C is the scaling factor [(12.4/4�Eo)/ˇ].
More details about the theoretical calculation of fluorescence inten-
sity can be found in other studies [17].

Fig. 3 shows the experimental and the fitted theoretical curves
for the diffusion depth of the Cu atoms. The results show that for



276 H.W.P. Carvalho et al. / Journal of Hazardous Materials 184 (2010) 273–280

Cu film

t
Z
o
a
2
d
1
C
t
t

r
t
d
3
r
c
i
s
f
T

a
c
T
b
r
X
o
H

o
e
t
s
4
o
t
t

T
Q
3

Fig. 2. Atomic force microscopy phase images of TiO2–

he TiO2–Cu-RT sample (Fig. 3a) Cu reaches a depth of up to 9 nm.
hou and Chen studied the diffusion of Cu in the TiO2 as a function
f time at room temperature by GIXRF and reported a depth of 5 Å
fter 30 min [18]. The GIXRF measured in this work were performed
0 days after Cu film deposition what might explain the higher
iffusion depth. For the TiO2–Cu-100 sample Cu was found about
1 nm deep (Fig. 3b) and in the TiO2–Cu-400 film (Fig. 3c) a depth of
u of about 30 nm was detected. These values are consistent with
he diffusion-induced increase of the penetration depth with the
emperature of the thermal treatment.

The UV–vis absorption spectra, displayed in Fig. 4, show a slight
ed-shift to the visible region and a small increase of the absorp-
ion with increasing thermal treatment. Considering that the Cu
opant is located in a depth range between few nanometers and
0 nm and that the band gaps of Cu2O and CuO of 1.7 and 2.1 eV,
espectively, are smaller than that of TiO2 (3.2 eV), it can be con-
luded that the temperature induced doping process was efficient
n decreasing the band gap and increasing the absorption of the
amples. Consequently, the band gap values decreased from 3.2 eV
or theTiO2–Cu-RT to 3.15 eV for TiO2–Cu-100 and 3.1 eV for the
iO2–Cu-400 sample.

Although several studies so far have reported on the catalytic
ctivity of Cu doped TiO2, none of them has explored the particular
atalytic proprieties of the system as a function of the Cu profile.
he results presented below evidenced that the surface activity can
e modified by different concentration profiles of Cu in the surface
egion of the TiO2 film. To investigate this aspect in more details,
PS measurements were performed to analyze the surface region
f the samples before and after reaction with methylene blue and
2O2.

The XPS data of the elemental composition of the surface,
btained without sputter cleaning, are shown in Table 2. As
xpected, the Ti to O ratio remains constant and the Cu concen-
ration increases with the temperature of the thermal treatment,
howing the highest Cu content of about 2.5 at.% for the TiO2–Cu-

00 sample. This data confirmed that the observed small red-shift
f the UV–vis spectra absorbance is related to the higher Cu con-
ent of the surface region of the TiO2 film. After photocatalytic tests
he Cu concentration decreased probably due to the contamination

able 2
uantitative X-ray photoelectron spectroscopy analysis of TiO2–Cu photocatalysts befor
0◦ .*

Photocatalyst Ti O

TiO2–Cu-RT before 29.0 28.8* 70.5
TiO2–Cu-100 before 29.4 29.2* 69.9
TiO2–Cu-400 before 28.6 28.4* 68.9
TiO2–Cu-RT after 30.0 66.5
TiO2–Cu-100 after 29.6 67.5
TiO2–Cu-400 after 28.4 68.3

* Estimated experimental error: ±5%.
s: (a) TiO2–Cu-RT, (b) TiO2–Cu-100, (c) TiO2–Cu-400.

of the surface by additional carbon species, which increased from
about 35 at.% to 45 at.% after photocatalytic tests, as well as sulphur
and nitrogen impurities, related to the fragments of methylene blue
(Table 2). For the not tested samples additional XPS measurements
were carried out at a take-off angle of 30◦, corresponding to the half
of the typical sampling depth of about 3 nm, to probe the slope of the
depth profile in the diffusion layers. The results show a relatively
flat copper concentration profile few nanometers below the sur-
face, indicating a homogeneous doping of the active surface region
of the film.

The structural analysis performed by XPS (Fig. 5) indicates for
all films the presence of only one structural component of Ti 2p3/2
peak at 458.6 eV, attributed to the TiO2 phase. A representative
Cu 2p3/2 spectrum obtained for the TiO2–Cu-100 sample, shown
in Fig. 4, displays only one fitted component at 932.2 eV indicat-
ing the possible presence of both the Cu2O and the metallic Cu
phase. Due to the difficulty to separate the contributions of these
phases in the photoemission spectrum, the Auger L3M45M45 peak
was recorded to determine the Cu0 to Cu2O ratio. The analysis of
the differentiated Auger spectrum showed the predominance of the
Cu2O phase located at a kinetic energy of 916.5 eV (Insert of Fig. 5).
A smaller signal at about 918.7 eV is related to the metallic phase.
These values are close to those found for Cu2O and Cu bulk material
of 316.6 eV and 918.6 eV, respectively [19]. No significant influence
of the TiO2 matrix on the peak Cu energies was observed, how-
ever it cannot be excluded that a small fraction of Cu species was
introduced into the TiO2 lattice as substitutional dopant, induced
by the thermally enhanced diffusion process. Furthermore, the Cu0

to Cu2O ratio of about 0.25 remained almost constant with increas-
ing thermal treatment. It is interesting to note that one significant
difference observed between the TiO2–Cu-100 film and the other
samples was its strong O 1s component at 532.1 eV, indicating for
this film a larger number of hydroxile surface groups (not shown).

The photocatalytic activity of the films was evaluated by
monitoring the methylene blue degradation. Fig. 6 displays the

absorbance of methylene blue under UVA irradiation as a function
of time. It can be observed that in absence of the catalyst methylene
blue is subjected to photolysis resulting in a small decrease of the
absorbance after 2 h irradiation. Addition of H2O2 to the medium

e and after reaction with methylene blue, performed at a take-off angle of 90◦ and

Cu (at.%)a S N

70.6* 0.5 0.6
70.2* 0.7 0.6
69.3* 2.5 2.3

<0.1 1.1 2.3
0.1 1.0 1.8
1.0 0.7 1.6



H.W.P. Carvalho et al. / Journal of Hazardous Materials 184 (2010) 273–280 277

F
p

l
m
s
t
o
F
T
i
f
m
e
T

Cu concentration the amount of oxygen vacancies increases, which
act as recombination centers of generated electron–hole pairs.

It is suggested that there are at least two active regions on the
catalysts surface, the TiO2 and Cu sites. In the first case, the trans-
ig. 3. Experimental and fitted grazing incidence X-ray fluorescence curves for sam-
les of Fig. 2.

ed to an accelerated methylene blue decomposition due to the for-
ation of highly oxidant •OH. Compared to the methylene blue

olution containing only H2O2 or pure TiO2/H2O2, the incorpora-
ion of the Cu into catalyst improved significantly the degradation
f the colorant, demonstrating its superior photocatalytic activity.
urthermore, the comparison of the three catalysts shows that the
iO2–Cu-100 film possesses the highest photoactivity. This finding

s in agreement with the contact angle data, indicating that this sur-
ace is more hydrophilic, thus enhancing the interaction between

edium and catalyst. But this is just one aspect, there is another
ffect that could be related with oxygen vacancies produced by
i3+ formation. Ti4+, Cu+ or Cu2+ can act as trapping sites of pho-
Fig. 4. Ultraviolet–visible spectra for samples of Fig. 2.

toinduced electron, increasing the electron–hole pair life-time, and
thus enhancing the probability of reactions between electron-hole
pairs and the H2O, H2O2 and OH− species.

The observation of a higher catalytic activity for the sample with
intermediary Cu concentration is supported by results obtained by
Xin et al. [20]. The authors argue that this occurs due the role of
Cu in modulating the Ti4+/Ti3+ ratio and oxygen vacancies. At high
Fig. 5. X-ray photoelectron spectroscopy Ti 2p and Cu 2p core-level spectra and the
Cu L3M45M45 Auger peak of sample TiO2–Cu-100.
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ig. 6. Photocatalytic discoloration of methylene blue (MB) by TiO2–Cu thin films.

er of electrons and holes in a reaction with H2O2, H2O, O2 and
ethylene blue can take place on the TiO2 surface leading to oxi-

ized or reduced species. These mechanisms are well explored in
everal photocatalytic studies [21]. In the case o copper doping, the
eaction between Cu0 or Cu+ with the H2O2 results in a Fenton-like
echanism, according to the following reactions:

Cu0 or Cu+ + H2O2 → Cu+ or Cu2+ + OH− + ·OH
TiO2 + h� → h+/e−

Cu+ or Cu2+ + e− → Cu0 or Cu+
(4)

It is well known that the pH value of the solution causes mod-
fications of the TiO2 surface. Here the reaction of H2O2 with Cu
pecies led to an alkaline medium, due the generation of OH−. In
his condition the TiO2 surface is negatively charged and a reaction
f OH− with holes leads to the formation of •OH, while the elec-
rons can reduce Cu oxidized species or react with H2O2 forming
OH [22]. This consideration is in agreement with the mass spec-
roscopy results, shown below, which indicate that methylene blue
s decomposed by •OH.

This mechanism is consistent with a recent study, suggesting
n enhanced catalytic decomposition of H2O2 on the Cu doped
emiconductor surface [23]. The formation of •OH radical and the
ubsequent oxidation reaction of organic compounds were evi-
enced from the analysis of the ESI-MS spectra, shown in Fig. 7.
he methylene blue cation signal can be identified at m/z = 284, 300

nd at 316, related to successive hydroxylation of the molecule due
o •OH attack. The other signals correspond to the fragmentation
f the molecular structure. This result is in agreement with several
tudies reporting the complete mineralization of the colorant by
ydroxyl radicals [24].

Fig. 7. Mass spectrometry spectra of (a) pure methylene blue colo
ous Materials 184 (2010) 273–280

The effect of peroxide action in the TiO2–Cu system was con-
firmed by theoretical calculations. Using a Ti2O9H10 cluster model,
firstly, the possible interaction sites of Cu on the TiO2 surface were
investigated in the presence and absence of peroxide. Here it is
important to mention that nonbonded interactions play an impor-
tant role in structural chemistry. Attractive, albeit noncovalent,
nonbonded interactions modulate the conformations of virtually all
molecular assemblies [25]. In the solid state, a close intramolecular
contact may result from either an attractive interaction or as a con-
sequence of external forces imposed by crystal packing. Despite of
its great importance, the effect of doping depth profile on photocat-
alytic activity of TiO2 based materials was not very much studied,
and in particular, surprisingly little detailed computational work
was reported on this subject.

In order to investigate the interaction between the dopant and
the TiO2 surface, two different sites, named A and B, were stud-
ied. The representation of these sites is shown in Fig. 8(a), and (b)
displays the corresponding potential energy curves. In Fig. 8(a) it
can be observed that the energetically preferred B site (solid circle
around the Ti atom) contains a larger number of oxygen neighbors
than the A site (dashed circle). This is related to an efficient trans-
fer of valence electrons from the Cu atoms to TiO2 at B sites. This
charge transfer occurs only through interaction of the Cu atoms
with oxygen and the subsequent formation of a strong bond [26].
This fact can be better understood considering that as more oxy-
gen is being added to the surface , the interaction of Cu atoms with
TiO2 enhances the formation of additional •OH radicals. Further-
more, the potential curve of the B site in the presence of H2O2
shows a significant reduction of the energy of the system. These
results reinforce the suggestion that there is a favorable interac-
tion between H2O2 molecules and the TiO2 surface, as observed
in catalytic tests and contact angle measurements (Fig. 6 and
Table 1).

In addition, density functional theory (DFT) data can also in
principle rationalize the UV–vis results. It is important to men-
tion that the precision of this calculation level is estimated about
3 kcal mol−1 [27]. The slight decrease of the band gap values, from
3.2 eV for TiO2–Cu-RT to 3.1 eV for the TiO2–Cu-400 sample, can be
interpreted as due to the influence of the electronic and relativis-
tic effects of the Cu-doping on the material surface. The relativistic
effect of Cu is very weak and the energy gaps between orbital 3d and
4s of Cu are relatively high. Then, the orbital interaction between
the molecular orbital of H2O2 and the orbital 4s of Cu are weaker.
This is in contrast to interactions between the 4s orbital of Cu and

the dangling bond on the Ti surface, which are considered stronger.
Thus, the theoretical data reinforce the interpretation of GIXRF and
catalytic activity data.

The identification of reaction intermediates was performed by
ESI-MS measurements during the oxidation of the methylene blue

rant, and (b) after 10 min of started photocatalytic reaction.
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Fig. 8. (a) Ti2O9H10 cluster with sites: “A”, dash circle and “B”, solid circle, together wit
between the TiO2 cluster and the Cu dopant at sites A and B including the interaction of p

Table 3
Gibbs free energy of II and III intermediates using B3LYP/6-31 + G(d,p).

Intermediate Hydroxyl position � (kcal mol−1)

II 2 0.00
3 +3.30
N +7.86
S +8.68
5 +6.65

III 2, 2′ 0.00
2, 5′ +34.69
3, 2′ +11.73

d
a
G
f
e
p
s
c
a
A
h

3, 3′ +14.26
3, 5′ +3.25
5, 5′ +21.22

ye (Fig. 7). In order to shed more light on the model of the over-
ll reaction mechanism of the catalytic activity, calculations of the
ibbs free energy for the stability of the intermediates were per-

ormed. All discussions concerning the energy differences and the
nergy barriers refer to the enthalpy term corrected for the zero
oint energy at 298.15 K. The resulting energies values and corre-

ponding structures are presented in Table 3 and Fig. 9. From these
alculations a good agreement was found between the modeled
nd experimental geometry for the methylene blue molecule [28].
ccording to the data listed in Table 3, it can be observed that the
ydroxyl group on C2 position of intermediate II is about +3.30

Fig. 9. Reaction scheme with the proposed r
h representation of H2O2. (b) Potential energy curves obtained for the interaction
eroxide at site B.

and +6.65 kcal mol−1 more stable than the alternative C3 and C5
position, respectively.

These results put in evidence that the preferential reaction site
for •OH in this Fenton-like process is the position 2 (C2) of the
methylene blue structure, resulting in a fragment corresponding to
m/z = 300 (Fig. 7). Further calculations revealed that the hydroxyla-
tion occurs on C4 (see Table 3), which explains the resulting intense
fragment corresponding to m/z = 316 (Fig. 7). From these theoretical
results, compounds II and III (Fig. 9) are supposed to be more stable
and can be therefore experimentally detected. Moreover, the reac-
tion path may still involve other hydroxylations. From these results,
the third hydroxylation would more likely occur at 5′ position. This
is a crucial step, as it would simultaneously lead to the formation
of hydroquinone or hydroquinone-like intermediates generated by
the •OH attack.

A reaction mechanism was earlier proposed for the inter-
action between Fenton reagents and aromatic compounds [29]
and Orange II dye [30], which involves the generation of
hydroquinone or hydroquinone-like and the redox cycle of hydro-
quinone/quinone in the Fenton reaction. That is an unstable

key-intermediate that indicates a high probability of a quick rup-
ture of both chemical bonds C1–C2 and C5–C6 (Fig. 9). This could
justify the formation of V (m/z = 130). Nevertheless, the presence of
•OH in the reaction medium, the oxidation of V probably occurs,
which consequently generates the stable specie VI, with m/z = 161.

oute for methylene blue degradation.



2 azard

T
(

F
H
c
s
t
H
i

4

T
p
m
t
s
a
d
s
o
A
e
m
X
T
a
l
a
t
r

A

F
n
(
a

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

80 H.W.P. Carvalho et al. / Journal of H

hese calculations are in good agreement with experimental data
Fig. 7).

Based on previous studies [24,27] and the results displayed in
ig. 7, we propose that the reaction initiated with the activation of
2O2 by the doped TiO2 film followed by the transfer of •OH radi-
als to the organic dye, producing different fragment compounds as
howed by the intense MS signals. The experimental results suggest
hat the proposed catalytic mechanism is based on the activation of
2O2 via a Fenton-like mechanism at active Ti–O–Cu sites to form

ncreased quantities of •OH radicals.

. Conclusion

Surface properties and photocatalytic activity of copper doped
iO2 films were investigated for different surface concentration
rofiles of Cu. The GIXRF measurements indicate that the ther-
al treatment causes a migration of Cu atoms below the surface

o depths which varies between 7 and 31 nm, causing a small red-
hift and increasing absorption of the UV–vis spectra. The contact
ngle measurements have shown that films with a medium Cu-
oping concentration of about 1 at.% own the most hydrophilic
urface. Photocatalytical tests performed by methylene blue discol-
ration have confirmed for this film a higher photocatalytic activity.
ccording to the results obtained by theoretical calculations the
nhanced catalytic efficiency can be explained by a Fenton-like
echanism induced by the formation of active Ti–O–Cu sites. The
PS analysis confirmed the presence of Cu+ and Cu0 species on the
iO2 surface and evidenced their homogeneous distribution in the
ctive region of the film. Theoretical calculations performed at DFT
evel support several experimental results as band gap changes,
ffinity of H2O2 by TiO2 doped with Cu. The ESI-MS spectra allied
o theoretical calculations allowed to propose the fragmentation
oute of methylene blue.
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