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a  b  s  t  r  a  c  t

Uniform  adhesive  TiO2–ZrO2 films  co-sputtered  on  polyester  (PES)  under  low  intensity  sunlight  irra-
diation  discolored  methylene  blue  (MB)  within  120  min.  The  discoloration  kinetics  was  seen  to be
accelerated  by  a factor  four by  TiO2–ZrO2–Cu  containing  ∼0.01% Cu,  as  determined  by X-ray  fluores-
cence (XRF).  TiO2–ZrO2–Cu also  increased  also accelerated  by  a factor  the  discoloration  of  MB  compared
to  TiO2/Cu(PES).  MB  discoloration  was  also  monitored  under  visible  light  in  the solar  cavity  by  using a
400  nm cutoff  filter.  Photocatalyst  surfaces  were  characterized  by  spectroscopic  methods  showing  the
film optical  absorption  and  by X-ray  photoelectron  spectroscopy  (XPS),  the  surface  atomic  percentage
concentration  up  to 120 nm  (∼600 layers).  The  band-gaps  of TiO2–ZrO2 and  TiO2–ZrO2–Cu  were esti-
mated  for  films  co-sputtered  for  different  times.  By  Fourier  transform  attenuated  infrared  spectroscopy
(ATR-FTIR),  the  systematic  shift  of the predominating  �s(CH2)  vibration-rotational  MB  bands  was  moni-
nterfacial charge transfer mechanism
IFCT)

tored  up  to complete  MB discoloration  under  low  intensity  solar  simulated  light.  Evidence  is presented  for
the  OH• generation  by  TiO2–ZrO2–Cu  participating  in  the  self-cleaning  mechanism.  The photo-induced
interfacial  charge  transfer  (IFCT)  on  the  TiO2–ZrO2–Cu  is  discussed  in terms  of  the  electronic  band  posi-
tions  of the  binary  oxides  and  Cu  intra-gap  states.  This  study  presents  the first  evidence  for  a Cu-promoted
composed  of two  binary  oxide  semiconductors  accelerating  the  self-cleaning  performance.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Photocatalysis as a useful tool for the self-cleaning of glass, poly-
er  thin films and textile fabric surfaces has recently been reported

y Daoud [1–4], Kiwi [5–8], Hashimoto/Fujishima et al. [9,10], Bah-
emann [11–13], Radetic [14] and Pakkanen [15]. TiO2 has been
hosen as the standard photocatalyst used in the field of environ-
ental photochemistry due to its stability, effective separation of

harges under band-gap irradiation and availability of fairly pure
amples. The self-cleaning by TiO2 modified surfaces its basically

 photo-oxidative process requiring sunlight, O2 (air) and water
apor (air) to produce highly oxidative radicals able to destroy
rganic compounds [9,10].

There is nowadays a need to develop resistant photocata-
ysts presenting faster self-cleaning kinetics compared to TiO2 and

omposite-TiO2 surfaces which are too slow for many industrial
pplications [5–8,11–13]. The second area that needs improvement
ies in the fact that most of the self-cleaning films are deposited

∗ Corresponding author. Tel.: 004121 69 36150. fax: +41 21 693 5690.
E-mail address: john.kiwi@epfl.ch (J. Kiwi).

ttp://dx.doi.org/10.1016/j.apcatb.2015.06.047
926-3373/© 2015 Elsevier B.V. All rights reserved.
from colloids on surfaces that are subsequently heated to diffuse
and anneal the colloid into the surface at temperatures that fabrics
and polymer films do not resist [5–13]. The deposition/adhesion
of this non-uniform low adhesive colloidal TiO2 films are easily
wiped out by finger or cloth since they are not mechanically sta-
ble. Direct current magnetron sputtering (DCMS) is used in this
study to overcome the non-uniformity and low adhesion of col-
loidal films [16–19]. We  used DCMS to sputter uniform adhesive
innovative TiO2–ZrO2 and TiO2–ZrO2–Cu at temperatures <140 ◦C,
below the polyester (PES) limit of thermal resistance. The DACRON-
PES used in this study will be shown to be a suitable substrate
for TiO2–ZrO2–Cu films decomposing with a fast kinetics organic
compounds/dyes under light irradiation. As a result of the present
investigation, we  present a suitable film preparation and evalu-
ation of the observed accelerated self-cleaning kinetics showing
film uniformity/adhesion, two  drawbacks observed TiO2 colloidal
coated surfaces [16–18].

Self-cleaning surfaces are labor and energy saving materials

[11]. We  address hereby innovative self-cleaning by TiO2–ZrO2
and TiO2–ZrO2–Cu films on PES reducing the self-cleaning time
of methylene blue (MB). In the past our laboratory has worked
on the self-cleaning of wine stains by TiO2 on fabrics within 24 h

dx.doi.org/10.1016/j.apcatb.2015.06.047
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2015.06.047&domain=pdf
mailto:john.kiwi@epfl.ch
dx.doi.org/10.1016/j.apcatb.2015.06.047
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filter was inserted in the Suntest cavity to filter the light <310 nm.
The visual perception of the discoloration of the MB-stain on PES is
presented below in Fig. 4. The discoloration is visualized by the blue

300 40 0 50 0 60 0 70 0 80 0
0.00

0.05

0.10
b)

(2)

(1)

K
M

/S

a)

300 40 0 50 0 60 0 70 0 80 0
0.0

0.2

0.4

(2)K
M

/S

(1)
S. Rtimi et al. / Applied Catalysis 

1,5–8,13]. The self-cleaning performances of the TiO2–ZrO2 and
iO2–ZrO2–Cu PES were compared with the self-cleaning perfor-
ance of MB  on PE-TiO2 under Suntest light irradiation using the

ame experimental conditions [19].
MB was used as a probe during this self-cleaning and has

een extensively reported by Kamat [20] and Devi [21]. The MB
iscoloration has been generally accepted as a test method to eval-
ate the self-cleaning performance of photocatalytic surfaces [22].
ore recently, A. Mills reported work on the MB  photo-induced

batement/discoloration [23,24]. The photobleaching/degradation
echanism of MB  sensitized on TiO2 suspensions/colloids in aque-

us solution is still controversial. Herrmann has recently reported
he degradation pathway and intermediates of MB in colloidal solu-
ions under light [25]. These studies take advantage of the fact
hat TiO2 presents dense surface TiOH groups, high crystallinity
nd redox properties generating highly oxidative radicals under
and-gap irradiation leading to MB  degradation.

Until now, TiO2–ZrO2 films prepared by sol–gel methods and
sed as powders or annealed on diverse substrates at a few hun-
red degrees have been used in industrial processes as catalysis,
lectronic devices and in optical applications [26,27]. The effect of
u at very low concentrations related to TiO2–ZrO2–Cu films will
e investigated for their role hindering the TiO2 charges recombi-
ation. The role of the intra-gap Cu-states facilitating the indirect
ransitions from the TiO2vb to the TiO2cb will be suggested in
his study TiO2–ZrO2 films have been recently reported showing
hotocatalytic properties, but have not been investigated as pho-
ocatalysts for self-cleaning processes [28,29].

This investigation addresses the photocatalysis of the TiO2–ZrO2
nd TiO2–ZrO2–Cu films taking MB  as a probe under low intensity
olar simulated sunlight. This study focuses on: (a) the prepa-
ation robust adhesive films of Cu-promoted TiO2–ZrO2 films by
irect current magnetron sputtering (DCMS), (b) the self-cleaning
inetics of MB  by TiO2–ZrO2–Cu films under low intensity sunlight

rradiation, (c) the investigation of the surface properties of the
elf-cleaning films (d) the photo-induced interfacial charge trans-
er (IFCT) between TiO2, ZrO2 and Cu and finally (e) the stretching
ibration shift of the MB—(CH2) groups leading to bond scission
receding MB discoloration.

. Experimental

.1. Co-sputtering of TiO2–ZrO2 and Cu on PES and X-ray
uorescence determination of the films content and
etermination of the film thickness by profilometry

Thin Ti and Zr films were sputtered on PES by magnetron sput-
ering in a reactive oxygen atmosphere using a 50%–50% mixed
argets of Ti and Zr from K. Lesker, Hastings, UK. The substrate-to-
arget distance was 10 cm and the targets were 2 in. in diameter. Cu
n TiO2-ZrO2 layers was subsequently sputtered for times ≤10 s.

The PES used was Dacron, type 54 spun, plain weave ISO 105-F04
EMPA) used for color fatness determinations. The nominal thick-
ess calibration of the TiO2–ZrO2 films was carried out on Si-wafers
ith a profilometer (Alphastep500, TENCOR) and the results are

hown in Fig. 1. The TiO2-ZrO2 shown in trace (1) is seen to be
ess thick compared to TiO2–ZrO2–Cu film shown in Fig. 2. This has
he important implication that after 8 min  – the coating thickness
howing the fastest MB  discoloration – a sputtering thickness of
96 nm (480 layers) was attained for the TiO2–ZrO2 film compared
o ∼116 nm (580 layers) for TiO2–ZrO2–Cu film.
The TiO2, ZrO2 and Cu-content in the samples were evaluated

y X-ray fluorescence in a PANalytical PW 2400 unit as a function
f the sputtering time.
Fig. 1. Thickness calibration of TiO2–ZrO2 and TiO2–ZrO2/Cu sputtered films on Si
wafers.

2.2. Diffuse reflectance spectroscopy (DRS, X-ray crystallography
(XRD) and composite band-gap determination.

Diffuse reflectance spectroscopy (DRS) of the 100 �l MB  stained
PES samples was carried out in a PerkinElmer Lambda 900 UV–VIS-
NIR spectrometer within the wavelength range of 200–800 nm.  The
rough UV–vis reflectance data cannot be used directly to assess
the optical absorption of the samples because of the large scatter-
ing contribution of the PES fabric to the DRS spectra. Normally a
weak dependence is assumed for the scattering coefficient S on the
wavelength. The crystalline structures of the samples reported in
this study were investigated by X-ray diffraction (XRD) by means
of an INEL Model XRG instrument 3.5 KW power with a detector
to register � peaks from 2◦ to 120◦. The spectra obtained by diffu-
sion reflectance spectroscopy (DRS) were plotted in Kubelka–Munk
(KM) units and this information was  used to draw the band-gap
plots for TiO2–ZrO2 and TiO2–ZrO2–Cu following the Tauc’s method
[30].

2.3. Irradiation procedures, visual appearance and X-ray
photoelectron spectroscopy (XPS) of sputtered uniform films

The sputtered samples were irradiated with the Xe-400 W lamp
in the Suntest solar simulator CPS (Atlas GmbH, Hanau, Germany)
with a light dose of 50 mW/cm2 (∼0.8 × 1016 photons/s). A cut-off
Wavele ngth (nm) Wavele ngth (nm)

Fig. 2. (a) Diffuse Reflectance Spectroscopy (DRS) of TiO2–ZrO2 sputtered for (1)
8  min  and (2) 12 min, (b) Diffuse Reflectance Spectroscopy (DRS) of TiO2–ZrO2/Cu
sputtered for (1) 8 min/5s and (2) 8 min/10 s.
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Table 1
XRF determination of wt%  of TiO2, ZrO2 and Cu sputtered on polyester (PES).

Wt%  TiO2/wt
PES

Wt%  ZrO2/wt
PES

Wt%  Cu/wt
PES

TiO2–ZrO2 (6 min) 0.42 0.54
TiO2–ZrO2 (8 min) 0.47 0.47
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Ti4+-ion (r = 0.74 Å) ions precluding the formation of TiO2 domains.
This is due to the molecular mixing of the TiO2 and ZrO2 in the
crystallographic network. Fig. 2 shows the TiO2/ZrO2 composites
TiO2–ZrO2 (12 min) 0.44 0.52
TiO2–ZrO2/Cu (8 min/5 s) 0.47 0.47 0.01
TiO2–ZrO2/Cu (8 min/10 s) 0.45 0.48 0.02

tain disappearing progressively as a function of the solar simulated
untest irradiation time.

An AXIS NOVA photoelectron spectrometer (Kratos Ana-
ytical, Manchester, UK) equipped with monochromatic AlK�
h� = 1486.6 eV) anode was  used during the study. The carbon C1s
osition at 284.6 eV was the reference to reference the peak posi-
ions of C, O, Ti, Zr and Cu in the XPS spectrogram [31,32]. The
hirley correction was used to correct the electrostatic charging
ffect during the XPS measurement [33]. The XPS spectra were
econvoluted by means of the software CasaXPS-Vision 2 (Kratos
nalytical, UK).

.4. Monitoring oxidative radicals on TiO2–ZrO2–Cu fluorescence

The detection of the oxidative species (mainly OH•) was  car-
ied out according to Hashimoto [39]. Terephthalic acid 99%
as an Across Chem Ltd. Product and the NaOH 98% was from

igma–Aldrich. A sample of 4 cm2 of TiO2–ZrO2–Cu coated fabric
as immersed in a solution made of terephthalic acid at 0.4 mM

issolved in a 4 mM  NaOH solution. After each irradiation, the solu-
ion was transferred in a quartz cell and the fluorescence spectra
f 2-hydroxyterephthalic acid generated by the reaction of tereph-
halic acid with the OH containing compound were measured on a
erkinElmer LS-50B fluorescence spectrometer. The spectra were
ecorded between 400 and 500 nm (scan rate: 100 nm/min) under
n excitation at 315 nm.

.5. Infrared spectroscopy (ATR-FTIR) and light irradiation source

FTIR spectra were measured in a Portmann Instruments AG
pectrophotometer equipped with a Specac attachment (45◦ one
ass diamond crystal). Spectra were taken by 256 scans with a res-
lution of 2 cm−1 in the range 900–4000 cm−1. The position of the

R peaks was found by the second derivative of the spectra after
ourier deconvolution.

. Results and discussion

.1. Coating content determined by X-ray fluorescence (XRF) and
ample diffuse reflectance spectroscopy of the samples (DRS).

The TiO2–ZrO2–Cu films co-sputtered for 8 min  were subse-
uently Cu-sputtered for 5 s and 10 s and attained the content of:
.47% TiO2 and 0.47% ZrO2 weight/weight PES and 0.01% as shown

n Table 1. To further characterize the optical properties of the later
lm the DRS spectra of sputtered samples for 8 min is presented in
ig. 2 in Kubelka–Munk units. The rough UV–vis reflectance cannot
e used directly to assess the absorption coefficient of the PE-TiO2.

Fig. 2(a) presents the TiO2–ZrO2 DRS spectra sputtered for two
ifferent times. The indirect electron transition of the vb elec-
ron under light occurring from the valence TiO2 O2p band to the
i3d conduction band is shown rising up at to 380 nm.  The opti-

al absorption below 380 nm in Fig. 2 is due to the ZrO2 optical
bsorption with band gap ∼4.5 depending on particle size [10,13].

Fig. 2(b) presents the DRS spectroscopy of TiO2–ZrO2–Cu sput-
ered also for two different times being very similar to the
Fig. 3. XRD spectrogram of TiO2–ZrO2 and TiO2–ZrO2/Cu (on polyester (PES)).

TiO2–ZrO2 spectra. The amount of Cu sputtered on PES is very small
as shown in Table 1, possibly developing Cu-plasmon bands too
small to be registered in the visible region >500 nm (Fig. 2b). Cu
has been reported to modify the energy range of TiO2–ZrO2 involv-
ing Cu(II) and (Cu(I) reduction to Cu◦ at potentials of 0.15 eV and
0.34 eV. [43,35]. By DRS (Fig. 2), XRD (Fig. 3) and by XPS (Fig. 5b)
we did not find an unambiguous evidence proof for the presence of
CuO, Cu2O or Cu particles at the very low concentration of 0.02% by
weight on TiO2–ZrO2. Recently Cu(II) in an amorphous CuO struc-
ture grafted on TiO2 was  reported to present a five coordinated
square pyramidal form on TiO2 surfaces effective in 2-propanol
photocatalytic oxidation [36,37]. Cu(II) oxide-Fe(III) nanoclusters
were also reported for photocatalytic oxidation of 2-propanol [38].

How the Cu-enters when decorating the TiO2 or TiO2–ZrO2,
interstitially or substitutionally? This remains an open question as
reported recently Choi [36]. Cu does not exist as a separate layer as
no distinct bands of Cu are detected in Fig. 1 consistent with recent
reports [26,35,37–39].

Electron transfer from ZrO2 to TiO2 has been reported to drive
the formation of the Ti–O–Zr-bonds [35–36]. Fig. 2a and b shows a
broad spectral shoulder spectral region between 320 and 340 nm.
The shoulder in the spectral region in Fig. 2a, have been reported
due to interparticle Zr–O–Ti bridges between the TiO2 and ZrO2
oxides [36]. The XRD peaks presented in Fig. 3 for TiO2 correspond
to anatase in the TiO2–ZrO2 and TiO2–ZrO2–Cu XRD spectrogram.
The anatase form is expected since the samples have been sputtered
at temperatures (<140 ◦C).

In the double-oxide film, the Zr4+-ion (r = 0.86 Å) replaces the
Fig. 4. Tauc’s plot spectra showing the indirect transition on: (1) TiO2–ZrO2 sput-
tered on PES for 8 min  followed by Cu(10 s), (2) TiO2–ZrO2 sputtered on PES for
8  min followed by Cu(5 s), (3) TiO2–ZrO2 sputtered on PES for 12 min, (4) TiO2–ZrO2

sputtered on PES for 8 min.



S. Rtimi et al. / Applied Catalysis B: Environmental 180 (2016) 648–655 651

Fig. 5. (a) Deconvoluted XPS envelope of the Ti2p for TiO2–ZrO2/Cu PES sample
sputtered for 8 min/10s before MB discoloration (time zero min). (b) Deconvoluted
XPS  envelope of the Ti2p for TiO2–ZrO2/Cu PES sample sputtered for 8 min/10 s after
MB  discoloration (time 30 min). (c) Percentage top-most layers atomic concentra-
t
5

a
c
w
w
T
s
s

Table 2
Band gap estimation of TiO2–ZrO2 sputtered on PES and followed by Cu deposition.

Sample Estimated Band gap eV

TiO2–ZrO2 (12 min) 2.60
TiO2–ZrO2 (8 min) 2.47

[31]. The stable C-content is shown up to 120 nm (or 600 atomic
ion on a sample TiO2–ZrO2/Cu sputtered for 8 min/10 s XPS etched by a beam of
 kV Ar-ion showing atomic percentage as a function of penetration depth.

bsorbing a larger amount of visible light compared to each oxide
omponent taken separately. This is due to the formation of a net-
ork composed of 42% TiO2/58% ZrO2 (See Table 1). In agreement
ith the results reported by Kambur et al. [28], the DRS spectra of
iO2 was two times higher compared to the ZrO2, but followed a
imilar pattern. Surface states of ZrO2 and TiO2 have been reported
howing TiO2 surface trap states of ZrO2 lying below the cb edge of
TiO2–ZrO2/Cu (8 min/5 s) 2.42
TiO2–ZrO2/Cu (8 min/10 s) 2.25

TiO2. This determines the direction of the electron flow under light
irradiation [29,34,35].

In the hybrid TiO2/ZrO2 films indirect evidence of molecular
mixing of TiO2 and ZrO2 network leading to a rise in the visible
light absorption has been reported [29]. But the reasons for the
increase in the light absorption has been rationalized by different
groups and explained in terms of: (a) the formation of intermediate
energy levels, (b) surface trap states, (c) a modified crystallinity, (d)
higher acidity, (e) increase structural defects, like lattice vacancies
and (f) higher number of hydroxyl surface groups [26–29,35]. The
origin of the absorption bands in TiO2/ZrO2 remains until now a
controversial matter.

3.2. X-ray diffraction (XRD) and band-gap determination of
TiO2–ZrO2 and TiO2–ZrO2–Cu

Fig. 3 presents in trace (1) the XRD of TiO2–ZrO2 and in trace (2)
for TiO2–ZrO2–Cu. A decrease for the TiO2 anatase peak and also
for the ZrO2 peak due is observed to the addition of Cu 0.02%wt
Cu/wt PES. The lack of a XRD signal for Cu is due to its very low
atomic percentage concentration sputtered on the double-oxide
network. The Cu addition to the TiO2–ZrO2 double oxide film has
been investigated and reported already preventing the anatase
to rutile transition [26–28]. The anatase phase is present in the
TiO2–ZrO2 double oxide film co-sputtered at 120–130 ◦C [9,10].
Cu does not present any absorption band in the DRS spectrum as
shown Fig. 2 and does not show any additional peak in the XRD
spectrogram in Fig. 3.

The DRS spectra in Fig. 2 were transformed in Kubelka Munk
units vs the spectral energy (eV) and used next to estimate the
band-gaps in Fig. 4. The Tauc’s plot of sqrt(h� × ˛) against the
energy axis is shown in Fig. 4. The optical band-gap was estimated
by extrapolating the linear part of the spectra vs the energy axis
[30]. The band-gap levels in Fig. 4 refer to trace (1) TiO2–ZrO2–Cu
(8 min/10 s) 2.26 eV, trace (2) TiO2–ZrO2–Cu (8 min/5 s) 2.44 eV,
trace (3) TiO2–ZrO2 12 min, 2.59 eV, and trace (4) TiO2–ZrO2 8 min,
2.38 eV. Traces 3 and 4 show that band gaps change with the
amount of sputtered Ti and Zr. The band gaps estimated for
TiO2–ZrO2 shown in Table 2 are narrower than the values for the
TiO2 and ZrO2 semiconductors of 3.2 eV and 4.5 eV, respectively
[9,13]. Furthermore, Table 2 also shows that only a marginal modi-
fication is introduced on the TiO2–ZrO2 band gap by Cu—due to the
low laying intra-gap states. This will be discussed further in Section
3.7 below.

3.3. Sample X-ray photoelectron spectroscopy (XPS)

Fig. 5c presents the atomic% composition found for the elements
found in the TiO2–ZrO2/Cu topmost layers sputtered for 8 min/10 s.
The atomic percentage of Zr, O, Ti, Cu, and C is shown as a function
of the etching depth. The etching of the film surface was carried out
by Ar-ions of 5 kV. The penetration on the PES surface was refer-
enced with the known rate for Ta of 15 atomic layer/min or 3 Å/min
layers) concomitant with increase in the Zr, trace (5) and the con-
comitant decrease of Cu within the initial 40 nm. The C-percentage
in Fig. 5c, trace (1) is seen to increase beyond 90 nm concomitantly
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Fig. 6. (a) MB  self-cleaning under irradiation under low intensity solar simulated solar Suntest light (50 mW/cm2) on: (a) TiO2–ZrO2 sputtered samples for 8 min  after
i tered 
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rradiation times: 0 min; 5 min; 30 min; 60 min  and 120 min, (b) TiO2–ZrO2/Cu sput
or  8 min/10 s at times 0 min; 30 min; and 120 min. (b) MB self-cleaning under low 

a)  TiO2–ZrO2 sputtered samples for 8 min  at times: 0 min; 45 min  and 150 min  and

ith the decrease in the Zr-content shown by trace < (5) in later dis-
oloration stages. Ti, O and Cu are seen to remain rather constant
p to 120 nm.

The shifts in binding energy (BE) of TiO2 and ZrO2 respect to
heir standard assigned levels [31–33] confirm the molecular level

ixing in the composite TiO2–ZrO2 network active in the photo-
atalysis as previously reported [36,37]. Deconvoluted peaks for
he Ti2p3/2 XPS envelope at time zero shows two distinct peaks
ith binding energies (BE) at 458.4 eV and 457.5 eV for Ti-oxides

n Fig. 5a. The signal for the BE of Ti–Zr was found at 460.1 eV
nd 456.4 eV. Evidence for the PES substrate binding to TiO2 is
hown by the Ti–C signal at 461.1 eV. The BE band energies in eV

ere assigned according to references [31,32] and corrected for the

lectrostatic charging according to Shirley [33]. The Ti and Zr XPS-
eaks did change upon Cu-sputtering and this is indicative for the

ntegrity of the TiO2–ZrO2 network microstructure.
for 8 min/10 s at times 0 min; 10 min; 20 min  and 30 min and (c) TiO2/Cu sputtered
ity visible light (filter cutoff 400 nm)  from a solar simulated light (50 mW/cm2) on
O2–ZrO2/Cu sputtered for 8 min/10 s at times: zero min; 45 min  and 150 min.

Deconvoluted peaks for the Ti2p3/2 XPS envelope after 30 min
sunlight irradiation inducing MB  discoloration is shown in Fig. 5b.
The BE of the Ti-oxides are similar with the values found at zero
time at 458.4 eV and 457.5 eV. But the BE TiO2–Zr at 460.9 eV, Ti–C
at 462.0 eV and for TiOH 459.4 eV are shifted with respect to the BE
at time zero. Redox reactions take place during the MB  discoloration
since the shifts are > 0.2 eV [32]. Evidence for the PES substrate
binding to TiO2 before and after discoloration is shown by the Ti–C
signals in both cases.

3.4. Discoloration of MB on TiO2–ZrO2 and TiO2–ZrO2–Cu under
light and mechanistic considerations
Fig. 6a shows the MB  self-cleaning kinetics of TiO2–ZrO2,
TiO2–ZrO2–Cu and Cu/TiO2 samples. Fig. 6a shows the MB  self-
cleaning induced under light on TiO2–ZrO2 samples occurring
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ig. 7. Diffuse reflectance spectroscopy (DRS) of (1) TiO2–ZrO2/Cu sputtered for
 min/5s, (2) 8 min/10 s and (3) methylene blue (MB).

ithin 120 min. This process was significantly shortened on
iO2–ZrO2–Cu samples (see row b) occurring within 30 min, four
imes faster compared to TiO2-ZrO2 films. TiO2/Cu in Fig. 6a (row c)
elf-cleaned MB  within ∼120 min. This suggest a significant effect of
he TiO2–ZrO2 matrix by the decorated of Cu affecting the kinetics
f MB-discoloration.

Fig. 6b the MB  self-cleaning kinetics of TiO2–ZrO2,
iO2–ZrO2–Cu under sunlight irradiation under the same experi-
ental conditions used in Fig. 6a, but this time using a cutoff filter

o block the light below 400 nm.  In the case of TiO2-ZrO2 almost no
iscoloration was observed up to 150 min  (row a) and when using
iO2-ZrO2-Cu a small MB  discoloration was only forthcoming (row
).

Fig. 7 shows Ms  the spectra of TiO2–ZrO2–Cu sputtered at
wo different times and also of the MB-dye. The photocatalytic
iscoloration of MB  under solar light irradiation on TiO2/PE has
een recently reported in detail [19]. The sunlight reaching the
iO2–ZrO2 and TiO2–ZrO2–Cu uses the higher energetic photons
etween 350 and 500 nm available in the cavity of the Suntest
imulator since it matches the spectral region of TiO2–ZrO2 and
iO2–ZrO2–Cu.

Next we discuss the reactions between the TiO2–ZrO2 PES under
unlight irradiation involving charge transfer reactions between
B*  to ZrO2–TiO2.

B + [TiO2 − ZrO2PES] + h� → [MB  ∗ . . .TiO2 − ZrO2]PES → MB•+

+ [TiO2 − ZrO2]PES] + cbe− (1)

Because of the low energy absorption edge of MB  at 720 nm or
.75 eV, the electron transfer from the excited state of MB  to TiO2

s thermodynamically favored as recently reported [18]. Cu accel-
rating MB  discoloration involves different factors such as: (a) an
cceleration of the electron transfer from the valence band to the
iO2 conduction band by Cu-intra-gap states and (b) the ZrO2cb
ransfer to the TiO2cb preventing radiative electron-hole recom-
ination in TiO2 [10,13] and (c) the presence of Cu/CuO surface
pecies mediating a faster TiO2cb to the adsorbed O2 as shown in
qs. (3) and (4). The participation of HO2

◦/O2
−, OH• and h+ species

n the MB  discoloration process is suggested below.

iO2 − ZrO2 − Cu + h� → h+ + e− (2)

− + ◦
+ O2 + H → HO2 E0 − 0.05NHE[9] (3)

− + O2ads → O2
−adsE0 − 0.16NHE[10] (4)

+ + OH−ads → OH•E0 − 1.90NHE[40] (5)
Fig. 8. OH• production on TiO2-ZrO2/Cu (8 min/10 s): (1) after 1 min, (2) after 10 min,
(3) after 15 min  and (4) after 20 min  and (5) after 30 min irradiation under low
intensity solar simulated Suntest light (50 mW/cm2).

h+ + H2Oads → OHads + H+ (6)

Doping low levels of Cu to TiO2–ZrO2 increased the MB  discol-
oration rate. This may  be attributed to the electron trapping at the
TiO2–ZrO2 surface.

Cun+ + e− → Cu(n−1)+ (7)

Eq. (7) prevents electron-hole recombination in Eq. (2) and lead
to an increased radical formation as noted in Eqs. (3)–(5). A higher
Cu-doping level which is not our case, see Table 1, would allow the
OH-mediated oxidation of Cu(n−1)+ or accelerate the reverse Reac-
tion (7). The oxidation of the reduced Cu-species in Eq. (8) would
compete for the holes leading to oxidative radical species as noted
in Eqs. (5)–(6)

Cu(n−1)+ + h+ → Cun+ (8)

Reactions (3) and (4) are thermodynamically allowed since
the potential of Cu is more positive with respect to the potential
required to generate electron Eqs. (3) and (4) and is more negative
than the potential required for hole generation in Reaction (8).

3.5. Quantitative determination of OH• generated within the time
of MB discoloration

The enhancement of the photocatalytic efficiency by TiO2–ZrO2
over both TiO2 and ZrO2 taken independently has been reported
to be due to the enhanced generation of OH• under light irradia-
tion [34,35]. Fig. 8 presents the evidence for the OH• generated by
TiO2–ZrO2–Cu under low intensity sunlight as a function of irradi-
ation time. The increase in the fluorescence intensity is a measure
of the OH•-surface generated by TiO2–ZrO2–Cu in solution [39] and
increases with irradiation time.

3.6. FTIR-ATR spectroscopy changes within the period of MB
discoloration

FTIR spectroscopy was  used to monitor the MB  degrada-
tion under solar simulated light. Fig. 9a presents the symmetric

stretching vibration peak displacement methylene (CH2)—IR-
spectroscopy of TiO2–ZrO2 samples in the range 2650–2900 cm−1.
The IR-signals were sensitive enough to follow the IR-spectral shifts
and the reduction of amplitude during MB  discoloration. Fig. 9a
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Fig. 9. (a) Shift in the MB vs (-CH2) vibrational peaks in contact with TiO2–ZrO2
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8 min) as function of the time of irradiation, (b) Shift in the MB vs ( CH2) vibrational
eaks in contact with TiO2–ZrO2/Cu (8 min/10 s) as function of the time of irradiation

n  the solar simulated Suntest cavity (50 mW/cm2).

hows a discontinuous MB  IR-peak shift for methylene �s( CH2)
rom 2829 cm−1 at time zero up to 2833 cm−1 within 120 min, the
ime required for complete discoloration. Fig. 6b presents the corre-
ponding IR-shifts mediated by a TiO2–ZrO2–Cu showing a similar
rend during an accelerated MB-discoloration process (30 min).

The basis of this IR treatment of the data has been already
eported, and therefore will not be addressed in detail in the present
tudy [41–43]. The insert in Fig. 9a shows for a TiO2–ZrO2 sample

 slower bond stretching of MB  �s( CH2) shift up to 60 min  and
s followed by a steeper increase in the IR-stretching peaks after
0 min. An opposite trend is observed for the MB  �s( CH2) shifts
tretching bonds on TiO2–ZrO2–Cu. The shifts up to 10 min  increase
teeper compared to the increase observed at times >10 min.

.7. Suggested interfacial charge transfer mechanism in
iO2–ZrO2–Cu during MB  discoloration

The mechanism suggested in Fig. 10 is based on positions of
he electronic bands of TiO2–ZrO2–Cu to assign the possible light
nduced interfacial charge transfer mechanism (IFCT). The low lay-

ng Cu intra-gap states promote the TiO2vb (h+) indirect transition
o the TiO2cb increasing the charge separation and decreasing the
lectron-hole recombination rate consistent with the results pre-
ared in Fig. 6a and b. Cu seems to accelerate the MB  self-cleaning
Fig. 10. Suggested scheme for the interfacial charge transfer in samples
TiO2–ZrO2–Cu (8 min/10 s) induced by low intensity solar light (50 mW/cm2) lead-
ing to MB  discoloration/degradation. For further details see text.

kinetics. Fig. 10 presents the MB  excited state (MB*) leading to
short lived unstable MB*. This MB*  state injects an electron into the
ZrO2cb due to the high potential of the reaction MB*  → MB+ + e− of
1.74 V NHE [18].

Cu in Fig. 10, would act acts as a trap for the TiO2 charge car-
riers and not as charge recombination center due to the low Cu
levels present (Table 1). The intra-gap Cu states have been sug-
gested to accelerate the electronic transition from the conduction
band to the valence band [13]. The Cu1+/2+ deposited on TiO2–ZrO2
works as electron acceptor and enhance MB  removal. The con-
duction band of CuO at −0.30 V vs SCE (pH 7) lies at a more
negative potential than the one electron oxygen reduction poten-
tial O2 + H+ + e− → HO2

◦ −0.05 V [40] and also the oxygen reduction
e− + O2 → O2

− (−0.16 V). Cu+ may  also reduce O2 consuming elec-
trons or be oxidized to Cu-ions by the photo-generated TiO2 holes
to Cu2+ [9].

4. Conclusions

• Cu as a promoter in very low amounts added to the TiO2–ZrO2
matrix topmost layers on PES is shown to accelerate the MB-
discoloration kinetics compared to TiO2–ZrO2 matrix alone.

• The peak shift and stretching of the symmetric MB  (CH2)-
vibrations within the 30 min  self-cleaning period was followed
by infrared spectroscopy since the (CH2)-groups make up >60%
of the MB  structure. The different shifts during the self-cleaning
period for the stretching (CH2)-vibrations observed for the
TiO2–ZrO2 and Cu-promoted binary oxides was surprising since
it occurred at Cu levels 0.01–0.02%.

• The optical band-gap of TiO2–ZrO2–Cu were determined to be
smaller compared to TiO2 in the interparticle network comprising
Zr–O–Ti bridging.

• An IFCT mechanism is suggested to account for MB  self-cleaning.
The MB  self-cleaning by the TiO2 (the main sunlight absorber) is
discussed considering the MB  and the TiO2–ZrO2–Cu electronic
band positions. Proof is presented for the generation of the OH•

by TiO2–ZrO2–Cu under light.
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