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" Highly active Sm3+/ZnO nanomaterials were synthesized by hydrothermal method.
" The hydrothermal and doping treatments significantly modified the properties of ZnO nanomaterials.
" The modified ZnO nanomaterial was applied as self-cleaning and sterilizing surfaces.
a r t i c l e i n f o

Article history:
Received 14 June 2012
Received in revised form 13 September 2012
Accepted 26 September 2012
Available online xxxx

Keywords:
Hydrothermal
Lanthanide
Self-cleaning
ZnO
Fluorescent probe
0045-6535/$ - see front matter � 2012 Elsevier Ltd. A
http://dx.doi.org/10.1016/j.chemosphere.2012.09.095

⇑ Corresponding author. Tel.: +20 1009642295; fax
E-mail address: mona_saif1@yahoo.com (M. Saif).

Please cite this article in press as: Saif, M., et
(2012), http://dx.doi.org/10.1016/j.chemosphere
a b s t r a c t

Highly active samarium doped zinc oxide self-cleaning and biocidal surfaces (x mol% Sm3+/ZnO where
x = 0, 1, 2 and 4 mol%) with crystalline porous structures were synthesized by hydrothermal method.
Sm3+/ZnO thin films were characterized by X-ray diffraction (XRD), transmission electron microscope
(TEM), scanning electron microscope (SEM), energy dispersive spectroscopic (EDS), UV–visible diffuse
reflectance and fluorescence (FL) spectroscopy. The combination between doping and hydrothermal
treatments significantly altered the morphology of ZnO into rod and plate-like nanoshapes structure
and enhanced its absorption and emission of ultraviolet radiation. The photo-activity in term of quanti-
tative determination of the active oxidative species (�OH) produced on the thin film surfaces was evalu-
ated using fluorescent probe method. The results showed that, the hydrothermally treated 2.0 mol%
Sm3+/ZnO film (S2) is the highly active one. The optical, structural, morphology and photo-activity prop-
erties of the highly active thin film (S2) make it promising surface for self-cleaning and sterilizing
applications.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Cleaning and sterilizing of building surfaces are generally done
by using detergents accompanied by scrubbing, wiping and high-
pressure water jet. This type of work is labor-intensive, trouble-
some, highly cost and consumes a huge amount of energy (Cai
et al., 2006). Hence, researches into highly self-cleaning and steril-
izing building surfaces are highly desirable. However, the realiza-
tion of self-cleaning and sterilizing properties on building
surfaces by using the nano-technology includes a vast potential
for the development of new products and applications for different
surfaces.

So far, many investigations have been carried out on the self-
cleaning/sterilizing behaviors of nanomaterials based on metal oxi-
des (Gohin et al., 2010; Abdollahi Nejand et al., 2011; Kumara et al.,
ll rights reserved.
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2011; Moafi et al., 2011; Amornpitoksuk et al., 2012; Zhong et al.,
2012a,b;). Among the diverse inorganic semiconducting materials,
NPs of zinc oxide (ZnO) is an n-type wide band gap (3.37 eV) mate-
rial with a large exciton binding energy of 60 meV. It has excellent
chemical and thermal stability, biocompatibility, non-toxicity and
abundance in nature (Yaghoubi et al., 2010; Abdollahi Nejand
et al., 2011). The main mechanism of self-cleaning/sterilizing prop-
erties of ZnO NPs is thought to be via photo-oxidative stress, where
photo-induced electron-holes catalyze reaction on the surface (Das
and Khushalani, 2010).

Improving of photo-oxidative efficiency of inorganic semicon-
ductors such as ZnO has become of significant importance for
many research groups worldwide in order to meet the require-
ments of environmental protection. Many approaches have been
pursued to promote the photo-oxidative activity of ZnO, such as
the choice of synthesis methods and the doped ZnO nanomaterials
(Sayılkan et al., 2009; Barick et al., 2010; Li and Wang, 2010; Lai
et al., 2011; Ma et al., 2011; Qin et al., 2011; Li et al., 2011; Yousef
and sterilizing activity of Sm3+ doped ZnO nanomaterials. Chemosphere
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et al., 2012; Zhong et al., 2012a,b). Varieties of synthesis tech-
niques have been developed to produce ZnO in different forms
since its various properties strongly depend on its structures,
including the crystal size, orientation, morphology, aspect ratio
and even crystalline density (Zhong et al., 2012a,b). Precipitation
followed by post-treatment by hydrothermal method (precipita-
tion/hydrothermal) is one of the most effective preparation meth-
ods because it collects the advantages of both methods.
Precipitation/hydrothermal method provides a simple and effec-
tive way to control the various shapes and sizes of the ZnO pow-
ders in the presence of stabilizers or capping agent (Moafi et al.,
2011; Zhong et al., 2012a,b). The ZnO NPs prepared by this method
have excellent crystalline quality, high surface area, chemical and
thermal stability (Peia et al., 2009). Precipitation/hydrothermal
method has further advantages such as low cost, low growth tem-
perature and environmentally safe (water used as a solvent) with a
strong possibility of scaling up (Peia et al., 2009; Moafi et al., 2011).

The main factor influencing the photo-oxidation activity of ZnO
is the quick recombination of charge carriers. Doping of ZnO NPs
with different kinds of ions specially lanthanides is the best solu-
tion to overcome the above problem. It is well known that, the lan-
thanide ions have a strong ability to form complexes with various
Lewis bases, such as acids, aldehydes and alcohols. This leads to in-
crease the adsorption capacity of lanthanide modified nano-semi-
conductor. Moreover, lanthanides can decrease the electron-hole
recombination rate (Saif and Abdel-Mottaleb, 2007; Asal et al.,
2011). Modification of TiO2 with lanthanides has been investigated
and presented in publications as an effective method of enhance-
ment of activity towards self-cleaning and sterilizing applications
(Rana et al., 2006; Cushnie et al., 2010). All the more, no attempts
of using of inorganic nanomaterials based on Ln3+/ZnO in a photo-
catalytic self-cleaning and sterilizing the surfaces.

Taking into the above consideration, we have focused in the
present study on modification of the photo-self-cleaning and ster-
ilizing activity of ZnO nanomaterial via combination between
samarium doping and hydrothermal post-treatment methods.
2. Experimental

2.1. Chemicals and material synthesis

All the chemicals were of analytical grade and used without fur-
ther purification. For the typical synthesis of Sm3+/ZnO nanomate-
rials, 2 g of Zn(acetate)2 was added into the 100 ml of water and
stirred for 30 min. And then 1.0 g of acetic acid (99.9%) was added
and further stirred for 10 min. Then 0.0, 1.0, 2.0 and 4.0 mol% of
samarium nitrate was added to the above mixture as dopant under
stirring. In the above-prepared solution, 15 ml of an optimized
3.75 M NaOH solution was introduced to adjust pH range (pH
10–11) as a white precipitate was produced. After stirring for
30 min, the sol was transferred to Teflon-lined stainless steel auto-
clave, which was sealed and maintained at 160 �C for 1 h. After
cooling down at room temperature, the products were taken out
and washed with DI-water till being neutral to remove some exist-
ing ions and impurities. The final products were dried at 80 �C. To
studding the effect of hydrothermal treatment on the doped ZnO,
2.0 mol% Sm3+/ZnO nanomaterial was also prepared in the same
way without hydrothermal treatment.

Self-cleaning thin films were prepared by the following proce-
dure: solution of powder was added under magnetic stirring for
several hours to a polyethylene glycol (PEG-20000), and then a
few drops of Triton X 100 were added. The glass substrates
(0.8 cm � 3.5 cm) were cleaned in distilled water, absolute ethanol
and acetone for 15 min, sequentially. ZnO past (0.3 gm) were
deposited on the glass using doctor-blade method (Hafez et al.,
Please cite this article in press as: Saif, M., et al. Photo-induced self-cleaning
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2010). The film was dried at room temperature in air, and then an-
nealed at 450 �C in air for 30 min.

The following labels are used throughout the text: S0, S1, S2 and
S3 refer to 0.0, 1.0, 2.0 and 4.0 mol% Sm3+/ZnO thin films, respec-
tively, prepared from hydrothermally treated powder for 1 h; S4
refers to 2.0 mol% Sm3+/ZnO thin film without hydrothermal
treatment.

2.2. Characterization of TiO2 thin film

X-ray diffraction (XRD) measurements were made with a Phi-
lips diffractometer equipped with a Cu Ka1 radiation
(K = 1.54056 Å) as X-ray source, operated at 40 kV and emission
current of 30 mA in the range of 2h = 10–70�. Surface morphology
of the thin films was investigated using scanning electron micros-
copy on a SEM instrument (Model Quanta 250 FEG) and transmis-
sion electron microscope (TEM) equipped with energy dispersive
spectroscopic (EDS) microanalysis system (JEM-100CX (JEOL).
UV–visible diffuse reflectance spectroscopy (UV–vis/DR) was car-
ried out on JASCO V-550 spectrometer (Japan) equipped with an
integrating sphere accessory for diffuse reflectance spectra. Barium
sulfate was used as a reference.

The active oxidative species hydroxyl radicals (�OH) produced
during the photocatalytic reaction from different Sm3+/ZnO thin
films was measured using LS55 spectrofluorometer (Perkin
Elemr, USA). Illumination of the self-cleaning/biocidal surfaces
were carried out using UV photoreactor (Photon Co., Egypt), air
cooled. The UV photoreacor lamps emitted the photons in the
range from 320 to 410 nm. The intensity of UV radiation was
found to be 0.9 mW cm�2. Mineralization of commercial textile
dye (Remazol Red RB-133, RR) from highly active TiO2 thin film
surface was followed by measuring chemical oxygen demond
(COD) for the powder loaded with dye at different time of illu-
mination using multiparameter bench photometer with COD
accompanied with COD test tube bench heater model C-99 from
HANNA Company.

2.3. Determination of �OH radicals using fluorescent probe method

Evaluation of the photocatalytic activity of the prepared thin
films using fluorescent probe method was carried out as follows:
different thin films were immersed in coumarin solution
(1.0 � 10�3 M) and illuminated with UV light under vigorous mag-
netically stirring. The fluorescence spectra (kex = 332 nm) of the
solution was measured every 15 min of illumination. It should be
noted that the blank experiments at the same conditions but with-
out ZnO-based films were carried out for the fluorescence method,
which showed that the coumarin without ZnO-based films were
totally inactive under UV illumination.

2.4. Self-cleaning test

The highest active thin film (S2) was applied for self-cleaning
from commercial textile dye Remazol Red RB-133 (DYE-STAR)
(RR) under UV illumination. S2 film was immersed in RR (100 ml,
10�3 M) solution for 24 h then washed for three times using bi-dis-
tilled water to remove the residual dye from the surface and dried
for 30 min at room temperature. The surface of S2 loaded with RR
was illuminated with UV light. The decolorization of the thin film
was followed by measuring UV–Vis/DR at different illumination
times. Mineralization of RR from S2 thin film surface was followed
by measuring COD. Briefly, three thin films loaded with RR dye
were prepared. The first, second and third samples were illumi-
nated for 0, 4 and 12 h, respectively. Then the films were removed
from the glass surface to measure the COD mineralization. The
mineralization efficiency calculated from the following equation:
and sterilizing activity of Sm3+ doped ZnO nanomaterials. Chemosphere
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Mineralization efficiency ¼ 100� ðCODi � CODf Þ=CODi

where CODi and CODf are the initial and final COD values of the dye
(Neamtu et al., 2004). Durability of S2 thin film was repeated three
more times.

2.5. Photo-sterilizing test

Staphylococcus aureus cells (ATCC 7701 strain) were grown aer-
obically in 2.5 mL of nutrient broth (NB, Nissui Seiyaku) at 30 �C for
16–18 h. The cells were centrifuged at 3000 rpm for 10 min and
suspended in sterilized water. A 100-mL aliquot of the S. aureus cell
suspension (2 3 105 cells mL21) was pipetted into different S2 thin
films and then illuminated with UV light. After illumination, the
cell suspension was collected in 0.15 M aqueous sodium chloride
solution. This solution was spread onto a nutrient agar medium
(NA, Nissui Seiyaku) and incubated at 36 �C for 24 h to determine
the number of viable cells in terms of colony-forming units.

3. Results and discussion

3.1. Characterization of the Sm3+/ZnO thin films

Fig. 1 presents the XRD patterns of S0–S4 thin films. All the
Sm3+/ZnO films exhibit polycrystalline hexagonal structure (JCPDS
No. 79-0206) (Liu et al., 2009; Musil et al., 2009). No peaks corre-
sponding to Sm2O3 was detected in the XRD patterns of S1, S2, S3
and S4, which indicates that there is no additional phase present in
the Sm3+/ZnO films, at least within the limit of X-ray detection. An
intense ZnO (101) and (100) peak was observed in the Sm3+/ZnO
films, indicating that the ZnO preferred growth in these directions.
The XRD data were given in Table 1. By comparison, it can be found
that the full width at half maximum (FWHM) of diffraction peaks
and from S1–S2 films (1–2 mol%) is decreased and the average
crystal size is increased than that of S0 film, which illustrates that
crystalline quality and growth of ZnO thin film are improved by
Fig. 1. XRD pattern of different prepared thin films.

Table 1
XRD analysis and optical properties of different prepared thin films.

Thin film 2h (�) FWHM (�) Da (nm) L %b

(100) (002) (101)

S0 35.846 0.602 0.558 0.602 13.1 0.760
S1 35.842 0.554 0.552 0.564 13.7 0.728
S2 36.007 0.511 0.467 0.54 15.4 0.661
S3 35.997 0.565 0.54 0.561 15.1 0.669
S4 36.153 0.543 0.524 0.59 15.7 0.647

a Crystal size.
b Lattice strain%.
c Band gap energy.

Please cite this article in press as: Saif, M., et al. Photo-induced self-cleaning
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Sm3+ doping (Iqbal et al., 2009). The growth of ZnO occurred
through the Ostwald ripening mechanism (Suwanboon and Amor-
npitoksuk, 2012) and leads to reduction of lattice strain, as seen
from Table 1. However, when Sm-doping concentration is above
2 mol% (S3), the FWHM is slightly increased again, which means
the crystalline quality is weakened. Also, the diffraction peaks of
S4 are slightly broadening relative to the S2 diffraction peaks (Ta-
ble 1), which indicates that the hydrothermal treatment can appre-
ciably influence the ZnO crystallinity. The shift in the peak position
towards higher angle side with increase the Sm doping suggested
that Sm3+ ions would uniformly substitute into the Zn2+ sites or
interstitial sites in ZnO (Muthu Kumaran and Gopalakrishnan,
2012).

To investigate the effect of doping and hydrothermal treatment
on the morphology of the prepared ZnO thin films, SEM and TEM
images of different prepared samples were measured and shown
in Fig. 2a–f. The aggregates of spherical nanoparticles were ob-
served in S0 film, as shown in Fig. 2a and b. The aggregated nano-
particles are just developing to grow into a single rough nanorod,
showing an early stage of rod formation (Fig. 2b and its inset).

The ZnO nanostructures have dramatically arranged into rela-
tively straight and uniform nanorod-like and nanoplate-like
shaped morphology with smooth surface after Sm-ion doping
(S2–S3), as shown in Fig. 2c–f. The average diameters of these
nanorods are in the range of 35 nm. The average length of the
nanorod is increased by increasing Sm3+ concentration. According
to Erwin model and about the oriented attachment mechanism,
the growth process of ZnO nanocrystal follows nucleation–absorp-
tion–orientation–coalescence mechanism. In the growth process of
pure ZnO nanocrystal, the positively charged Zn-(0001) plane of
one growth unit coalesces with the negatively charged O-(0001)
plane of another growth unit, the surface charges are compensated
(Wang, 2004; Iqbal et al., 2009), furthermore, the growth process is
easily terminated and as a result short ZnO nanoparticles are
formed. While the Sm3+ substitutes the Zn2+ position on the posi-
tive surface, which leads to increasing the polarity of Zn-(0001)
plane in one growth unit and enhances the coalescence tendency
with negative O-(0001) plane of another growth unit. Therefore,
the capability of oriented growth increases and the Sm3+/ZnO
nanorods and nanoplates are eventually formed. In case of Sm3+/
ZnO film prepared without hydrothermal treatment (S4) revealing
the randomly distributed and highly aggregated nanoparticles
(Fig. 2g and h). These aggregated nanoparticles exist in cluster for-
mat. These results confirm that the combination between the dop-
ing and hydrothermal treatment play an important role in rod
growing. It was also clear that the prepared films have a highly
porous nature without any cracking. The abundant pores can en-
hance by doping and hydrothermal treatment.

EDS was performed to further confirm the composition of the
prepared thin films. The EDS results of S0 and S2 thin films
(Fig. 2i and j) proved the presence of zinc, oxygen and the samar-
ium elements. Therefore, the EDS results further demonstrate that
Absorption edge (nm) Eg
c (eV) PL peaks (nm)

401.08 3.091 412.5, 424, 462.5, 486, 530.5, 628
383.00 3.237 395.5, 422, 461.5, 484.5, 529, 628.5
380.25 3.260 399, 421, 462, 485.5, 529, 628.5
381.68 3.248 396.5, 422, 462, 486, 529.5, 629
387.04 3.203 398.5, 423, 462, 485.5, 529.5, 637

and sterilizing activity of Sm3+ doped ZnO nanomaterials. Chemosphere
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Fig. 2. SEM/TEM images of S0 (a and b), S2 (c and d), S3 (e and f) and S4 (g and h) thin films; and EDS of S0 (i) and S2 (j).
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Sm is incorporated into ZnO, which is also coincided with the XRD
results.

The effect of Sm-doping and hydrothermal treatment on the
optical properties of ZnO thin films were studied. Fig. 3a shows
the optical reflectance, R, in the wavelength range 200–750 nm
Please cite this article in press as: Saif, M., et al. Photo-induced self-cleaning
(2012), http://dx.doi.org/10.1016/j.chemosphere.2012.09.095
for the prepared ZnO films. The optical properties of the prepared
thin films were collected in Table 1. The broad intense absorption
edge from �400 nm to lower wavelengths region is associated
with a charge-transfer process from the valence band to conduc-
tion band of ZnO (Ameen et al., 2012). Besides, the absorption
and sterilizing activity of Sm3+ doped ZnO nanomaterials. Chemosphere
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Fig. 3. (a) UV–Vis/DR spectra of different prepared thin films. Inset: Plot of (ahm)2

versus photon energy (hm) for different thin films; (b) fluorescence spectra of
different ZnO thin films (kex = 350 nm).
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wavelength of ZnO blue shifts from�401 nm to�380 nm after Sm-
ion doping, indicating the increase of the optical band gap (Fig. 3a,
Table 1).

The band gap of the prepared thin films (Eg) was estimated by
extrapolation of the linear portion of (ahm)2 versus photon energy
(hm) plots using the relation,

ahv ¼ Aðhm� EgÞ1=2

where a = ln(Io/I)/t, here ln(Io/I), absorbance and t, thickness of the
thin film. A is a constant for a direct transition and hm is photon en-
ergy of the incident radiation. Inset of Fig. 3a shows the (ahm)2 vs.
(hm) plot of different thin films.

It can be seen that band gap of Sm3+/ZnO thin films increased to
a maximum value of 3.26 eV at a Sm concentration of 0.02 mol
(S2). The widening of the ZnO band gap energy with the incorpora-
tion of Sm ions is due to Moss–Burstein effect (Khalil et al., 2011;
Singh et al., 2011). The energy difference between the highest level
of the valance band and the lowest level of the conduction band is
the band gap energy (Eg). When the semiconductor is incorporated
with another element, the Fermi energy level (Ef) lies within the
Please cite this article in press as: Saif, M., et al. Photo-induced self-cleaning
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conduction band by certain energy (En). Since the states below
the energy En are already filled, the fundamental transitions to
states below Eg + En are forbidden. Hence the absorption edge
should shift to higher energies by about En and consequently the
measured band gap is determined from the onset of interband
absorption and moves to higher energy or blue shifted. The blue
shifting of the band gap energy has an enormous impact on the
photo-activity of the material. In photocatalysis, the semiconduc-
tor becomes more effective when one can minimize the elec-
tron–hole recombination. Upon excitation, the electron jumps to
conduction band leaving a positively charge hole in the valance
band and in an effective photocatalyst more electrons in the con-
duction band is used for the catalytic activity rather than letting
it recombine with the holes in the valence band. In our case, due
to the extra energy En by which the Fermi energy level Ef is embed-
ded into the conduction band, it somehow inhibits the recombina-
tion process and make the electrons available for effective photo-
oxidation process.

In addition, It was observed that the hydrothermal treatment
(at constant dopant concentration) affecting on the ZnO absorption
edge and optical band gap. From the Table 1 and Fig. 3a (inset), the
direct ZnO band gap energies was blue shifted from 3.227 eV for S4
to 3.260 eV for S2. The different band gap energies can be attrib-
uted to the different crystal size, morphologies and surface micro-
structures of the ZnO sample.

Hence, the combination between Sm doping and hydrothermal
treatments for the ZnO has enhanced absorption of ultraviolet radi-
ation. This indicates that the Sm3+/ZnO nano-structure has a suit-
able band gap for photo-self-cleaning and sterilizing from
organic and bacteria contaminants under ultraviolet irradiation.

In addition to the absorption measurements, we carried out the
FL spectra for all ZnO thin film (Fig. 3b) in order to further confirm
and substantiate the effect of the widening of band gap due to the
incorporation of Sm3+ and hydrothermal treatment. All the thin
films showed UV or violet, blue, blue-green and red emissions.
The FL data was collected in Table 1. The UV or violet emission
(near-bandedge (NBE)) was attributed to the recombination of
excitons, while the other visible emissions resulted from the sur-
face structure defects in ZnO crystals such as oxygen vacancies
and zinc vacancies (Yang et al., 2009; Elilarassi and Chandraseka-
ran, 2011; Song et al., 2011). As expected, the UV emission bands
of all Sm doped thin films (S1–S3) showed a significant blue shift
relative to the undoped ZnO thin film (S0). Also, the hydrother-
mally treated thin film (S2) shows a blue shift in comparison to un-
treated thin film (S4). This is inline with the observation made by
absorption measurements. This indicates that the optical proper-
ties of prepared ZnO thin films are sensitive to the doping and
the morphologies.

3.2. Evaluation of the Sm3+/ZnO thin films photocatalytic activity using
fluorescent probe method

There are several methods for evaluation the photocatalytic
activity of self-cleaning materials. The most public methods are
the dye method, the stearic acid method, and the contact angle
method (Guan et al., 2008). All these methods have disadvantages
of time consuming, low sensitivity, and high manipulation cost.
Fluorescent probe is a novel method to evaluate the performance
of self-cleaning materials and overcome on the above disadvan-
tages. In this new method, the hydroxyl radicals (�OH) produced
on self-cleaning/sterilizing surfaces (nano-semiconductors) under
UV illumination can quantitatively convert coumarin of non-fluo-
rescence to 7-hydroxycoumarin of fluorescence (Ishibashi et al.,
2000).

As shown in Fig. 4a, the generation of 7-hydroxycoumarin in-
creases due to prolonged irradiation time. These results suggested
and sterilizing activity of Sm3+ doped ZnO nanomaterials. Chemosphere
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that fluorescent products formed during S2 photocatalysis were
due to the specific reaction between �OH radicals and coumarin
(Xiao et al., 2008).

Fig. 4b showed the plots of increase in fluorescence intensity
against illumination time at 425 nm. The fluorescence intensity
of 7-hydroxycoumarin by UV light illumination increased almost
linearly against time. Consequently, we can conclude that �OH rad-
icals formed at the self-cleaning interface are in proportional to the
light illumination time obeying pseudo-zero-order reaction rate
kinetics. A self-cleaning material with better photocatalytic activ-
ity yields faster generation of 7-hydroxycoumarin. Therefore, the
slope (k) of the lines in Fig. 4b can be used to represent the appar-
ent rate constant for the photooxidation of coumarin, which in turn
is able to represent the photocatalytic activity of self-cleaning
materials. According to Fig. 4b, the order of the formation rate of
�OH radicals formed on the Sm3+/ZnO surfaces was as following:
S2 > S3 > S1 > S4 > S0, which suggested that the Sm-doping and
hydrothermal treatment enhanced the formation rate of �OH radi-
cals and there was an optimum doping content of Sm3+ ions in ZnO
nanomaterial.
Please cite this article in press as: Saif, M., et al. Photo-induced self-cleaning
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Absorption of a photon with energy greater than the band gap
energy resulted in the formation of conduction band electron and
valence band hole, according to reaction (1). It was commonly ac-
cepted that the hole was quickly converted to the hydroxyl radical
upon oxidation of surface water and surface hydroxyl group,
according to reactions (2) and (3), and that the hydroxyl radical
was the major reactant, which was responsible for oxidation of or-
ganic substrates. The yield of �OH radicals depended on the compe-
tition between oxidation of surface water or hydroxyl group by the
holes (reactions (2) and (3)) and electron–hole recombination
according to reaction (4). Therefore, the greater the formation rate
of �OH radicals was the higher separation efficiency of electron–
hole pairs was achieved. All above-mentioned results demon-
strated that Sm-doping and hydrothermal treatment could effec-
tively enhance the separation efficiency of electron–hole pairs, as
seen from optical measurements. Moreover, the increase of
amount of hydroxyl after doping and hydrothermal treatment
not only increase the trapping sites for photogenerated holes, but
also can increase the trapping sites for photogenerated electrons
by adsorbing more oxygen molecules (Salvador and Gutierrez,
1982; Yu et al., 2006; Guan et al., 2008).

All above-mentioned results demonstrated that Sm-doping and
hydrothermal treatment could effectively enhance the separation
efficiency of electron–hole pairs, as seen from optical measure-
ments, and in this study the optimum preparation conditions
was found in case of S2 thin film, at which the recombination of
photo-induced electrons and holes could be the most effectively
inhibited.

ZnOþ hm! hþ þ e�ZnO ð1Þ

hþ þH2Oads ! �OHads þHþ ð2Þ

hþ þ OH� ! �OH ð3Þ

hþ þ e�ZnO ! ZnO ð4Þ
3.3. Self-cleaning application

The highly active thin film (S2) were applied for self-cleaning
from industrial textile dye (RR) under UV illumination. Fig. 5a
shows the UV–Vis/DR spectra of RR at different irradiation time
using S2 thin film. The reflectance peak corresponding to the dye
increased, indicating the decolorization of the dye. This means that
we can generally expect that organic materials deposited on S2
surface can be decomposed by irradiation. The dye decolorization
is due to the photo-oxidative decomposition of the dye in the pres-
ence of ZnO photocatalyst. The decolorization rate of RR from the
prepared thin film follows the first order reaction (Fig. 5a (inset)).

The increase in the spectral reflectance of studied S2 thin film
loaded with dye gave information only about the dye decoloriza-
tion. However, it is not an indication of complete mineralization.
A COD analysis will be able to monitor the level of total minerali-
zation of the studied dye. The change in COD values of the thin film
loaded with RR dye was decreased from 74 before illumination to
59 and 40 after 4 and 12 h of illumination, respectively. From COD
analysis, the mineralization efficiency reached to 45.9% after 12 h
of illumination using UV source with intensity 0.9 mW/cm2. So,
the studied textile dye were not only decolorized but degraded
as well by Sm3+/ZnO thin film.

The photochemical stability and durability of the S2 thin film
was very important form the practical application point of view.
In order to evaluate the stability and long-term performance of
S2 thin film for self-cleaning from the RR dye, a three-cycle degra-
dation experiment was carried out using the same thin film by re-
and sterilizing activity of Sm3+ doped ZnO nanomaterials. Chemosphere
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Fig. 5. (a) The UV–Vis/DR spectra of RR at different UVA irradiation time intervals
using S2 thin film [1.0 � 10�3 M RR, UVA (0.9 mW cm�2)]. Inset: The decolorization
rate of RR from the prepared S2 thin film, (b) photo-activity of S2 thin film upon
repeated RR adsorption–illumination cycles.

Fig. 6. Survival ratio of S. aureus on surface of S2 thin film under UV light
illumination and in the dark.
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peated loading with RR. Fig. 5b shows the photocatalytic efficiency
of the S2 thin film for the degradation of RR, which are unchanged
upon repeating cycles. These results suggest that Sm3+/ZnO losses
from the glass surface for each impregnation of RR are ignorable
and Sm3+/ZnO particles were adhered compactly to the substrate.
It is evident that modified ZnO promote the photodegradation
process.

3.4. Self-sterilizing application

The photo-bactericidal ability (self- sterilizing) of the highly ac-
tive thin film (S2) was also tested using S. aureus (Initial concentra-
tion = 6 � 107 CFU/mL) survival under UV light exposure. The
survival ratio for S. aureus on surface of S2 thin film decreased to
a negligible level within 240 min under UV light illumination
(Fig. 6). The ratio was remarkably lower than that observed in
the dark, which was reduced only by ca. 11.7% after 240 min in
the dark (Fig. 6). The bactericidal effect of UV/ZnO photocatalysis
is due to the presence of high oxidizing species like O��2 and HO�

generated by Sm3+/ZnO under UV illumination. These oxidizing
species act as actual lethal agents which attack the outer mem-
brane of the bacteria (Kikuchi et al., 1997; Maness et al., 1999).
Please cite this article in press as: Saif, M., et al. Photo-induced self-cleaning
(2012), http://dx.doi.org/10.1016/j.chemosphere.2012.09.095
4. Conclusion

The bi-functional photoactive self-cleaning/sterilizing thin films
based on Sm3+/ZnO were prepared by hydrothermal method. The
crystal structure, morphology and optical properties of the ob-
tained thin films were studied. The highly photoactive thin film
was evaluated using fluorescent probe method and the hydrother-
mally treated 2.0% mol Sm3+/ZnO thin film (S2) achieves the high-
est one. The prepared S2 thin film was applied for removal of the
commercial RR dye and S. aureus bacteria from its surface. More-
over, the durability of the highly active S2 thin film was studied.
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