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a b s t r a c t

The structural, morphological and photocatalytic properties of ZnO thin films and nanostructures
deposited on Corning glass substrates via various chemical routes were investigated. It is demonstrated
that the structural and morphological characteristics of the samples depend drastically on deposition
technique and parameters. ZnO nanostructured films, nanopetals and nanowires were systematically
obtained by varying the experimental conditions. Sol–gel method leads to the formation of dense ZnO
hotocatalysis
tearic acid

nanostructured thin films with a preferred growth orientation along the (0 0 2) crystallographic direc-
tion, while ultrasonic spray pyrolysis results in ZnO nanopetals, their dimensions increasing with spraying
time. On the other hand, highly oriented ZnO nanowires were obtained via aqueous solution growth on
seeded Corning substrates. All ZnO samples show remarkable photocatalytic activity regarding the degra-
dation of stearic acid, which is attributed to their good crystallinity and large surface area. In particular,
ZnO nanowires exhibit an outstanding photocatalytic activity, degrading stearic acid by almost 93% in
30 min. This behaviour is mainly due to their high surface-to-volume ratio.
. Introduction

Heterogeneous photocatalysis on semiconductor surfaces has
ttracted a lot of attention due to important applications like water
isinfection, degradation and complete mineralization of organic
ontaminants in wastewater, air purification and water splitting
or hydrogen production [1–3]. It is mostly titanium dioxide (TiO2)
hat has been widely used as a photocatalyst because of its high
hotocatalytic activity and great thermal, chemical and mechanical
tability [4–7].

Zinc oxide (ZnO), on the other hand, is a transparent direct wide
and-gap semiconductor (Eg ∼ 3.3 eV [8]) with a large exciton bind-

ng energy (∼60 meV [8]), which has been comprehensively studied

ue to its outstanding properties including piezoelectricity, p-type
onductivity and room temperature (RT) ferromagnetism upon
ppropriate doping, great chemical sensing effects and remark-
ble photocatalytic activity [8–12]. Besides, it has been reported
hat ZnO shows better activity than TiO2 in the photodegradation
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of some dyes in aqueous solutions since it can absorb more light
quanta [11]. However, ZnO undergoes photocorrosion under UV
light illumination, which results in a decrease of its photocatalytic
activity in aqueous media [13,14].

Recent studies have focussed on the deposition of photoac-
tive TiO2 thin films on glass substrates [15–19]. There have
been up-to-date, however, only few reports on the photo-
catalytic properties of nanostructured ZnO thin films [20–24].
Moreover, to our knowledge, there has been no system-
atic study investigating the dependence of the photocatalytic
activity of ZnO thin films and nanostructures synthesized by
chemical methods on film crystallinity, morphology and thick-
ness.

In this work, we study the photocatalytic activity of ZnO thin
films and nanostructures deposited by sol–gel, ultrasonic spray
pyrolysis and aqueous solution growth. We attempt to correlate
the structural and morphological properties of the as-deposited
films and nanostructures with their photocatalytic activity. It is
concluded that all nanostructured ZnO thin films show remark-
able photocatalytic activity depending mainly on the sample

compactness, crystallinity and grain size. In particular, the ZnO
nanowires’ arrays prepared via aqueous solution growth dis-
play an outstanding efficiency in the photodegradation of stearic
acid, a fact that is attributed to their high surface-to-volume
ratio.

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:katsan@teicrete.gr
dx.doi.org/10.1016/j.cattod.2010.02.054
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. Experimental part

.1. Deposition techniques

ZnO thin films were deposited on square 0.7 mm-thick Corn-
ng glass substrates (Corning Eagle 2000 Borosilicate Glass,
0 mm × 10 mm, Specialty Glass Products) by sol–gel and ultra-
onic spray pyrolysis. All substrates used were cleaned using a
iranha solution (H2SO4/H2O2 = 3/1, v/v), rinsed with MilliQ water
nd dried under N2 gas flow. Highly oriented ZnO nanowires were
rown on Corning glass substrates from aqueous solution accord-
ng to the approach of Andrés-Vergés et al. [25] and Vayssieres et
l. [26]. The substrates used were either bare or pre-coated with six
nO thin layers deposited by the sol–gel technique (seed).

For the sol–gel procedure [27–29], zinc acetate dihydrate
Zn(CH3COO)2·2H2O, Aldrich, 99.99%] was first dissolved in a

ixture of 2-methoxy ethanol (Sigma–Aldrich, ≥99.5%) and
thanolamine (Sigma–Aldrich, ≥99.0%) at room temperature. The
oncentration of zinc acetate was 0.75 mol/L and the molar ratio of
thanolamine to zinc acetate was kept at 1:1. The resultant solution
as stirred for 1 h at 60 ◦C to yield a homogeneous, clear and trans-
arent solution using a magnetic stirrer. Consequently, 30 �L of
he precursor solution were dropped onto Corning glass substrates,
hich were then spinned at 2000 rpm for 20 s. After processing,

he substrates were baked at 350 ◦C for 10 min to evaporate the
olvent and to remove the organic component in the films. The pro-
edure was repeated for six times. The films were then annealed
n air at 450 and 600 ◦C for 60 min. They were later used as seed
ayers for the fabrication of ZnO nanowires by aqueous solution
rowth.

For the ultrasonic spray pyrolysis depositions [30], a 0.5 M aque-
us solution of zinc acetate dihydrate [Zn(CH3COO)2·2H2O, Aldrich,
9.99%] was used as a precursor. A commercial ultrasonic nebulizer
2.4 MHz) generated an aerosol of the precursor solution, which
as sprayed vertically through a 4 mm nozzle onto a Corning glass

ubstrate mounted on a heating plate at a distance of 5 cm. High-
urity nitrogen was used as the carrier gas, while the spraying rate
f the precursor solution was 20 mL/h. The films were deposited in
ir at a substrate temperature of 450 ◦C for spraying periods of 30
nd 60 min.

ZnO nanostructures were grown via aqueous solution growth
ASG) on Corning glass substrates from an equimolar (0.01 M)
queous solution of Zn(NO3)2·6H2O (Aldrich, 99.999%) and hexam-
thylenetetramine (C6H12N4, Sigma–Aldrich, 99.0%) [31,32]. The
olution and the substrates, bare or pre-coated with ZnO seed
ayers prepared via sol–gel, were placed in Pyrex glass bottles

ith autoclavable screw caps and heated at 95 ◦C for 5 h in a
egular laboratory oven. After the induction period, the samples
ere thoroughly washed with MilliQ water to eliminate residual

alts or amino complexes, and dried in air at the same tempera-
ure.

.2. Characterization techniques

The crystal structure of the ZnO thin films and nanostructures
as determined by X-ray diffraction (XRD) using a Rigaku (RINT

000) diffractometer with Cu K� X-rays. Their surface morphology
as studied with a JEOL JSM-7000F field emission scanning elec-

ron microscope (FE-SEM) and an atomic force microscope (AFM)

n tapping mode (Digital Instruments—Nanoscope IIIa). The surface
rea of the sol–gel ZnO samples (1 �m2 sample surface) was deter-
ined by the SPIP version 3.3.5.0 of image metrology, while for the

nO sample grown via aqueous solution growth at 95 ◦C, commer-
ial imaging software was applied. The thickness of the films was
easured using a stylus profilometer (alpha-step 100, Tencor).
oday 151 (2010) 34–38 35

2.3. Photocatalytic activity test

For all photocatalytic performance measurements, stearic acid
was used as the organic material to be mineralized. It has been
suggested that stearic acid is an appropriate model pollutant for
the organic solid films that deposit on (exterior) window glass sur-
faces [33,34]. Moreover, the decomposition of stearic acid can be
demonstrated by FT-IR spectroscopy through the monitoring of the
asymmetric C–H stretching mode of the CH3 group at 2958 cm−1

and the asymmetric and symmetric C–H stretching modes of the
CH2 group at 2923 and 2853 cm−1, respectively. The photocatalytic
activity experiments on the ZnO thin films and nanostructures for
the decomposition of stearic acid (Sigma, 98.5%) were performed at
ambient temperature. First, 30 �L of a 0.1 M stearic acid/chloroform
solution was spin-coated on the film surface under test at a rotation
speed of 500 rpm for 30 s. Samples were then dried at 80 C in air
for 10 min. The integrated area of the stearic acid C–H stretching
peaks (2800–3000 cm−1) was monitored using a Fourier transform
infrared spectrometer (FT-IR, IRPPRESTIGE-21, Shimadzu) before
and after light illumination in a box reactor with a UV lamp centred
at 365 nm (Philips HPK 125 W, 10 mW/cm2) at certain time inter-
vals. For ease in comparison of the photocatalytic activity between
different samples, the integrated area of the C–H stretching peaks
(2800–3000 cm−1) measured at each irradiation time interval was
normalized to the initial integrated area (prior to the irradiation)
in order to calculate the percentage of stearic acid remaining as a
function of irradiation time. Finally, the stearic acid disappearance
rate (mol/min) and the formal quantum efficiency (FQE) for all ZnO
samples were calculated according to the methodology of Mills and
Wang [34].

3. Results and discussion

3.1. Crystallographic data

Fig. 1a depicts X-ray diffraction patterns of ZnO thin films
deposited on Corning glass substrates by ultrasonic spray pyrolysis
at 450 ◦C for spraying times of 30 and 60 min. The distance between
the spraying nozzle and the substrate was fixed at 5 cm. The films
produced are polycrystalline, showing the wurtzite ZnO hexagonal
P6(3)mc structure, while there is no evidence for the presence of
other phases. When the spraying time increases from 30 to 60 min,
the film thickness rises considerably from 50 nm to 1.4 �m, while at
the same time there is a significant change in film’s texture. In par-
ticular, growth along the (0 0 2) crystallographic direction is favored
for 30 min (red solid curve), while for 60 min the (1 0 1), (1 0 2),
(1 0 3) and (1 1 2) diffraction peaks evolve too (light-blue dotted
curve).

Fig. 1b displays the X-ray diffraction patterns of 140 nm-thick
ZnO films fabricated by sol–gel at 450 ◦C (red solid line) and 600 ◦C
(green dotted line) on Corning glass. It can be readily observed that,
in this case, only the (0 0 2) diffraction peak occurs, demonstrating
that there is a preferred growth orientation along the c-axis, i.e.,
perpendicular to the substrate. In Fig. 1c, X-ray diffraction patterns
of ZnO nanostructures deposited on Corning glass substrates by
aqueous solution growth for 5 h are presented. The substrates used
were either bare (green dotted line) or pre-coated with a 140 nm-
thick ZnO seed layer deposited by the sol–gel technique at 450 ◦C
(magenta solid curve). It can be readily seen that, if no seed layer is
applied onto the Corning glass substrates prior to the aqueous solu-

tion growth, all reflections corresponding to the hexagonal wurtzite
P6(3)mc structure (JCPDS card file No. 36-1451) are present and
there is no preferential growth orientation (green dotted line). On
the other hand, when a 140 nm-thick ZnO seed layer is applied onto
the Corning glass substrates prior to the aqueous solution growth,
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ig. 1. (a) XRD patterns of ZnO nanostructured thin films grown on Corning glass b
t 450 ◦C, (b) six-layered (6×) ZnO thin films grown on Corning glass substrates by
roduced by aqueous solution growth at 95 ◦C for 5 h on bare Corning glass (gree
magenta curve). (For interpretation of the references to color in this figure legend,

here is a clear preferential growth orientation of the ZnO nanos-
ructured samples along the (0 0 2) crystallographic direction, i.e.,
erpendicular to the Corning glass substrates (magenta solid line).

.2. Scanning electron microscopy (SEM)

Fig. 2a and b shows SEM micrographs of ZnO samples deposited

n Corning glass substrates by ultrasonic spray pyrolysis at 450 ◦C
or 30 and 60 min. For 30 min growth, ZnO nanopetals occur, hav-
ng a thickness of ∼25 nm and a length of ∼100–150 nm (see the
nset of Fig. 2a). Some nanowires of ∼20 nm diameter, emerging
erpendicular to the substrate can also be observed. For 60 min

ig. 2. SEM images of (a), (b) ZnO samples grown on Corning glass by ultrasonic spray p
rown on Corning glass by sol–gel at 450 ◦C, (d)–(f) ZnO nanostructures produced by aqu
orning glass pre-coated with a 140 nm-thick ZnO seed layer (450 C) [(e) top view and (f
asonic spray pyrolysis for 30 min (red curve) and 60 min (light-blue dotted curve)
l at 450 ◦C (red curve) and 600 ◦C (green dotted curve) and (c) ZnO nanostructures

ted curve) and Corning glass with a 140 nm-thick ZnO seed layer (450 ◦C) on top
ader is referred to the web version of the article.)

spraying time, the nanopetals grow substantially reaching a length
of ∼1–2 �m, while their thickness remains almost unaffected. In
Fig. 2c, a SEM micrograph of a 140 nm-thick, six-layered ZnO film
fabricated by sol–gel at 450 ◦C is depicted. The film is quite dense
showing uniform grains with a diameter of ∼40 nm. The grain size
increases with substrate temperature, reaching ∼90 nm for 600 ◦C.

Fig. 2d, e and f depict SEM micrographs of ZnO nanostructures
◦
deposited by aqueous solution growth at 95 C on Corning glass

substrates for 5 h. As it can be observed, if no seed layer is applied
(Fig. 2d), flowerlike microstructures occur, consisting of uniform
nanorods with a diameter ranging from 400 to 500 nm and length
of several microns (∼5–6 �m). All nanorods have hexagonal cross-

yrolysis at 450 ◦C for 30 and 60 min, respectively, (c) 140 nm-thick ZnO thin film
eous solution growth at 95 ◦C for 5 h on either bare Corning glass substrates (d), or
) side view].
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Fig. 3. (a) Normalized integrated area vs. irradiation time for (i) ZnO thin films deposited by ultrasonic spray pyrolysis at 450 ◦C for 30 min (light-green open squares) and
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0 min (dark-green closed squares), (ii) 140 nm-thick ZnO thin films deposited by
nO nanowires prepared via aqueous solution growth at 95 ◦C on seeded Corning gl
s also presented. (b) FT-IR absorption spectra demonstrating the degradation of
eferences to color in this figure legend, the reader is referred to the web version of

ection (see the inset of Fig. 2d), implying the occurrence of the
urtzite ZnO crystal structure as it was also demonstrated by XRD

see Fig. 1c). On the other hand, when a 140 nm-thick seed layer
s applied onto the substrate, well-aligned, c-axis oriented ZnO
anowires are formed (see Fig. 2e and f). The nanowires’ diameter is
40 nm, while their length ranges from 400 to 500 nm (aspect ratio
10–12.5). The nanowires emerge perpendicular to the substrate
pplied, are quite dense and uniform, while they all display a hexag-
nal cross-section. These remarks are in agreement with the XRD
esults which clearly demonstrate that the ZnO samples deposited
y aqueous solution growth on pre-coated Corning glass substrates
xhibit a preferential growth orientation along the (0 0 2) direction
see magenta line in Fig. 1c).

.3. Photocatalytic properties

Fig. 3a presents the normalized integrated area vs. irradiation
ime curves for all ZnO samples fabricated by different chemi-
al routes, while in Fig. 3b the FT-IR absorption spectra of the
nO nanowires’ array deposited via aqueous solution growth on a
eeded Corning glass substrate at 95 ◦C are displayed vs. irradiation
ime. It can be noticed that all ZnO thin films and nanostruc-
ures show remarkable photocatalytic activity, degrading stearic
cid by more than 50% at 60 min. This is most probably due to
heir good crystallinity and large surface area (see Table 1). In par-

icular, ZnO nanowires synthesized via aqueous solution growth
how an outstanding photocatalytic activity, degrading stearic
cid by ∼93.12% at 30 min. This behaviour is mainly attributed
o the high surface-to-volume ratio of the ZnO nanowires’ arrays
surface area 53.11 �m2, Table 1). For comparison reasons, the

able 1
hickness, surface area (1 �m2 sample surface), photocatalytic activity at 30 min, initial s
ills and Wang [34]) for the ZnO samples deposited via chemical methods.

Photolysis USP 30 min, 450 ◦C US

Thickness (nm) – 50 14
Surface area (�m2) – a

˛ (%) at 30 min 7.85% 60.00%
Initial SA disappearance rate (mol/min) 4.44 × 10−10 3.68 × 10−9

Formal quantum efficiency (FQE)(SA)/10−3 0.047 0.39

a It was not possible to measure the surface area of the ZnO samples grown via ultrasonic
o the sol–gel ones and it was therefore impossible to perform AFM measurements on th
el at 450 ◦C (light-blue open circles) and 600 ◦C (dark-blue closed circles) and (iii)
bstrates (red stars). For comparison reasons, the photolysis curve (black open stars)

acid on the ZnO nanowires’ array vs. irradiation time. (For interpretation of the
rticle.)

photolysis curve (no catalyst present) is also displayed in Fig. 3a
(black open stars). It can be seen that the UV-A light (365 nm)
results only in ∼14.47% degradation of stearic acid after 60 min of
exposure.

The photocatalytic activity of all ZnO samples deposited by
chemical routes at 30 min is summarized in Table 1, where the
stearic acid disappearance rate (mol/min) and the formal quan-
tum efficiency (FQE) are also displayed. It can be observed that
ZnO thin films deposited by sol–gel at 450 ◦C show better activ-
ity (77.33%, FQE = 1.58 × 10−3) than those grown at 600 ◦C (66.43%,
FQE = 1.41 × 10−3). This is possibly due to larger surface area, which
is in turn related to smaller grain size. In fact, ZnO thin films
deposited by sol–gel at 450 ◦C exhibit a grain size of ∼40 nm
(surface area 0.5 �m2, Table 1), while at 600 ◦C the grain size
rises to ∼90 nm (surface area 0.41 �m2, Table 1). ZnO samples
prepared via ultrasonic spray pyrolysis show better photocat-
alytic activity for smaller spraying times. Specifically, ZnO thin
films deposited after 30 min spraying time, exhibit an activ-
ity of ∼60% (FQE = 0.39 × 10−3), while the ones deposited after
60 min show an activity of only 35.6% (FQE = 0.06 × 10−3). This
is attributed to the much smaller nanopetals observed for the
samples grown for 30 min, compared with those occurring after
60 min growth (see Fig. 2a and b). Finally, ZnO nanowires grown
via aqueous solution growth at 95 ◦C on Corning glass substrates
pre-coated with a 140 nm-thick ZnO seed layer show by far

the best photocatalytic activity and FQE, degrading stearic acid
by almost 93.12% at 30 min (FQE = 4.77 × 10−3). The high aspect
ratio of the nanowires formed (∼10–12.5), together with their
enhanced crystallinity results in this significant photocatalytic
activity.

tearic acid disappearance rate (mol/min) and formal quantum efficiency (FQE, see

P 60 min, 450 ◦C Sol–gel 6×, 450 ◦C Sol–gel 6×, 600 ◦C ASG 5 h on 6×
sol–gel, 450 ◦C

00 140 140 500
a 0.50 0.41 53.11

35.60% 77.33% 66.43% 93.12%
5.65 × 10−10 1.49 × 10−8 1.33 × 10−8 4.5 × 10−8

0.06 1.58 1.41 4.77

spray pyrolysis. These samples do not have a flat surface, are quite rough compared
em.
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. Conclusions

ZnO thin films and nanostructures were obtained by sol–gel,
ltrasonic spray pyrolysis and aqueous chemical growth. All
amples show very good crystallinity, while their texture and mor-
hology depend strongly on the deposition technique and the
xperimental parameters, i.e., growth time, temperature, occur-
ence of a seed layer. Sol–gel method leads to c-axis oriented,
ense, nanostructured thin films. Their grain size increases with
eposition temperature. Ultrasonic spray pyrolysis results in ZnO
hin films consisting of nanopetals, their dimensions increas-
ng drastically with spraying time. On the other hand, aqueous
olution growth on seeded Corning glass substrates leads to
he formation of c-axis oriented ZnO nanowires, whose diam-
ter depends on the grain size of the seed layer used. All
nO samples show remarkable photocatalytic activity regard-
ng the degradation of stearic acid. This behaviour is due to
heir good crystallinity and large surface area. In particular,
nO nanowires’ arrays exhibit significant photocatalytic activ-
ty, which is mainly attributed to their high surface-to-volume
atio.
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