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Ultrasonic spray pyrolysis growth of ZnO and ZnO:Al nanostructured
films: Application to photocatalysis
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A B S T R A C T

Pure and Al-doped ZnO (Al = 1, 3, 5%) nanostructured thin films were grown at 400 �C on glass substrates
by ultrasonic spray pyrolysis, a simple, environmental-friendly and inexpensive method, using aqueous
solutions as precursors. The structural and morphological characteristics of the samples depend
drastically on deposition parameters; ZnO nanostructured films, nanopetals and nanorods were
systematically obtained by simply varying the precursor solution and/or the spraying time.
Transmittance measurements have shown that all samples are transparent in the visible wavelength
region. Finally, the photocatalytic properties of the samples were investigated against the degradation of
stearic acid under UV-A light illumination (365 nm); both pure and Al-doped ZnO nanostructured thin
films show good photocatalytic activity regarding the degradation of stearic acid, due to their good
crystallinity and large surface area.
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1. Introduction

In the last years, heterogeneous photocatalysis has re-attracted
extensive interest for the degradation of organic pollutants [1–6]
and the production of self-cleaning [7–8] or anti-bacterial surfaces
[9]. Up to now, great attention has been given to fine metal oxide
powders, in particular TiO2 and ZnO, since high photocatalytic
efficiency can be achieved by increasing the effective surface area
of the materials [10]. However, these powders have mostly been
used in water suspensions, thus limiting their practical use due to
difficulties in their separation and recovery. Supporting photo-
catalytic materials on a steady substrate can eliminate this issue.
Many thin film deposition techniques have been widely used for
the immobilization of TiO2 and ZnO [11–12].

Compared to other deposition techniques, spray pyrolysis offers
several advantages like non-vacuum use of inexpensive equip-
ment, ease of large-scale adoption and possibility of automation
for industrial use. Moreover, it can offer control of the basic
characteristics of the as-grown samples through the deposition
conditions, such as substrate temperature, type and concentration
of precursor solution, type and pressure of the carrier gas,
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geometric characteristics of the spraying system and spraying
rate [13–15].

In this work, we investigate the influence of precursor type,
deposition time and Al doping concentration on the morphologi-
cal, structural, and optical characteristics of pure and aluminum
doped ZnO samples, which were deposited using the ultrasonic
spray pyrolysis (USP) on Corning glass substrates at 400 �C.
Furthermore, emphasis is given on the photocatalytic activity of
the as-grown pure and Al-doped ZnO samples against the
degradation of stearic acid under UV-A light illumination
(365 nm). We provide evidence that both ZnO and ZnO:Al
nanostructured thin films deposited by USP, show high photo-
catalytic activity, which may open new horizons in large-scale ZnO
photocatalytic applications.

2. Experimental details

2.1. Deposition of pure and Al-doped ZnO nanostructured thin films

ZnO nanostructured thin films were grown by the ultrasonic
spray pyrolysis technique [16] on Corning glass square inch
substrates (Corning Eagle 2000 Borosilicate Glass, Specialty Glass
Products) for various deposition times using 0.5 M precursor
solutions of: (a) zinc acetate (Zn(CH3COO)2�2H2O) and (b) zinc
nitrate (Zn(NO3)�6H2O) in ultrapure water (18.2 MV cm), after
stirring for 15 min at 25 �C. Before deposition, the substrates were
cleaned for 10 min using a piranha solution (H2SO4/H2O2 = 3/1),
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Fig. 1. X-ray diffraction patterns of ZnO samples deposited by the USP technique for
(a) 30, (b) 60 and (c) 120 min, using a 0.5 M zinc acetate precursor and a 4 mm
diameter nozzle, at 400 �C.
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rinsed with ultrapure water and dried under N2 gas flow. The
deposition was performed at 400 �C by an ultrasonic particle
generator (Model 241 PG, Sonaer Inc.), using a �0.6 bar N2 flow
and a frequency of 2.4 MHz allowing 100% particle generation.
The spraying conditions were optimized before deposition, the
respective values chosen to be: 4 mm and 8 mm nozzle diameter,
3.5 cm nozzle length and 5 cm distance between nozzle and
substrate. The average diameter of the misted droplet was
approximately calculated from an expression given by Lang [17]:

Dd ¼ 0:34
8pg

rf 2

  !1=3

where Dd is the droplet diameter, g is the solution surface tension,
r is the solution density and f is the applied ultrasonic frequency.
The diameter of the misted droplets in our experiment was
calculated using the above expression and was found to be around
2.3 mm.

Regarding the Al-doped ZnO samples, these were deposited
using the same experimental conditions mentioned above,
employing as precursor a 0.5 M solution of zinc acetate and
aluminum nitrate (Al(NO3)3�9H2O) in ultrapure water. The
nominal % molar concentration of Al in the precursor solution
was 1, 3 and 5%, respectively. After growth, all samples were
thoroughly washed with ultrapure water, and dried in air.
2.2. Characterization techniques

The crystal structure of the pure and Al-doped ZnO samples was
determined by X-ray diffraction (XRD) using a Rigaku (RINT 2000)
diffractometer with Cu Ka (l = 1.5406 Å) X-rays, while their surface
morphology was studied by means of a field emission scanning
electron microscope (FE-SEM, JEOL JSM-7000F) and an atomic
force microscope (AFM) in tapping mode (Digital Instruments –

Nanoscope IIIa). The surface roughness (RMS) of the pure and
Al-doped ZnO thin films was determined using the scanning probe
image processor (SPIP, v. 3.3.5.0) image processing software for
nano- and micro-scale microscopy from Image Metrology. Finally,
UV–vis transmittance spectra of the samples were recorded using a
PerkinElmer (Lambda 950) spectrophotometer over the wave-
length range of 250–1100 nm, while their thickness was measured
using a stylus profilometer (Alpha-step 100, Tencor).

2.3. Photocatalytic activity study

There are many different methods that can be used to determine
the activity of photocatalytic surfaces. Popular techniques include
those based on the photo-oxidation of organic films such as stearic
acid [18–23] or organic vapors [24] and contact angle changes [25].

The photocatalytic activity of our pure and Al-doped ZnO samples
was determined using stearic acid (SA) as a model compound, in
which a thin layer of SA is deposited onto the film and its
photocatalytic destruction is monitored as a function of time [18–
23]. This method has gained preference over the years since SA
provides a reasonable model compound for solid films that deposit
on exterior and interior surfaces. Moreover, SA is very stable under
UV illumination in the absence of a photocatalyst film (phenomenon
of photolysis). Furthermore, SA can be easily laid down from a
methanol or chloroform solution making the test much easier.

In order to deposit SA on the ZnO nanostructured thin films, a
0.1 M SA solution in chloroform was spin-coated on the sample
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 decomposition of SA 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 all ZnO samples for the decomposition of
SA were performed at ambient temperature. It is worth mentioning
that all photocatalytic activity tests were carried out for at least five
times on our AlyZn1�yO (y = 0.00, 0.01, 0.03, 0.05) samples in order
to examine their stability under UV-A light illumination, demon-
strating no changes in the photocatalytic activity after five runs.
The integrated area of the SA C–H stretching peaks (2800–
3000 cm�1) was monitored using a Fourier transform infrared
spectrometer (FT-IR, IRPrestige-21, Shimadzu) before and after
black light illumination in a box reactor at certain time intervals.
The light source used was a HPK 125 W Philips mercury lamp with
main emission wavelength at 365 nm and an incident light
intensity of 8.9 mW/cm2. For ease in comparison of the photo-
catalytic 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
SA remaining as a function of irradiation time. Blank experiments
(photolysis) were also performed using bare Corning 7059 Borosil-
icate substrates (glass, free of ZnO) under exactly the same
conditions as used for the ZnO samples. Finally, the SA disappear-
ance rate (mol/min) and the formal quantum efficiency (FQE) for
all ZnO samples were calculated according to the methodology of
Mills and Wang [26].



Fig. 2. SEM images of ZnO samples deposited by USP for 30, 60 and 120 min on Corning glass substrates, using a Zn acetate precursor solution and a 4 mm nozzle (a–c) or an
8 mm nozzle (d–f), and a Zn nitrate precursor and an 8 mm nozzle (g–i).
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3. Results and discussion

Prior to deposition, the spraying conditions (such as nozzle
diameter, distance between nozzle and substrate and substrate
temperature) were optimized so that compact samples covering
uniformly the substrate could be obtained. It was observed that
Fig. 3. ZnO growth mechanism using the USP technique with an 8 mm nozzle at
400 �C for a 0.5 M Zn acetate (a) and a 0.5 M Zn nitrate (b) precursor solution,
respectively.
deposition times longer than 30 min are required in order to
produce samples with good adhesion (passing the Scotch tape test)
and long term stability (having similar properties after approxi-
mately six months).

Fig. 1 depicts typical X-ray diffraction patterns of pure ZnO
samples deposited by the USP technique at 400 �C after 30, 60 and
120 min, using a 0.5 M zinc acetate precursor solution and a 4 mm
diameter nozzle at a 5 cm distance between nozzle and substrate.
The thickness of the 30, 60 and 120 min ZnO samples is �50 nm,
�1375 nm and �2250 nm, respectively. On the other hand, the
corresponding thickness for 30, 60 and 120 min of deposition,
using an 8 mm diameter nozzle (keeping the distance between
nozzle and substrate at 5 cm) is �30 nm, �700 nm and �1000 nm,
respectively. All the diffraction peaks observed for the ZnO samples
are in good agreement with the JCPDS card (No. 36-1451) for a
typical hexagonal wurtzite type crystal, while no other character-
istic peaks corresponding to possible impurities, such as zinc
nitrate or zinc hydroxide, could be observed in the XRD patterns.

It is worth noticing that once a 4 mm nozzle is used, the increase
of deposition time from 30 up to 120 min drastically changes the
crystal properties of the ZnO samples [16], as shown in the
corresponding XRD patterns [see Fig. 1(a)–(c)]; for 30 min the as-
grown ZnO samples show a clear (0 0 2) preferential orientation



Fig. 4. Optical transmittance spectra of ZnO samples deposited at 400 �C by USP for 30, 60 and 120 min on Corning glass substrates, using a 0.5 M Zn acetate precursor solution
and a 4 mm nozzle (a) or an 8 mm nozzle (b), and a 0.5 M Zn nitrate precursor and an 8 mm nozzle (c).

Table 1
Thickness (nm) of the AlyZn1�yO (y = 0.00, 0.01, 0.03, 0.05) samples, deposited at
400 �C on Corning glass substates, using the USP technique with an 8 mm-diameter
nozzle.

Deposition time (min) Al concentration

0% 1% 3% 5%

30 30 nm 45 nm 60 nm 65 nm
60 1375 nm 2500 nm 2500 nm 2720 nm
120 2250 nm 4100 nm 4230 nm 4400 nm
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along the c-axis, i.e., perpendicular to the substrate applied [see
Fig. 1(a)], while for longer deposition periods (up to 120 min) the
XRD patterns reveal all the diffraction peaks related with the
hexagonal wurtzite structure [see Fig. 1(b)–(c)].

On the other hand, when an 8 mm diameter nozzle is used,
regardless the nature of the precursor solution (0.5 M zinc acetate
or zinc nitrate solutions) the X-ray diffraction patterns of the ZnO
samples deposited by the USP technique after 30, 60 and 120 min
(not shown here) always exhibit the (0 0 2) plane, indicating the
tendency of preferential crystallite growth vertically to the surface
(c-axis oriented), in agreement with other research groups [15].
Moreover, the thickness of the as-grown ZnO samples was
measured to be �45 nm, �1020 nm and �1550 nm for a deposition
Fig. 5. Crystallite size as calculated using Scherrer's equation for 2u = 34.40� (black curves
samples (blue curves with stars), as a function of % Al molar concentration and deposi
period of 30, 60 and 120 min respectively, using an 8 mm nozzle
and the Zn nitrate precursor. To understand the growth mechanism
of the ZnO films obtained with the two different Zn precursors, one
should take into account the thickness of the samples along with
the XRD results. As it was found out, the growth rate of the ZnO
samples deposited after 30 min using Zn acetate as a precursor was
1 nm/min, while, in the case of Zn nitrate it was 1.5 nm/min. The
larger growth rate observed for the Zn nitrate precursor is also
supported by XRD, since the ZnO samples produced exhibit
stronger (0 0 2) diffraction peaks, indicating that the (0 0 2)
preferential growth orientation is favored when the Zn nitrate
precursor is used [15]. These observations clearly indicate a
difference in the crystal growth rate depending on the nature of the
precursor solution [27].

Fig. 2(a)–(i) illustrate SEM images of the ZnO samples deposited
by USP for 30, 60 and 120 min on Corning glass substrates using
either Zn acetate [Fig. 2(a)–(f)] or Zn nitrate precursor
[Fig. 2(g)–(i)], for 4 mm [Fig. 2(a)–(c)] and 8 mm nozzle diameter
[Fig. 2(d)–(i)]. Thus, for the case of Zn acetate precursor and 4 mm
nozzle diameter, at 30 min growth time, ZnO nanopetals occur,
having a thickness of �25 nm and a length of �100–150 nm [see
the inset of Fig. 2(a)]. Some nanowires of �20 nm diameter,
emerging perpendicular to the substrate, can be also observed. For
 with squares), along with the FWHM of the AlyZn1�yO (y = 0.00, 0.01, 0.03, and 0.05)
tion time.



Fig. 6. SEM images of Al-doped ZnO samples deposited at 400 �C by USP for 1% Al (a: 30 min, b: 30 min, c: 30 min deposition), 3% Al (d: 30 min, e: 30 min, f: 30 min deposition),
and 5% Al (g: 30 min, h: 30 min, i: 30 min deposition), respectively. A 0.5 M zinc acetate precursor solution and an 8 mm diameter nozzle were used.

Fig. 7. Optical transmittance spectra of the AlyZn1�yO (y = 0.00, 0.01, 0.03, and 0.05)
samples deposited by the USP technique at 400 �C for 60 min. In the inset of
Fig. 7 one can notice the blue shift of the transmission spectrum with increasing % Al
molar concentration.
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60 min spraying time, the nanopetals grow substantially reaching a
length of �1–2 mm, while their thickness remains almost
unaffected [see the inset of Fig. 2(b)]. Finally, for Zn acetate
precursor and 4 mm nozzle diameter, at 120 min spraying time, the
length of the reported nanopetals reaches �2–3 mm.

Fig. 3 depicts the suggested ZnO growth mechanism using the
USP technique at 400 �C with an 8 mm-diameter nozzle for a 0.5 M
Zn acetate [Fig. 3(d)] or Zn nitrate [Fig. 3(g)] precursor solution.
As seen from Fig. 2(d)–(g) and Fig. 3, the ZnO samples for 30 min
are quite smooth granular films, not though really homogeneous,
consisting of grains with a diameter of about 20 and 50 nm for the
Zn acetate and the Zn nitrate precursor solutions, respectively. The
respective RMS roughness was estimated using AFM to be around
2–2.5 and 4–5 nm, values indicating quite low roughness.

With increasing deposition time (60 min), the samples grown
using the Zn acetate precursor solution and an 8 mm-diameter
nozzle [Fig. 2(e)] appeared to become highly nanostructured due to
the coexistence of nanorods (with a diameter in the range of �20–
30 nm) and hexagonal nanopetals (with a length of around �400–
450 nm and a thickness of �20–30 nm), both grownperpendicular to
the surface. Moreover, the samples exhibited much higher RMS
roughness, namely 45–50 nm. On the other hand, again for an 8 mm-
diameter nozzle, the use of the Zn nitrate precursor solution gives
rise to ZnO nanorods with a diameter of �100–150 nm, which were
observed to agglomerate giving a quite dense surface [Fig. 2(h)].



Fig. 8. Normalized integrated area vs. irradiation time for the AlyZn1�yO (y = 0.00,
0.01, 0.03, and 0.05) samples deposited by the USP technique at 400 �C for 30 min
(a), 60 min (b) and 120 min (c), respectively. For comparison reasons, the photolysis
curve (black solid squares) is also presented.
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For even longer deposition periods (120 min), the Zn acetate
precursor produces samples consisting mainly of flat plates with
nanorods standing between them [see Fig. 2(f)], while the Zn
nitrate precursor gives even denser ZnO nanorods [see Fig. 2(i)]
with a diameter of �100–150 nm and almost no empty space
between them.

The optical transmittance spectra of the ZnO nanostructured
thin films in the wavelength region 250–1100 nm are presented in
Fig. 4. For both precursor types and nozzle diameters, at 30 min, all
ZnO samples are highly transparent in the visible wavelength
region, showing an average transmittance of about 85–90%, while a
fall-off for wavelengths shorter than 380 nm occurs, characteristics
of good quality ZnO coatings. Moreover, an additional absorption
band centered near 365 nm was clearly recorded mainly for 30 and
60 min, band that can be attributed to excitonic resonances [17].
Finally, one can notice from Fig. 4(a) and (b) that ZnO samples
grown for 60 and 120 min on Corning glass substrates using the Zn
Table 2
Photocatalytic activity of AlyZn1�yO (y = 0.00, 0.01, 0.03, 0.05) samples regarding the
degradation of stearic acid at 30 min exposure under UV-A illumination.

Deposition time (min) Al concentration

0% 1% 3% 5%

30 20.95 72.89 57.33 42.86
60 47.25 86.50 69.06 78.42
120 11.39 34.40 79.88 68.84
acetate precursor and a 4 mm-diameter nozzle are less transparent
than the ones produced with an 8 mm-diameter nozzle (reaching
not quite 35% at 400 nm for a deposition period of 120 min), due to
their increased thickness.

For the Al-doped ZnO samples deposited at 400 �C for
30–120 min using an 8 mm-diameter nozzle, nanostructured thin
films were produced, their thickness increasing with Al doping, as
shown in Table 1. Furthermore, Al-doping was found to improve
the crystallinity of the spray-deposited samples, which were
dominated by the (0 0 2) plane of the ZnO wurtzite structure, a
behavior implying preferential orientation of the crystallites
perpendicular to the substrate surface. A comparison of the XRD
patterns of the Al-doped ZnO thin films (not shown here) with
those of the pure ZnO thin films, reveals a considerable increase in
the wurtzite (0 0 2) diffraction peak intensities for the Al-doped
samples, a behavior that can be attributed to an enhancement of
the crystallinity because of the substitution reaction between
Zn and Al [28]. Indeed, the difference in the atomic radii between
Zn and the dopant Al atoms can probably lead to interstitial
reactions, which may result in more intense wurtzite (0 0 2)
diffraction peaks in the XRD patterns as well as higher growth rates
[28]. The increase of the growth rate for the Al-doped ZnO samples
was clearly indicated by their thickness, which was found to be
almost double than that of the pure ZnO samples. The intensity of
the (0 0 2) diffraction peak was observed to be almost unaffected
by the % nominal Al concentration, while the crystallite size was
found to decrease, approaching 15 nm for 5% Al concentration (see
Fig. 5). Using the (0 0 2) peak broadening (Full Width at Half
Maximum value) from the XRD pattern and the Scherer’s formula,
the crystallite size (d) was determined for the Al-doped ZnO
samples, as presented in Fig. 5. It is obvious from Fig. 5 that Al
doping leads to much smaller crystallite size values compared to
pure ZnO, something that will strongly affect the photocatalytic
activity of the AlyZn1�yO (y = 0.01, 0.03, 0.05) samples (vide infra).
At the same time the crystallite size reduces gradually with
increasing Al doping. This phenomenon is attributed to the
nucleation mechanism of the ZnO phase, since, generally, an
increase of Al concentration will enhance the nucleation of the ZnO
phase and consequently result in smaller crystallite size [28].

Fig. 6(a)–(i) depict SEM images of the AlyZn1�yO (y = 0.01, 0.03,
0.05) samples deposited by USP for 30, 60 and 120 min on Corning
glass substrates using an 8 mm-diameter nozzle at 400 �C. As seen
in Fig. 6(a), for 1% Al-doping and 30 min spraying period,
homogeneous thin films were derived with a grain size of
�25 nm. For 60 min deposition time [see Fig. 6(b)], the 1% Al-
doped ZnO thin films become denser with a grain size of
�20–40 nm, while for 120 min nanopetals occur, having a
thickness of �30–40 nm and a length of �200–250 nm [see
Fig. 6(c)]. As seen in Fig. 6(d) and (e), for 30 and 60 min deposition
time and 3% Al concentration, more compact films were produced,
while for 120 min, ununiformed grain-like films can be observed
with a grain size of �50–100 nm [see Fig. 6(f)]. Increasing Al doping
concentration to 5% was found to result in more compact films
with better shaped grains [see Fig. 6(g)–(i)]. The reason is that the
continuous spraying procedure (from 30 up to 120 min) allows the
Al atoms to relocate at positions with lower free energy and to
grow laterally [28]. Consequently, the Al-doped ZnO thin films
become denser.

All the Al-doped ZnO samples are highly transparent in the
visible regime, while the UV absorption edge of the AlyZn1�yO
(y = 0, 0.01, 0.03, 0.05) samples is blue-shifted with increasing % Al
doping concentration, indicating a broadening of the optical band
gap [29–30] (see for example the case of 60 min deposition time
and 0, 1, 3 and 5 % nominal Al concentration in Fig. 7). By doping
with Al, the aluminum atoms occupy the zinc sites in the ZnO
lattice. Thus, at room temperature they act as singly ionized donors
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giving one extra electron. These donor electrons occupy the states
at the bottom of the conduction band, and therefore, as doping
concentration is increased, these states get filled with donor
electrons, which results in widening of a band gap and blue-shift of
the transmission spectra (Burstein–Moss effect) [31,32].

Fig. 8 presents the normalized integrated area vs. irradiation
time curves for pure and Al-doped ZnO samples deposited by USP
on Corning glass substrates for 30–120 min spraying time at 400 �C.
For comparison reasons, the photolysis curve (no catalyst present)
is also displayed in Fig. 8. It can be readily observed that all the Al-
doped samples show significantly better photocatalytic activity
regarding the degradation of stearic acid than the pure ZnO ones,
since, most probably, as already mentioned, they show better
crystallinity and much smaller grain size. Table 2 summarizes the
photocatalytic activity of the AlyZn1�yO (y = 0.00, 0.01, 0.03, 0.05)
samples at 30 min exposure under UV-A light illumination.

Thus, the most photocatalytically active sample with 1%
nominal Al-doping is that for 60 min deposition time (degrading
SA by �86.5 % at 30 min), since it consists of well-shaped grains
with a diameter of 20–40 nm, while the sample with the smallest
photocatalytic performance is the one at 120 min, which comprises
of nanopetals with relatively larger dimensions (wall thickness of
30–40 nm, diameter of 200–250 nm).

Similarly, among the 3% Al-doped samples, we observe that the
sample deposited at 60 min is more efficient than that produced at
30 min, since it consists of denser and more uniform grains with a
diameter of �20–40 nm; it therefore exhibits larger effective
surface area. However, for 120 min spraying period, the as-grown
sample shows the highest photocatalytic activity (degrading SA by
�80% at 30 min), since it consists of nanopetals with just �10 nm
thickness and a diameter of �50–100 nm [see Fig. 6(f)], thus
leading to the maximum surface area and photocatalytic efficiency
amongst the 3% Al-doped samples.

The photocatalytic activity for the Al-ZnO samples with 5%
nominal Al concentration is similar with the 1% Al-doped ones; the
sample deposited at 60 min is more efficient than that at 30 min,
since it consists of smaller and more uniform grains with a
diameter of �15–25 nm. For 120 min deposition time, the sample
seems more compact with larger grains (�20–40 nm), thus having
smaller surface area and lower photocatalytic performance.

Following the methodology explained by Mills and Wang [26]
and Paz et al. [33] each cm�1 of normalized integrated area as
presented in Fig. 8 corresponds to 9.7 � 1015 molecules of stearic
acid [or (9.7 � 1015)/(6.023 � 1023) moles of SA]. As already
reported, the UV-A light source used in our photocatalytic activity
tests was an HPK 125 W Philips mercury lamp with an incident
light intensity of 8.9 mW/cm2 (or 9.471 �1016 photons/sec). Thus,
the SA disappearance rate (mol/min) and the formal quantum
efficiency (FQE) at 30 min exposure under UV-A illumination were
calculated for the pure and Al-doped ZnO samples. The pure ZnO
samples grown by USP for 60 min at 400 �C using a 4 mm-diameter
nozzle exhibit an FQE value of 0.06 � 10�3 and a SA disappearance
rate of �5.65 �10�10mol/min at 30 min, while the corresponding
FQE and disappearance rate values in the case of an 8 mm-diameter
nozzle are 1.06 � 10�3 and �9.99 � 10�9mol/min, respectively. This
finding is expected since, if we look at the SEM images for the 4 and
8 mm-diameter nozzles [Fig. 2(b)–(e), respectively], we will notice
that the samples grown by the USP technique using an 8 mm-
diameter nozzle are characterized by smaller nanostructures, thus
leading to higher effective surface area. Finally, the 5% Al-doped
sample, deposited at 60 min, shows significantly better photo-
catalytic activity at 30 min (FQE = 3.07 � 10�3 and SA disappear-
ance rate = 2.90 � 10�8mol/min), since it is the most uniform thin
film with the smallest grain size, i.e., �15–25 nm [see Fig. 6(h)]. At
this point, it should be noted that the photocatalytic activity of all
AlyZn1�yO (y = 0.00, 0.01, 0.03, 0.05) samples regarding the
% decomposition of SA is always significantly higher than that
observed due to photolysis, i.e., light irradiation of SA in the
absence of a metal oxide catalyst. At 30 min, for example, the % SA
degradation due to photolysis is �8%, reaching an FQE value of only
0.05 �10�3 and a SA disappearance rate of �4.44 � 10�10mol/min.

4. Conclusions

ZnO and Al–ZnO nanostructured thin films were deposited on
Corning glass substrates by ultrasonic spray pyrolysis, a simple,
environmental-friendly and inexpensive method, using aqueous
precursor solutions at 400 �C. We have thoroughly studied the
influence of precursor type, deposition time and doping concen-
tration on the morphological, optical, and photocatalytic proper-
ties of the pure and Al-doped ZnO samples. All samples show very
good crystallinity, while their texture and morphology depend
strongly on the deposition parameters, such as precursor solution,
growth time and nozzle diameter. The as-grown samples are either
homogenous thin films, which become denser with Al-doping, or
consist of nanopetals whose dimensions increase drastically with
spraying time. All Al–ZnO samples show very good photocatalytic
activity regarding the degradation of stearic acid, a behaviour
which is mainly attributed to their good crystallinity and large
effective surface area. In particular, the Al-doped samples show
significantly better photocatalytic activity than the pure ZnO ones,
since they exhibit increased crystallinity and much smaller grain
size.
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