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a  b  s  t  r  a  c  t

The  photocatalytic  activity  of ZnO  nanowires  grown  via  an  aqueous  solution  approach  at 95 ◦C onto  sap-
phire  substrates,  which  were  first  pre-coated  with  ZnO  seed  layers  deposited  by  pulsed laser  deposition
at  various  temperatures  (400–700 ◦C), was  investigated  against  the degradation  of  octadecanoic  (stearic)
acid  under  UV-A  light  illumination.  The  crystallinity  of the  ZnO  seed  layers,  as  well  as  their  growth  orien-
tation  along  the  c-axis,  increases  with  deposition  temperature.  All chemically  grown  ZnO  samples  show
narrower  (0 0  2)  reflections  with  significantly  higher  intensity  than the  seed  layers  deposited  by  pulsed
laser  deposition.  The  grain  size,  as well  as the  seed  layer  roughness,  gradually  increases  with  substrate
deposition  temperature.  The  nanowires’  diameter  also  rises  with  seed  layer’s  deposition  temperature,
ranging  from  ∼40 ± 15 nm  for  400 ◦C to ∼155  ± 65 nm  for  700 ◦C. The  chemically  grown  ZnO  nanowires
exhibit  relatively  high  transmittance  values,  especially  those  grown  on sapphire  substrates,  which  were

◦
anowires
hotocatalysis
ctadecanoic acid
tearic acid

pre-coated  with  seed  layers  deposited  by  pulsed  laser deposition  at 400  and 500 C.  All ZnO  samples,
including  seed  layers  and  nanowires’  arrays,  show  very  good  photocatalytic  activity  regarding  the  degra-
dation of octadecanoic  (stearic)  acid under  UV-A  light  exposure.  In specific,  the  photocatalytic  activity
of  ZnO  nanowires’  arrays  grown  on top of  a seed  layer  deposited  by  pulsed  laser  deposition  at  600 ◦C is
quite  remarkable,  showing  the  highest  stearic  acid  disappearance  rate,  i.e.,  4.22  × 10−8 mol/min  (formal
quantum  efficiency  =  4.48  × 10−3) at 30  min  of  UV-A  light  illumination.
. Introduction

Over the past two decades, various technologies have been
eveloped in order to decompose environmental contaminants.
ecently, there has been a considerable interest in the utilization
f advanced oxidation processes (AOPs) for the complete destruc-
ion of complex organic pollutants, with a result in the formation of
co-friendly products [1–5]. The most widely known AOPs include
eterogeneous photocatalytic systems that imply the use of an inert
atalyst, non-hazardous oxidants and UV and/or visible light input.

eterogeneous photocatalysis is attracting extensive interest for

he degradation of organic pollutants [6–11] and the production of
elf-cleaning [12,13] or anti-bacterial surfaces [14].
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Up to now, great attention has been given to fine powders since
high photocatalytic efficiency can be achieved by increasing the
effective surface area of the materials. However, although results
concerning the use of TiO2 and ZnO nano-powders in the treatment
of industrial effluents and/or volatile toxic compounds were very
encouraging, these powders have mostly been used in water sus-
pensions or in small-scale purification systems, thus limiting their
practical use due to difficulties in their separation and recovery.
Supporting photocatalytic materials on a steady substrate can elim-
inate this issue, opening a whole new range of applications. Based
on such understanding, in the early 1990s, many photocatalytic
semiconductors including TiO2 and ZnO have been already pre-
pared as thin films as well as fine powders using several deposition

techniques [15–17]. Since then, many large scale deposition tech-
niques, such as doctor blade and spray coating, have been adopted
in order to produce TiO2 coated surfaces with photocatalytic and
self-cleaning properties [18–23].
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Although TiO2 has emerged as the most widely studied photo-
atalyst, ZnO is easier to grow either in the form of powder [24] or
n top of various substrates [25–30] using chemical techniques that
re environmental friendly and quite easy to handle. The activity
f photocatalytic ZnO films can vary considerably and is depend-
nt on many factors, such as film thickness, roughness, grain size
nd deposition temperature, to name but a few. A drawback, how-
ver, of ZnO is that it undergoes photocorrosion under UV light
llumination, resulting in a decrease of its photocatalytic activity
n aqueous media [31,32]. Meanwhile, since photocatalytic activ-
ty increases with effective surface area, a rough film surface with

 high surface-to-volume ratio is beneficial. On the other hand,
ne-dimensional nanostructured samples offer enhanced photo-
atalytic efficiency due to their extremely high surface-to-volume
atio [33,34]. Thus, the successful exploitation of nanostructured
nO thin films for use in photocatalytic applications requires the
evelopment of techniques for controlling their morphology and
tructural properties.

In previous work, we have demonstrated that the occurrence
f a thin ZnO seed layer on Corning glass and silicon (1 0 0) sub-
trates is crucial for obtaining c-axis oriented ZnO nanowires with
ontrollable dimensions [35]. Furthermore, we have already shown
hat ZnO nanowires grown via aqueous solution growth at 95 ◦C
n Corning glass substrates, which were first pre-coated by either

 polycrystalline or an amorphous ZnO seed layer deposited via
ol–gel at 600 or 95 ◦C respectively, exhibit in general very good
hotocatalytic activity regarding the degradation of stearic acid
nder UV-A light exposure [36,37].

In this work, we investigate the growth and photocatalytic activ-
ty of ZnO nanowires grown via aqueous solution growth at 95 ◦C on
apphire (Al2O3) substrates, pre-coated with a thin ZnO seed layer,
hich was deposited by pulsed laser deposition at various substrate

emperatures, in the range of 400–700 ◦C. The effect of deposition
emperature on the structural, optical and photocatalytic proper-
ies of the ZnO samples is thoroughly studied. It is demonstrated
hat (a) the pulsed laser deposited ZnO seed layers show very good
hotocatalytic activity regarding the degradation of stearic acid
nder UV-A light irradiation, varying with substrate deposition
emperature and (b) the occurrence of a ZnO seed layer leads to
he production of c-axis oriented ZnO nanowires’ arrays at 95 ◦C,
hich can degrade stearic acid quite efficiently under short UV-

 light exposure. The wires’ diameter can be accurately tuned by
arying the grain size of the seed layer, i.e., the substrate deposition
emperature. The influence of nanowires’ crystallinity, morphology
nd dimensions on their photocatalytic activity is comprehensively
tudied. Finally, a comparison of the structural, morphological and
hotocatalytic properties of the nanowires’ arrays grown onto ZnO
eed layers deposited by either pulsed laser deposition or sol–gel
36] is undertaken.

. Experimental details

.1. Deposition of ZnO seed layers and nanowires

Nanostructured ZnO thin films were grown on c-cut �-Al2O3
ubstrates by pulsed laser deposition (PLD). A KrF excimer laser
COMPexPro 201) of wavelength 248 nm and pulse duration 25 ns,
perating at a repetition rate of 10 Hz, was used for the ablation
f ZnO targets. Prior to any experiment, the deposition chamber
as evacuated to 10−5 mbar and the substrates were in situ ther-
ally treated at 600 ◦C for 30 min  to remove carbon contaminants
rom the surface [38]. During deposition the working pressure was
aintained at 0.2 mbar using high purity oxygen as background

as. The target-to-substrate distance was set at 6 cm and a fluence
f ∼2 J cm−2 was used for the ablation of ZnO target.
: General 467 (2013) 559– 567

ZnO thin films with a thickness of 180 ± 5 nm, which were subse-
quently used as seed layers for the aqueous solution growth of ZnO
nanowires’ arrays, were deposited at 400, 500, 600 and 700 ◦C. The
thickness of the seed layers was  always kept constant (180 ± 5 nm)
for every substrate temperature applied and was measured using
both a non-contact optical profilometer (Ambios Technology, Xi-
100) and a stylus profilometer (Alpha-step 100, Tencor).

ZnO nanowires’ arrays were subsequently grown on sapphire
(0 0 1) substrates, pre-coated with ZnO seed layers deposited via
the PLD technique, using an equimolar (0.01 M)  aqueous solution
of Zn(NO3)2·6H2O and C6H12N4 [25,26,35,39]. In brief, laboratory
Pyrex glass bottles with polypropylene autoclavable screw caps
were initially filled with the solution described above. Subse-
quently, the substrates pre-coated with the ZnO seed layers were
placed in the bottles facing downwards and heated at a constant
temperature of 95 ◦C for 5 h in a regular laboratory oven (Memmert
UNP 400). The samples were then thoroughly washed with MilliQ
(18.2 M � cm)  water to eliminate residual salts or amino com-
plexes, and dried in air at the same temperature. Prior to deposition,
all substrates used were ultrasonically cleaned with spectroscopic
grade propanol and acetone, rinsed with MilliQ water and dried
under N2 gas flow.

2.2. Characterization techniques

The crystal structure of all ZnO samples was  determined by X-
ray diffraction (XRD) using a Rigaku (RINT 2000) diffractometer
with Cu K� (� = 1.5406 Å) X-rays, while their surface morphol-
ogy was  studied by means of a field emission scanning electron
microscope (FE-SEM, JEOL JSM-7000F) and an atomic force micro-
scope (AFM) in tapping mode (Digital Instruments – Nanoscope
IIIa). The surface roughness (RMS) of the ZnO thin films was  deter-
mined 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 transmission spectra were
recorded using a Shimadzu UV-2401 spectrophotometer over the
wavelength range of 190–990 nm.

2.3. Photocatalytic activity study

Many different methods have been reported in order to deter-
mine the activity of photocatalytic surfaces. Popular techniques
include those based on the photo-oxidation of organic films such
as stearic acid [40–50] or palmitic acid [51,52], liquid phenolic pol-
lutants [53,54] or organic vapors [55] and contact angle changes
[56].

The photocatalytic activity of our 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 destruc-
tion is monitored as a function of time [40–50]. This method has
gained preference over the years since SA provides a reasonable
model compound for solid films that deposit on exterior and inte-
rior surfaces. Moreover, SA is very stable under UV illumination
in the absence of a photocatalyst film (phenomenon of photoly-
sis). 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 films and nanostructures, a
droplet of 30 �L of 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 spec-
troscopy 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 [40–50]. The photocatalytic activity exper-
iments on all ZnO samples for the decomposition of SA were
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Fig. 1. XRD patterns of (a) ZnO nanowires grown by ASG for 5 h (cyan dotted curve) on sapphire substrates pre-coated with a 180 ± 5 nm thick ZnO seed layer deposited at
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00 ◦C (red solid curve), (b) ZnO nanowires grown by ASG for 5 h (gray dotted curve
00 ◦C (blue solid curve). For interpretation of the references to color in this figure 

erformed in ambient air and were repeated for five times demon-
trating no changes in the percentage of SA conversion. The
ntegrated area of the SA C H stretching peaks (2800–3000 cm−1)

as monitored using a Fourier transform infrared spectrome-
er (FT-IR, IRPrestige-21, Shimadzu) before and after black light
llumination in a box reactor at certain time intervals. The light
ource used was an HPK 125W Philips mercury lamp with main
mission wavelength at 365 nm and an incident light intensity of
0 mW/cm2. For ease in comparison of the photocatalytic activity
etween different samples, the integrated area of the C H stretch-

ng peaks (2800–3000 cm−1) measured at each irradiation time
nterval was normalized to the initial integrated area (prior to the
rradiation) in order to calculate the percentage of SA remaining
s a function of irradiation time. Blank experiments (photolysis)
ere also performed using bare sapphire (Al2O3) substrates under

xactly the same conditions applied for the ZnO samples. Finally,
he SA disappearance rate (mol/min) and the formal quantum effi-
iency (FQE) for all ZnO samples were calculated according to the
ethodology of Mills and Wang [41].

. Results and discussions

Fig. 1(a) and (b) depict X-ray diffraction patterns of ZnO seed
ayers deposited by the PLD technique (solid lines) and nanowires’
rrays (dashed lines) grown by aqueous solution growth (ASG) for

 h on sapphire (0 0 1) substrates, which were initially pre-coated
ith ZnO seed layers deposited by PLD at 400 (Fig. 1(a)) and 700 ◦C

Fig. 1(b)), respectively. In all cases, XRD patterns reveal a strong
0 0 2) peak at a diffraction angle of 2� = 34.42◦, in good agreement
ith the JCPDS card (No. 36-1451) for a typical hexagonal wurtzite

ype ZnO crystal. Another peak at 2� = 43.26◦, attributed to the �-
l2O3 (0 0 6) reflection of sapphire, can also be detected. It can be
bserved that no other characteristic peaks corresponding to possi-

le impurities, such as zinc nitrate or zinc hydroxide, are observed

n the XRD patterns.
From Fig. 1 it can be also observed that the ZnO sam-

les deposited by ASG show narrower (0 0 2) reflections with
apphire substrates pre-coated with a 180 ± 5 nm thick ZnO seed layer deposited at
, the reader is referred to the web version of this article..

significantly higher intensity than the PLD deposited ZnO seed lay-
ers (Fig. 1(a) and (b)). The Full Width at Half Maximum (FWHM)
value for the (0 0 2) peak varies from 0.360◦ to 0.237◦ for the ZnO
seed layers deposited by PLD at 400 ◦C and 700 ◦C, respectively. In
general, the crystallinity of the ZnO seed layers as well as their ori-
entation along the c-axis increases with deposition temperature, i.e.
the FWHM values for the (0 0 2) reflection are 0.360, 0.286, 0.254
and 0.237◦ for 400, 500, 600 and 700 ◦C, respectively. On the other
hand, FWHM values of 0.254 and 0.225◦ are observed for ZnO sam-
ples grown via ASG for 5 h on sapphire substrates, which were first
pre-coated with 180 ± 5 nm-thick ZnO seed layers, deposited at 400
and 700 ◦C by PLD, respectively. These FWHM values corresponding
to the ASG samples are smaller than those observed for the ZnO seed
layers deposited by PLD, indicating better crystallinity and c-axis
growth orientation for the ASG samples. It is therefore concluded
that the occurrence of a thin ZnO seed layer deposited by PLD essen-
tially assists the growth of well-crystalline (0 0 2) oriented ZnO
samples onto sapphire substrates due to the polar nature of the ZnO
surface and the matching lattice structure [57], as it has been previ-
ously already reported for Corning glass substrates pre-coated with
ZnO seed layers deposited via sol–gel [35–37]. It is though observed
that ZnO samples grown via ASG on PLD deposited seed layers show
generally less preferential growth orientation along the c-axis than
the ones grown on seed layers prepared via the sol–gel method
[35,36]. For example, the FWHM value for the (0 0 2) peak observed
in the case of the ZnO sample grown via ASG for 5 h on a sapphire
substrate pre-coated with a 180 nm-thick seed layer deposited by
PLD at 700 ◦C is ∼0.225◦, while that of an ASG ZnO sample grown
again for 5 h on a Corning glass substrate which was first pre-coated
with a 140 nm-thick ZnO seed layer deposited by sol–gel at 600 ◦C
is ∼0.174◦ [35]. This is probably, amongst others, attributed to the
poorer c-axis orientation of the PLD seed layers (the FWHM value
for the (0 0 2) peak is ∼0.237◦ at a deposition temperature of 700 ◦C)
compared to the sol–gel ones (the FWHM value for the (0 0 2) peak

is ∼0.205◦ at 600 ◦C). An additionally important effect, which affects
the preferential c-axis growth of ZnO samples grown via ASG, is that
of the seed layer morphology and it will be discussed in the next
paragraphs.
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ig. 2. (a) Grain size (black squares) and roughness (blue stars) vs. deposition tempe
y  PLD at (left to right) 400 ◦C, 500 ◦C, 600 ◦C and 700 ◦C, respectively. For interpre
ersion of this article.

Fig. 2(a) exhibits the variation of grain size and surface rough-
ess (RMS) of the as-deposited ZnO seed layers as a function of
LD deposition temperature. The grain size, as well as the layer
oughness, gradually increases with deposition temperature (see
ig. 2(a)). In particular, the ZnO seed layer deposited at 400 ◦C shows

 grain size of ∼32 ± 7 nm and a roughness of ∼4 nm, while the
nO seed layer deposited at 500 ◦C, has a grain size of ∼50 ± 5 nm
nd a roughness of ∼5 nm.  These grain size and roughness values
ecome even higher for the cases of 600 ◦C (grain size ∼70 ± 10 nm,
oughness ∼6 nm)  and 700 ◦C (grain size ∼122 ± 32 nm, rough-
ess ∼12 nm). Moreover, one can notice from Fig. 2(b) that the
nO seed layer deposited at 400 ◦C, even though it consists of
he smallest grains (∼32 ± 7 nm), it forms big agglomerations with

 relative maximum size of ∼175 ± 27 nm.  This inhomogeneous
orphology observed for the ZnO seed layer deposited at 400 ◦C

ould be associated with the corresponding XRD data presented
n Fig. 1(a), since for this temperature (400 ◦C), the smallest rel-
tive intensity (∼555 a.u.) along with the biggest FWHM value
0.360◦) are observed for the (0 0 2) peak, indicating that the ZnO
eed layer deposited at 400 ◦C is certainly the least crystalline sam-
le. Hence, it can be concluded from XRD and AFM measurements

hat both crystallinity and c-axis preferred growth orientation of
he ZnO seed layers increase with deposition temperature. More-
ver, all ZnO seed layers deposited by PLD on sapphire substrates at
00–700 ◦C show significantly less homogeneity and more, as well
 and (b) AFM images (scan size 1 × 1 �m)  of ZnO seed layers on sapphire substrates
 of the references to color in this figure legend, the reader is referred to the web

as bigger, agglomerations, than the respective ZnO seeds grown via
the sol–gel technique at 600 ◦C [36]. These morphology inhomo-
geneities are probably closely related with the reduced preferred
growth orientation along the c-axis exhibited by the ZnO nanowires
grown via ASG on sapphire substrates, which were first covered
with a ZnO seed layer fabricated by PLD, compared to the ones
grown on Corning glass substrates pre-coated with a ZnO seed layer
deposited via sol–gel at 600 ◦C.

Fig. 3 displays SEM micrographs of the ZnO samples grown via
ASG for 5 h on sapphire substrates, pre-coated with PLD deposited
seeds with a thickness of 180 ± 5 nm at deposition temperatures
ranging from 400 to 700 ◦C. It can be observed that in all cases
nanowires’ arrays are formed, with a strong c-axis growth orien-
tation, i.e. perpendicular to the sapphire substrates applied. All
nanowires have a hexagonal shape, in agreement with the XRD
results, demonstrating the occurrence of the ZnO wurtzite crys-
tal structure with a clear preferential growth orientation along
the c-axis. The diameter of the ZnO nanowires gradually increases
with the deposition temperature of the seed layers, ranging from
∼40 ± 15 nm for 400 ◦C (see Fig. 3(a)) to ∼155 ± 65 nm for 700 ◦C
(Fig. 3(d)). In the case of 500 ◦C (Fig. 3(b)), the ZnO nanowires’

diameter is ∼60 ± 10 nm,  while for 600 ◦C it reaches ∼80 ± 20 nm
(Fig. 3(c)). The ZnO nanowires’ diameter increase with deposi-
tion temperature could be directly related to the grain size of
the PLD seed layers. As it has been already mentioned, the grain
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ig. 3. SEM images (×40 000) of ZnO nanowires grown by ASG for 5 h on sapphire 

a),  500 ◦C (b), 600 ◦C (c) and 700 ◦C (d), respectively. In the inset of (a) a × 100 000
00 ◦C can be observed.

ize as well as the roughness of the ZnO seed layers deposited
y PLD increases with deposition temperature (see Fig. 2). Specif-

cally, the grain size values of the ZnO seed layers are ∼32 ± 7 nm,
50 ± 5 nm,  ∼70 ± 10 nm and ∼122 ± 32 nm for 400, 500, 600 and
00 ◦C, respectively. As it can be readily seen, the grain size val-
es of the seed layers are quite close to the diameter values for the
orresponding ZnO nanowires’ arrays. It is concluded that the pres-
nce of a ZnO seed layer fabricated by PLD leads to the formation of
-axis oriented ZnO nanowires via ASG onto sapphire substrates at
5 ◦C, and that the nanowires’ diameter increases with deposition
emperature, the later occurring due to a respective increase of the
eed layer’s grain size.

When looking though more carefully to the SEM pictures of
ig. 3(a)–(d), one can notice that the nanowires emerging are not
lways perfectly aligned along the c-axis, i.e. perpendicular to the
apphire substrates, especially for the lower deposition tempera-
ures, namely 400 and 500 ◦C (Fig. 3(a) and (b)). This is attributed to
he reduced c-axis preferred growth orientation of the correspond-
ng seeds (the FWHM values of the (0 0 2) reflection are 0.360◦

nd 0.286◦ for 400 and 500 ◦C, respectively) and the agglomerates
ormed at these temperatures. For higher deposition temperatures,
.e. 600 and 700 ◦C, the wires formed are much better aligned along
he c-axis due to the increased crystallinity (the FWHM values
f the (0 0 2) reflection are 0.254◦ and 0.237◦ for 600 and 700 ◦C,
espectively) and the homogeneity of the seeds. However, it can
e noticed that although the ZnO nanowires grown via ASG on PLD
eeded sapphire substrates at 600 and 700 ◦C show very good c-axis
rowth orientation, similar to that observed for ZnO nanowires
rown on sol–gel seeded Corning glass substrates at 600 ◦C [36], the
ater present smaller wire diameter deviation than the former ones.

n specific, while the nanowires grown via ASG at 95 ◦C on sapphire
ubstrates, which were pre-coated with a 180 nm-thick ZnO seed
ayer deposited by PLD at 600 ◦C, have a diameter of ∼80 ± 20 nm,
he wires grown via ASG under the same conditions onto Corning
ates pre-coated with a 180 ± 5 nm thick ZnO seed layer deposited by PLD at 400 C
ification of ZnO nanowires grown by ASG on a ZnO seed layer deposited by PLD at

glass substrates having either a 140 nm or a 210 nm-thick ZnO
seed layer on top, which was prepared by sol–gel at 600 ◦C, show
a diameter of ∼105 ± 15 nm and ∼160 ± 10 nm, respectively [36].

In every case of Fig. 3(a)–(d), i.e., ZnO samples grown via ASG on
sapphire substrates, which were first pre-coated with ZnO seed lay-
ers deposited by PLD at 400–700 ◦C, the length of the ZnO nanowires
is in the range of 700–1000 nm,  indicating that the only parameter
that affects the nanowires’ length is growth time [35]. Taking into
account the wires’ dimensions, i.e., their length and diameter, one
can calculate the aspect ratio (L/D, length over diameter) of the ZnO
nanowires. It is noticed that ZnO nanowires grown for 5 h via ASG
on sapphire substrates covered with a 180 ± 5 nm-thick ZnO seed
layer deposited by PLD at 400, 500, 600 and 700 ◦C show an aspect
ratio (L/D) of 12.7–40, 10–20, 8.75–16.67 and 4.55–11.11, respec-
tively. It is thus observed that the aspect ratio, (L/D), of the ZnO
nanowires becomes higher in the cases where the PLD seeds are
deposited at lower deposition temperatures, i.e., 400 and 500 ◦C,
while it exhibits smaller values for seed layers prepared at 600
and 700 ◦C. This effect is directly related with the diameter of the
ZnO nanowires, which increases with deposition temperature of
the seed layers due to the observed increase in their grain size (see
Fig. 2).

The optical transmittance spectra of the ZnO seed layers and the
nanowires’ arrays in the wavelength region 190–990 nm are pre-
sented in Fig. 4. As it can be seen, all transmittance spectra exhibit
fringes associated with interference effects, which confirm the opti-
cal homogeneity and surface quality of the ZnO thin films deposited
by PLD. Both ZnO seed layers and nanowires’ arrays are quite trans-
parent in the visible regime and exhibit a sharp absorption band
in the UV region that can be attributed to excitonic resonances

[58]. Regarding the optical energy gap of the samples, Egap, this
was determined using “Tauc” plots [59] of �2 as a function of h�
and found to be 3.258, 3.260, 3.267 and 3.280 eV for the ZnO seed
layers deposited at 400, 500, 600 and 700 ◦C, respectively, values
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ig. 4. Optical transmittance spectra of (a) 180 ± 5 nm thick ZnO seed layers depos
b)  ZnO nanowires grown by ASG for 5 h on ZnO seed layers deposited by PLD on sa

imilar to the ones reported in the literature for high quality ZnO
lms deposited using the PLD technique [60,61]. As it can be seen,
he Egap of the ZnO seed layers gradually increases with deposition
emperature, most probably due to the corresponding increase in
heir grain size (see Fig. 2). The Egap values were also estimated for
he ZnO nanowires’ arrays grown on seeded sapphire substrates
ia ASG and found to be in the range of 3.203–3.247 eV, in agree-
ent with values reported earlier by other research groups using

queous solution approaches [62–64]. This change in Egap is mostly
ttributed to the different size and morphologies of the as-grown
nO nanowires [62].

Furthermore, it can be noticed that the transmittance of the ZnO
eed layers varies from 82.4 to 88.4% at 600 nm depending on depo-
ition temperature, while for the ASG samples it lies between 62.6
nd 73.6%. This reduction in transmittance can most probably be
ttributed to the thickness increase observed for the ASG samples.
owever, the chemically grown ZnO nanowires still exhibit rel-
tively high transmittance values, especially the ones grown on
apphire substrates pre-coated with seed layers deposited by PLD
t 400 and 500 ◦C, namely 73.6 and 70.7%, respectively.

Fig. 5(a) displays the normalized integrated area vs. irradia-
ion time curves for the ZnO seed layers fabricated by PLD at
arious deposition temperatures. It can be noticed that the seed
ayer deposited at 400 ◦C shows poor photocatalytic activity since
t degrades SA by only 52% at 30 min. However, SA conversion
eaches ∼79% at 120 min. When the deposition temperature rises
p to 500 ◦C, the conversion of SA at 30 min  reaches 92.5%. This
emarkable photocatalytic activity increase is due to much better
rystallinity and c-axis preferred growth orientation of the ZnO
eed layer deposited at 500 ◦C compared to 400 ◦C. As the depo-
ition temperature further increases to 600 ◦C, the photocatalytic
ctivity of the ZnO seed layer at 30 min  reduces to ∼76%, still reach-
ng ∼97% at 120 min. The reduction in the photocatalytic activity
fter 30 min  UV-A irradiation for the ZnO seed layer deposited

t 600 ◦C is most probably attributed to the observed increase in
rain size compared to 500 ◦C, i.e., it exhibits a grain size value of
70 ± 10 nm instead of ∼50 ± 5 nm for 500 ◦C (see Fig. 2). Specifi-

ally, the grain size increase leads to smaller surface area and thus
y PLD on sapphire substrates at 400 ◦C, 500 ◦C, 600 ◦C and 700 ◦C, respectively, and
e substrates at 400 ◦C, 500 ◦C, 600 ◦C and 700 ◦C, respectively.

minor photocatalytic activity. At the same time the crystallinity
and c-axis growth orientation of the ZnO seed layer deposited
at 600 ◦C are comparable to those observed for 500 ◦C, i.e., the
FWHM values for the (0 0 2) peak are 0.286 and 0.254◦ for 500
and 600 ◦C, respectively. Finally, when the deposition temperature
increases to 700 ◦C, the photocatalytic activity of the ZnO seed layer
rapidly drops to ∼32% at 30 min  and hardly reaches ∼77% after
irradiation for 120 min. The rather reduced photocatalytic activ-
ity observed for 700 ◦C is mainly because of the quite larger grain
size (∼122 ± 32 nm)  that this seed layer exhibits compared to sam-
ples deposited at lower deposition temperatures, while, at the same
time, its crystallinity and c-axis preferred growth orientation are
similar to 500 and 600 ◦C. However, for all deposition temperatures,
even for 700 ◦C, the photocatalytic activity of the ZnO seed layers
regarding the percentage of conversion 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 exam-
ple, the percentage of SA conversion due to photolysis is only ∼8%,
reaching barely 31% after 120 min  of irradiation, as a result of a
decrease of the asymmetric and symmetric C H stretching modes
of the CH2 group at 2923 and 2853 cm−1 respectively.

In Fig. 5(b), the photocatalytic activity results in terms of per-
centage of SA conversion are presented for the ZnO nanowires’
arrays grown via ASG at 95 ◦C on sapphire substrates, which were
first pre-coated with ZnO seed layers deposited by PLD at 400,
500, 600 and 700 ◦C. It can be readily seen that all samples show
remarkable photocatalytic activity, degrading SA by more than 73%
at 120 min. The respective percentage of conversion of SA due to
photolysis is only 31%, much smaller than that of all ASG samples
grown on ZnO seed layers deposited by PLD. It can be seen that
the photocatalytic activity of the chemically grown ZnO nanowires’
arrays at first increases with the substrate deposition temperature
of the seed layers. The percentage of SA conversion at 30 min  takes
values of 52, 64 and 85% for 400, 500 and 600 ◦C, respectively. It

subsequently reaches 84, 91 and ∼100% at 120 min. The increase
in the photocatalytic activity of the ASG samples with deposition
temperature is most probably due to better crystallinity, enhanced
alignment of the ZnO nanowires along the c-axis, i.e., perpendicular
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Fig. 5. Normalized integrated area vs. irradiation time for (a) 180 ± 5 nm thick ZnO seed layers deposited by PLD on sapphire substrates at 400 ◦C (solid green rhombuses),
500 ◦C (red stars), 600 ◦C (open cyan squares) and 700 ◦C (open magenta rhombuses) and (b) ZnO nanowires grown at 95 ◦C by ASG on sapphire substrates pre-coated with
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80  ± 5 nm thick ZnO seed layers, which were deposited by PLD at 400 ◦C (solid gre
hombuses). For comparison, the photolysis curve (black solid squares) is also pre
eferred to the web  version of this article.

o the substrate applied, improved morphology homogeneity (see
ig. 3(a)–(c)), together with increased UV absorbance (see Fig. 4). On
he other hand, the nanowires’ aspect ratio (L/D), which gradually
ecreases with increasing deposition temperature, i.e., it takes val-
es of 12.7–40, 10–20, 8.75–16.67 for 400, 500 and 600 ◦C respec-
ively, does not seem to affect the photocatalytic activity of the ASG
amples as much as the nanowires’ crystallinity, c-axis alignment
nd morphological homogeneity. When the deposition tempera-
ure of the ZnO seed layer, however, increases to 700 ◦C, the pho-
ocatalytic activity of the solution grown nanowires’ array dramat-
cally drops to 40% at 30 min, reaching hardly 73% at 120 min. This
hotocatalytic activity drop observed for 700 ◦C could be mainly
ttributed to the abrupt decrease of the aspect ratio (L/D) of the
nO nanowires’ array. In particular (L/D) falls down to 4.55–11.11
or 700 ◦C, signifying a rapid decrease in the sample’s surface area
ompared with the ASG samples grown at T ≤ 600 ◦C. This large
urface area decrease cannot be apparently outbalanced from the
ncrease in crystallinity and c-axis preferred growth orientation at
00 ◦C (FWHM values for the (0 0 2) reflection are 0.254 and 0.225◦

or 400 and 700 ◦C, respectively), as well as the nanowires’ mor-

hology homogeneity (see Fig. 3(a)–(d)), and in turn leads to the
bserved photocatalytic activity considerable drop for 700 ◦C.

It can also be observed that the photocatalytic activity of the
nO nanowires’ arrays is generally comparable with that of the seed

able 1
hotocatalytic activity at 30 min, initial stearic acid disappearance rate (mol/min) and for
hemically grown nanowires’ arrays.

Photolysis 400 ◦C 5 h ASG/400 ◦C 500 ◦C 

� (%) at 30 min  7.85% 52.21% 52.31% 92.45% 

Initial  SA disappearance
rate (mol/min)

4.44 × 10−10 9.07 × 10−9 1.80 × 10−8 2.56 × 10−8

Formal Quantum
Efficiency, (FQE)(SA)/10−3

0.05 0.96 1.91 2.71 
mbuses), 500 ◦C (red stars), 600 ◦C (open cyan squares) and 700 ◦C (open magenta
d. For interpretation of the references to color in this figure legend, the reader is

layers, showing similar percentage of SA conversion both at 30 and
120 min. For example, the ZnO seed layer deposited by PLD at 400 ◦C
exhibits percentage of SA destruction values of 52 and 79%, respec-
tively, while the ZnO nanowires’ array grown via ASG on top of it
shows corresponding percentage of SA conversion values of 52 and
84% (see Fig. 5(a) and (b)). The photocatalytic activity at 30 min for
all pulsed laser deposited ZnO seed layers and chemically grown
nanowires is summarized in Table 1, where the SA disappearance
rate (mol/min) and the formal quantum efficiency (FQE) are also
presented [41]. It can be noticed that the ZnO nanowires’ array
grown via ASG on top of a seed layer deposited by PLD at 600 ◦C
shows the highest SA disappearance rate and FQE at 30 min, i.e.,
4.22 × 10−8 mol/min and 4.48 × 10−3 respectively.

Finally, the percentage of SA conversion values displayed
at 30 min  for the PLD deposited seeds (180 nm-thick) and the
corresponding ASG ZnO nanowires’ arrays are comparable to the
ones observed previously for nanowires’ arrays grown via ASG on
Corning glass substrates covered with ZnO seed layers (140 and
210 nm-thick), which were fabricated by sol–gel [36]. Specifically,
in the case of ASG ZnO samples grown for 5 h onto Corning glass

substrates, pre-coated with a 140 or 210 nm-thick seed layer
deposited by sol–gel at 600 ◦C, the percentage of SA destruction
at 30 min  was  reported to be 81 and 58%, respectively [36]. At the
same time, the percentage of SA conversion for the ASG ZnO sample

mal quantum efficiency (FQE, see Mills and Wang [41]) for all ZnO seed layers and

5 h ASG/500 ◦C 600 ◦C 5 h ASG/600 ◦C 700 ◦C 5 h ASG/700 ◦C

63.76% 75.94% 85.03% 31.37% 39.82%
2.38 × 10−8 1.68 × 10−8 4.22 × 10−8 7.09 × 10−9 5.22 × 10−9

2.53 1.78 4.48 0.75 0.55
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rown on a sapphire substrate pre-coated with a 180 nm-thick
eed layer deposited by PLD at 600 ◦C is 85% (Fig. 5(b)).

. Conclusions

ZnO nanowires’ arrays were grown at 95 ◦C for 5 h onto sap-
hire substrates, which were pre-coated with a ZnO seed layer
eposited by the PLD technique at various substrate tempera-
ures, namely 400, 500, 600 and 700 ◦C. In general, the crystallinity
f the ZnO seed layers as well as their orientation along the c-
xis increases with deposition temperature. The chemically grown
nO nanowires show narrower (0 0 2) reflections with significantly
igher intensity than the seed layers deposited by PLD. The grain
ize, as well as the seed layer roughness, gradually increases with
ubstrate deposition temperature. At the same time, the diameter
f the ZnO nanowires increases with seed layer’s deposition tem-
erature, ranging from ∼40 ± 15 nm for 400 ◦C to ∼155 ± 65 nm for
00 ◦C, respectively. This increase in the wires’ diameter is directly
elated to the corresponding increase of the seed layer’s grain
ize with deposition temperature. For higher deposition temper-
tures, i.e. 600 and 700 ◦C, the ZnO nanowires formed are much
etter aligned along the c-axis due to the increased crystallinity
nd homogeneity of the seed layers. On the other hand, the length
f all ZnO nanowires’ arrays lies in the range of 700–1000 nm,  indi-
ating that the only parameter that affects the nanowires’ length
s growth time. Both ZnO seed layers and nanowires’ arrays are
uite transparent in the visible regime. The Egap of the ZnO seed

ayers gradually increases with deposition temperature, most prob-
bly due to the corresponding increase in their grain size. The
hemically grown ZnO nanowires exhibit relatively high transmit-
ance values, especially the ones grown on sapphire substrates
re-coated with seed layers deposited by PLD at 400 and 500 ◦C,
amely 73.6 and 70.7%, respectively. All ZnO samples, including
eed layers and nanowires’ arrays, show very good photocatalytic
ctivity regarding the degradation of stearic acid under UV-A light
xposure. Among the seed layers deposited by PLD, the one fabri-
ated at 500 ◦C shows the best photocatalytic activity, degrading
A by 92.5% at 30 min  (FQE = 2.71 × 10−3). This is due to its very
ood crystallinity, c-axis preferred growth orientation and small
rain size (∼50 ± 5 nm), i.e., large surface area. When the depo-
ition temperature increases, the photocatalytic activity of the
nO seed layers drops, the percentage of SA conversion for 700 ◦C
eaches hardly ∼32% at 30 min  (FQE = 0.75 × 10−3), due to quite
arger grain size (∼122 ± 32 nm for 700 ◦C). In addition, the photo-
atalytic activity of the ZnO nanowires’ arrays is quite remarkable,
he percentage of SA conversion reaching 85% (FQE = 4.48 × 10−3)
nd ∼100% at 30 and 120 min, respectively, for the sample which
as chemically grown on top of a ZnO seed layer deposited by PLD

t 600 ◦C. The photocatalytic activity drop observed for 700 ◦C is
ainly attributed to the abrupt decrease of the aspect ratio (L/D)

f the ZnO nanowires’ array, i.e., (L/D) falls down to 4.55–11.11.
t is finally concluded that the application of the ASG technique
t 95 ◦C on sapphire substrates, pre-coated with ZnO seed layers
eposited by PLD, leads to one-dimensional ZnO nanostructures
ith enhanced photocatalytic activity, which is mainly controlled

y their surface-to-volume ratio (i.e., aspect ratio of the nanowires’
rrays, (L/D)), crystallinity, nanowires’ c-axis alignment, morphol-
gy homogeneity and light absorbance.
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