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Zinc oxide (ZnO) nanorods (NRs) with various aspect ratios (by
changing the growth time between 0-240 min) were synthesized
using hydrothermal method and were investigated using X-ray
diffractometry (XRD), scanning electron microscopy (SEM) and
UV-Visible and photoluminescence (Pl) spectroscopies. It was

found that growth timeis directly related to the length, orientation
and aspect ratio of the NR arrays.The optical transmittance of NR
arrays indicated a regular decrement of average transmittance with
increasing the length and aspect ratioof the NRs in the visiblerange.
The porous ZnOnanorod grown for 240 min with the thickness of
~ 1.56 um and texture coefficient of 0.96 exhibits some interesting
properties like average visible transmittance of ~ 60%, refractive
index of 1.34, packing density of 0.26 and lowest optical band gap.
As the growth time increased, the PL intensity sustained a general
weakening and a red-shift of UV-emission peak position. The UV-
assisted photocatalytic degradation of 4-Nitrophenol (4-NP) of
ZnO NRs were investigated. The considerable photocatalytic
performance of ZnO NRs with highest aspect ratio was explained
by its porosity and optical characteristics.
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1. Introduction generation of electrons and holes (e/h) in

Among the various optoelectronic materials,
zinc oxide has been tremendously studied due
to its wide band-gap energy (~3.37 eV), large
exciton binding energy (~60 meV) and simple
synthesis procedures [1-4]. These outstanding
intrinsic properties have made the ZnO
nanostructures as the most promising material
for a wide range of uses in photonic crystals
[1], transparent electrodes [2], ultraviolet (UV)
light emitters [3], and photocatalyst
applications [4]. In photocatalytic applications,
ZnO acts as a sensitizer for light-induced
redox interactions. More specifically, the
photocatalytic chain reaction contains (i) co-
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conduction and valence bands by photo-
excitation; (ii) trapping the photoexcited
electrons and holes by the surface groups to
ultimately produce the hydroxyl radicals (-
OH), which is known as the primary oxidizing
species, and (iii)) the hydroxyl radicals
commonly mineralize the adsorbed organic
substances [5]. However, bulk ZnO generally
suffers from its negligible active surface area
and wide band-gap.

Thus, some efforts have been made to
regulate the photocatalytic properties of ZnO
by changing its morphology [6] and doping by
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other additives [7]. Recently, Akhavan et al.
[8] reported that ZnOnanorods (NRs) is the
most favorable morphology for photocatalytic
inactivation of E. Coli bacteria. More recently,
Zhang et al. [9] synthesized high aspect ratio
ZnO NRs on Zn foil and reported a remarkable
photocatalytic efficiency and stability of
ZnOnanorods compared to other similar
works. Nevertheless, according to our
knowledge, none of these researches have
done a complete study on the relation between
length and aspect ratio of ZnO NRs with
optical characteristics and their natural
extreme photocatalytic activity which is the
main objective of this study. A number of
studies have been published for controllable
the growth of ZnO NRs, i.e. vapor-phase
transport [10-12], pulsed laser deposition [13],
chemical vapor deposition [14,15],
electrochemical deposition [16], hydrothermal
growth of nanorods [Error! Bookmark not
defined.17-19], and molecular beam epitaxy
[20]. Among the introduced methods, aqueous
hydrothermal method has some advantages
like its simplicity and low growth temperature,
safety, cost-effectiveness. Thus, in this work,
ZnO NR arrays with various aspect ratios (by
changing the growth time) were synthesized in
hydrothermal bath and their optical and
structural characteristic were analyzed and
compared. Afterwards, the photocatalytic
performance of the samples was evaluated
through degradation of 4-nitrophenol dye. In
this study, 4-nitrophenol was selected as the
model pollutant since it is a representative
nitrophenol type contaminant and the most
refractory pollutants, which can be present in
industrial wastewater because of their high
stability and solubility in water but little has
been reported on its removal by ZnOnanorod
arrays.

2. Experimental
2.1. Preparation of ZnO NRs
At first, microscopic glass slides were cleaned
by acetone, ethanol and deionized water to
remove the contaminants. Afterward, ZnO thin
films were spin-coated onto each clean glass
substrate to prepare the seed layer for NRs
growth.

The spin-coating sol was prepared by a
mixture of 0.05 M zinc acetate dihydrate and

0.06 M diethanolamine dissolved in ethanol.
The solution was stirred at 60 °C for 20 min to
become clear and homogeneous. Afterwards,
the prepared sol was spin-coated onto the glass
substrates at 3000 rpm for 30 sec. The coated
films were dried at 180 °C for 10 min to
evaporate the solvent and organic residuals.
This procedure was repeated 5 times to
produce a desired thickness of uniform ZnO
films. Finally, the films were annealed at 500
°C for 1 h in air. Subsequently, after rinsing
the ZnO seed layers by DI water, ZnO NRs
were grown on the seed layers by suspending
the samples in a super-saturated aqueous
solution of 0.001 M zinc nitrate and 0.1 M
sodium hydroxide at 70 °C for 20, 40, 60, 120
and 240 minutes. Then the samples were
cleaned by deionized water to remove the
residual salts and annealed at 500 °C for 1 h.

2.2. Characterization

The surface morphology of samples was
depicted by scanning electron microscopy
(SEM, VEGA, TESCAN). Also, due to the
importance of seed layer topography and
roughness for growth of NRs, the seed-layers
were studied by atomic force microscope
(AFM) using a Park Scientific model CP-
Research (VEECO) apparatus. The structural
characterization of samples was evaluated by
X-ray diffractometry (XRD) using X’Pert
PRO, Philips. The thickness of seed layer and
NR thin films was evaluated by a thickness
profilemeter using a Stylus-Dektak. Room
temperature photoluminescence spectra (PL)
were taken on a PL-Perkin-Elmer LS55
equipped with a 450W Xe lamp as the
excitation source.

2.3. Photocatalytic study

In a typical process, the experiments were
carried out through decolorization of a Sppm
4-NitroPhenol (4-NP) solution with PH of 6.
Prior to illumination, each sample was sank in
solution for about 2 h in the dark to obtain
adsorption-desorption equilibrium. Then, the
samples were placed into the prepared
solutions and were irradiated by a 400 W
metal-halide lamp. Afterwards, the
degradation was measured by taking out 3 ml
aliquots at regular time intervals and
monitoring their optical transmittance using a
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double beam UV-Vis spectrophotometer at
400 nm wavelength.

3. Results and discussion

Fig. 1a shows the XRD patterns of ZnO NR
arrays grown in 20, 60 and 240 min. The X-ray
diffraction peaks of ZnO NRs grown for 20
min are not clear and only very weak peaks
appear. Thus, to have a better depiction of the
XRD peaks of NRs grown for 20 min, their
XRD patterns were plotted individually in Fig.
2b. As can be seen in the inset of Fig. 1b, the
peaks of the (100) and (002) planes are almost
better distinguished.

The lack of any preferential orientation for
this sample revealed that NRs are still in the
initial stage of growth [21]. Although the
diffraction peaks of the sample grown for 20
min are very weak, the 60 and 240 min grown
samples show sharp peaks corresponding to
the (100), (002), (101), (102) planes,
indicating that both of the samples are
crystallized in a preferential texture of
hexagonal wurtzitestructure (JCPDS NO. 36-
1451). Quantitative information concerning the
preferential crystal orientation can be obtained

[2]
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from the texture coefficient, TC, defined as
(18]

TC (hkl) = — KD /T, (hk)

(1/m)> " 1(hkl)/ 1, (hkl)
" ey

Where I(hkl) is the observed intensity of the
(hkl) plane, Iy (hkl) is the relative intensity of
the corresponding plane given in the XRD
reference (JCPDS 36-1451), and N is the total
number of diffraction peaks. With increasing
the growth time, the above-mentioned ratio
(TC) increased considerably and estimated to
be 0.14, 0.72 and 0.96 for NRs grown in 20, 60
and 240 min, respectively. Also, the mean
crystallite size of the samples using the
Scherrer equation [22] were obtained as
~19.01 , 22.24 and 39.82 nm for the ZnO NRs
grown in 20, 60 and 240 min, respectively. It
can be observed that with increasing the time
of equilibrium growth of NRs in the
hydrothermal bath, both the length of NRs
toward the preferred orientation and the size of
the crystallites increased. Moreover, as it was
expected, the broad peak between 20°-35°
originated from the amorphous glass substrate
of the samples gradually disappeared by
thickening of the ZnO NRs layer.
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Fig 1.a) The X-ray diffraction patterns of ZnO NRs grown in hydrothermal bath for 20, 60 and 240min and
b) magnified image of XRD patterns of ZnO NRs grown for 20 min. The inset shows locally magnified
window of the (100) and (002) peaks for the sample grown for 20min.

The surface morphology of a seed film on
glass substrate is shown by an AFM
micrograph in Fig. 2. The seed layer appears to
be a dense and almost without porosity film
with average grain size ranging between 20 to

50 nm. The root mean square (RMS) surface
roughness of the film was ~1.73 nm, indicating
a nearly smooth and uniform layer for growth
of NRs.
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Fig 2. AFM microghraph of ZnO seed layer.

Fig. 3 shows the SEM image of the NR
arrays grown at various times. Obviously, for
the sample grown for 20 min, it is hard to talk
about the formation of ZnOnanorods. In fact,
some occasional nano-features are seen in the
image. It means that under the applied
conditions for hydrothermal growth, the NRs
are in the initial states for crystallization and
growth (in good agreement with the XRD
results).

With increasing the time of growth to 60
min, a close-packed array of NRs with an
average diameter of ~ 80 nm is formed.
Moreover, the SEM image of ZnO arrays
shows that the growth direction of NRs is
nearly toward the normal direction of
substrate. The growth mechanism of ZnO NRs
in aqueous solution is based on heterogeneous
nucleation and subsequent crystal growth on
the seed layer. During the hydrothermal
growth, an equilibrium point between the
precipitation and etching reactions between
supersaturated Zn(NOs)? and ZnO coated seed
layer is established. In this state, Zn(NOs3),
hydrolyses in alkaline solution and forms the
complexion  [Zn(OH);.a (n = 2 or 4).
Predominantly, the following reactions have

been proposed for ZnOnanorods precipitation
[8]:
2[Zn(0H),]>™™ = [Zn,0(0H);,-,]* %" + H,0

With increasing the temperature up to 70 °C,
the complexes dehydrate [] on the surface of
growing crystals which results in the
heterogeneous growth at the interface between
the substrate and solution especially along the
most closely-pack direction [0001] with the
lowest energy planes [ 25]. Accordingly, it
could be seen that with increasing the growth
time, the average NRs diameter obtained from
SEM images increases a little from ~ 80 nm to
~ 100 nm for NRs grown in 60 and 240 min,
respectively, while the lengths of NRs
obtained from Dektak were estimated ~ 85 nm,
353 nm, 895 nm, 1.25 pm and 1.56 pm for 20,
40, 60, 120 and 240 min grown ZnO NR
samples, respectively. Therefore, one can
conclude that the (002) plane is preferentially
grown rather than any other planes. In this
regard, Abbasi et al. ["'] suggested that nitrate
anions facilitate the preferential growth of high
energy (002) plane toward [0001] direction of
ZnO unit cell in an alkaline growth solution.
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Fig 3. the SEM images of NR films grown in hydrothermal bath for a) 20, b) 60 and c¢) 240 min.

Fig. 4 shows the room temperature
photoluminescence (PL) spectra of ZnO NR
films grown for 20, 60 and 240 min. To
evaluate and compare the photoluminescence
of each sample, the emission spectra were
deconvoluted by Gaussian function to the four
distinct peaks. The sharp peaks at ~402 nm are
assigned to UV-emission due to recombination
of free excitons. The visible emissions at ~467
and 522 nm (blue and green emissions) mainly
originates from the different defect states such
as existence of Zn-interstitials and O-vacancies
in lattice structure of ZnO. The broad emission
band between 400-700 nm observed in all
samples is assigned to deep level emission
band (DLE) []. It can be observed that the

a) (1) 20min
|:(2) 60min

(3) 240min|

PL Intensity (arb. u.)

450
wavelength(nm)

b)

intensity of PL peaks decreased and UV-
emission peak position is red-shifted from (A =
397.5 nm, Intensity = 75.5 arb. u.) to (A=410.3
nm and Intensity = 8.66 arb. u.) with the
increase of NR films thickness. The UV-
emisson red-shift could be explained by the
regular multi-dispersity of incident light
among the prolonged ZnOnanorods. The same
observations are made in optical absorption
and also edge of absorption (as optical band
gap) . Moreover, the increment of the defect
induced peak to free exciton peak for NRs
with higher aspect ratio (or length) could be
due to an increased number of surface states
occupied by lattice defects for longer NRs [*].
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Fig 4.a) Photoluminescence spectra of hydrothermally grown ZnOnanorods for various time of growth
measured at room temperature and b) deconvolution of the PL spectrum of ZnOnanorods grown for 60 min in
hydrothermal bath.
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The transmittance and reflectance spectra of
ZnO seed and NR films in the range of UV-
Vis are shown in Fig. 5a,b. The transmittance
of the seed sample is about 90% while it
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decreases to about 60% for ZnO NRs grown
for 240 min. The decrement of optical
transmittance is associated with light scattering
and absorption by the surface of NRs [“-'1].
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Fig 5. Optical transmittance and reflectance spectra of ZnO a) seed layer, and hydrothermally synthesized
NRs grown for b) 20, ¢) 40, d) 60, ¢) 120 and f) 240 min.

Using the optical spectra, one can evaluate
the band gap energy (E,) of the samples. At
first, the optical density (defined as the product
of the absorption coefficient and thickness of
the film) can be evaluated as at =In(100/T) in
which o, t, and T are the absorption
coefficient, thickness and transmittance of the
film, respectively. The optical density is
utilized to obtain E; of the thin films by
plotting the curve of(athv)1/m versus hv for the
relation athv = A(hv—E,)"where A is a

constant and 1 is another constant which
depends on the nature of the transition. For the
ZnO-based materials, it is assumed that n = 1/2
corresponding to the direct allowed electron
transition mechanism. Therefore, just at the
beginning of the absorption region (hv ~ Eg)

where the plot of (athv)® versus hv shows a
linear behavior, the intercept of the
extrapolated fitted line with the hv axis gives
the optical band gap energy. Fig. 5S¢ shows the
graphical presentation of (athv)’ versus the
incident photon energy (hv). The band gap
energy of the bare ZnO thin film was found to
be about 3.3 eV which is consistent with the
band gap energy usually reported for bulk ZnO
(3.2 eV). It can be seen that by increasing the
length of ZnOnanorods, the value of Eg
decreases from ~3.3 to ~2.1 eV. Therefore,
ZnOnanorods grown in prolonged times
appropriately absorb the wvisible light
irradiation. The decrease in the band gap can
be attributed to the multiple scattering and
absorption of incident wavelength between
lengthy nanorods (see Fig.7).
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Concerning the thickness of ZnO NRs
measured by Dektak, the absorption
coefficient can be obtained by the following
formula ["']:

0.8+

Extinction coefficient (a.u.)

(1-R)*
In( T )
d @
The sharp absorption edge of ZnO seed
sample observed at ~380 nm is very close to
the intrinsic band gap of bulk ZnO (3.37 eV).
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Fig 6. The calculated absorbance and extinction coefficient of ZnO a) seed and NR thin films grown in b) 20,
¢) 60, d) 120 and e) 240 min of hydrothermal bath.

The incident light can pass through the
lateral surfaces of the rods, and multiple
scattering of UV among those gaps may occur,
as schematically shown in Fig. 7. Therefore,

the regular increment of absorption coefficient
could be explained by higher poly-dispersity
of UV and/or visible emissions with increasing
the length of NRs [28].
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Fig 7. Schematic of incident light interaction with ZnOnanorod samples with various length.

Using the values of the absorption
coefficients, calculated by the above
mentioned formulas, the extinction coefficient
can be obtained from below relation:

oA

_ oA 3
k i 3)

The calculated extinction coefficient of ZnO
seed and NRs is shown in Fig. 5. The
extinction coefficient of the seed layer is
negligible (near to zero), while it increased by
the growth of NRs. The refractive index of the
ZnO seed and NR films were calculated by the
following relation:

1+R 4R 2
n=—-— —
1I-R \(1-R) 4)

Where n is the refractive index and £k is
extinction coefficient. It is worth noting that
the refractive index changes sharply near the
optical absorption edge and then tends to be
constant in the visible region [*]. Therefore,
the refractive index was calculated at the
typical wavelength of 600 nm for all samples
and summarized in Table 1. The refractive
index of ZnO seed layer was calculated to be

~2.01 which is in close agreement with the
literature [*]. Also, the refractive index of the
NR films decrease with increasing the growth
time. In this regard, it is suggested that the
reduction of the refractive indices with
growing the length of NRs could be mainly
attributed to the increment of absorption
coefficient [¥]. In order to evaluate the extent
of inter-columnar volume and voids between
ZnO NRs, the porosity of the films is
calculated using Lorentz—Lorentz equation
[:

| {[(nf -/’ +2)]}

(0 =D/(n;” +2)] 5)

Where ny is the refractive index of the ZnO
NR films and #, is the refractive index of a
dense ZnO thin film which is widely accepted
to be 2. It is clear that the porosity of the
analyzed films increased considerably by
increasing the length of NRs which could be
the rational result of NRs growth [it is
supported by SEM photographs, Figs. 3 and
XRD pattern, Fig. 1].

Table 1.The refractive index, calculated porosity and photocatalytic kinetic constant of ZnO seed and NRs
grown in various time of hydrothermal bath.

Growth time 0 (Seed sample) 20 40 60 120 240
Refractive index 2.01 1.9 - 1.7 1.4 1.3
(at A = 600nm)
porosity 1 0.07 - 0.23 0.51 0.74
k (h'!) 0.05 0.069 0.16 0.18 0.33 0.30
For comparison, Moustaghfir et al.[2] and porosity of the radio frequency magnetron

reported the refractive index (at A=633 nm)

sputtered ZnO film (with thickness of ~800
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nm) 1.89 and 0.07, respectively, which is in
close agreement with our results.

The photocatalytic activities of all samples
were compared by measuring 4-NP solution

04
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° E °
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decolorization under light irradiation. The
typical degradation of 4-NP molecules for
ZnO NRs grown for 240 min is shown in Fig.
8.
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Fig 8. The typical 4-NP photocatalyticaldecolorization using 240 min grown ZnO NRs as catalyst.

To estimate and compare the photocatalytic
performance of ZnO seed and NRs, the
absorption values at A=400 nm were measured
(Fig. 9). Moreover, it was found that the
photodegradation reaction of 4-NP by ZnO
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NRs follows from pseudo-first-order kinetic
model. The extracted kinetic constants from
this model for all samples are summarized in
Table 1.
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Fig 9.a) photocatalytic degradation and b) corresponding kinetic constant rate modeled by pseudo-first-order
of 4-NP by ZnO seed and NRs.

It is clear that among the samples, the ZnO
NRs grown for 120 and 240 min show the
highest  photocatalytic ~ activity = under
UV/Visible light (metal-halide light source).
This can be explained by three main reasons;
1) the optical absorption and correspondingly

extinction coefficient of ZnO NRs is extended
in the visible light range with increasing the
NRs length, 2) the PL UV-emission band
which is related to the recombination of
electron/hole pairs decreased considerably [38]
and 3) higher porosity (calculated from
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refractive index) and subsequently higher
surface effective area of prolong grown ZnO
NRs [39].

4. Conclusions

This work provides a systematic study on the
growth of ZnOnanorod arrays by hydrothermal
method. It was observed that nitrate anions
cause the preferential growth of ZnO crystals
toward [0001] direction in  alkaline
hydrothermal bath. The crystallite size was
found to be increased from ~19.01 to 39.82 nm
with increasing the growth time from 20 to
240 min. The optical results also showed that
with increasing the length of NRs, the
absorption coefficient decreased and red-
shifted. The simultaneous decrement of PL
near the band gap emission, red-shift of the
optical edge of absorption and higher
calculated porosity show an optimized state for
photocatalytic performance of ZnO NRs with
longer length.
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