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Abstract

ZnO and Indium doped ZnO nanostructures with different morphologies have been synthesized by mild solvothermal method in the presence
of cetyltrimethylammonium bromide (CTAB), sodium dodecylsulfate (SDS) and Tritron X-100 as cationic, anionic and nonionic surfactants,
respectively. The hydrothermal growth mechanism was influenced by Indium impurity and surfactant. Hexagonal, flower, polyhedral and nearly
spherical morphologies of ZnO were obtained. The products were characterized by X-ray diffraction (XRD), field emission scanning electron
microscopy (FESEM) and transmission electron microscopy (TEM) methods. The role of surfactant charge on the ZnO growth orientation was
investigated and related mechanism discussed. The highest degradation rate constant was observed for In doped flower-like ZnO synthesized
using CTAB. The effects of In doping and surfactant charge on the structure, morphology, optical properties and photocatalytic activity (PCA) of
ZnO nanostructures were investigated and discussed in detail. Obtained results can be utilized in the synthesis of ZnO NSs with desired growth

orientation and consequently enhanced properties.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Among all the metal oxide nanostructures, ZnO with wide
and direct band gap and large exciton binding energy has
received more attention due to different ranges of morpholo-
gies and various important properties that can be tailored by
nanoscale morphologies, coupling with other semiconductors,
metal doping and multilayer coating [1-5]. ZnO has the
hexagonal close packed lattice with empty octahedral sites
[6]. Hence, there are plenty of sites for ZnO that can be
accommodated by the intrinsic defects and extrinsic dopants.
It is well known that doping of ZnO with selective elements
offers an effective method to adjust the electrical, optical,
magnetic and catalytic properties, which is important for
applications. Among all the common dopant elements, Indium
is unique, because induces some structural defects that forms
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different morphologies and also is an efficient donor species
for ZnO [7,8].

Today, one of the challenges in the ZnO related research
field is improving properties through controlling the morphol-
ogy and growth orientations. Polyelectrolytes [9], polymers
[10], anions [11], surfactants [12] or amines [13] have been
used as structure-directing agents for the synthesis of ZnO
nanostructures (NSs) via the solvothermal method as an
important chemical based synthesis route. High surface energy
makes inorganic NSs extremely unstable, chemical reactions
with the environment and also to self-aggregate of nanoparti-
cles tend to surface energy reduction. Properties of NSs are
size and shape dependent. These features of inorganic NSs
mostly depend on the conditions of synthesis that create
enormous difficulties in their fabrication and application.
One of the most efficient ways to overcome such problems
is surfactant-assisted fabrication of inorganic NSs. Over last
two decades, surfactant science has made much progress
in developing novel methodologies for synthesis of a great

0272-8842/$ - see front matter © 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

http://dx.doi.org/10.1016/j.ceramint.2013.09.085


www.sciencedirect.com/science/journal/02728842
http://dx.doi.org/10.1016/j.ceramint.2013.09.085
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2013.09.085&domain=pdf
www.elsevier.com/locate/ceramint
http://dx.doi.org/10.1016/j.ceramint.2013.09.085
http://dx.doi.org/10.1016/j.ceramint.2013.09.085
http://dx.doi.org/10.1016/j.ceramint.2013.09.085
mailto:rezapoor.mehdi@yahoo.com

3454 M. Rezapour, N. Talebian / Ceramics International 40 (2014) 3453-3460

variety of NSs with controlled size and well-defined morphol-
ogy. Different surfactants show different impacts on the ZnO
formation during synthesis, due to its structural characteristics.
Understanding about special features of surfactant that influ-
ence on the ZnO growth while synthesis can help us to predict
the surfactant manner while reaction, in order to manipulating
the material properties. In this work cationic, anionic and
nonionic surfactants have been used for synthesis and effect of
surfactant charge on the ZnO formation and its properties have
been investigated.

ZnO has been widely used in optoelectronics [14], different
sensor devices [6], dye sensitized solar cells [15] and also has
been applied as photocatalyst for the hydrogen production
[16], decomposition of organic pollutants [1] and also anti-
bacterial agent [17]. One of the major challenges in photo-
catalysis research area is improvement the catalyst activity in
the visible light, which possesses both the chemical stability
and high activity, because of its convenience and safety. In
order to extend the absorption of ZnO to visible light, some
kinds of modification approaches such as noble or transition
metal doping [4,18], oxynitride or nitrogen doping [19] and
using hybrid semiconductor systems [3] have been proposed.
Total surface area of catalyst plays an important role in the
capability of photodegradation, by inhibiting photogenerated
electrons—holes recombination and increasing contact of spe-
cies in media. The surface modification can be achieved
through improving morphology [1], defects of crystal structure
[1] and chemical compositions [4].

In this work, Indium doping and surfactant were used for
band gap manipulation and surface characteristic modification
of ZnO respectively. In spite of previous studies on preparation
and effects of dopants and surfactants, certain dopants like In
or evaluation of surfactant charge on the properties of ZnO, are
still remaining unclear. Herein, we report the effect of both In
doping and surfactant charge on the morphological, structural,
optical and photocatalytic activity (PCA) of ZnO NSs under
UV and Vis. irradiations. 2,4,6-trichlorophenol (TCP) was
chosen as a model pollutant for evaluation the PCA of
products. TCP commonly is used as pesticides, herbicides,
wood preservatives and defoliants [20]. Because of its high
toxicity, carcinogenic properties and structural stabilization in
the environment, the destruction of TCP has been concerned so
much [21].

2. Experimental

All chemicals were analytical grade and used as received
without further purification. InCl; - 4H,O was purchased from
Sigma-Aldrich Co. and all other chemicals were purchased
from Merck Co.

2.1. Synthesis

The ZnO and In doped ZnO NSs were synthesized via the
solvothermal synthesis method in an autoclave. In first step,
five 0.35 M zinc acetate dihydrate ethanolic solution were
prepared and labeled as 1, 2, 3, 4 and 5. Then, InCl;-4H,O

was added into the all solutions except number 1. The molar
ratio of InCl3.4H,0/Zn(CH3COO), - 2H,O was kept constant
at 0.05. CTAB, SDS and Tritron X-100 surfactants were added
to the solutions number 3, 4 and 5, respectively. The molar
ratio of surfactant/Zn was kept constant at 0.05. Subsequently,
4.00 ml HC1 was added drop by drop to all solutions. After
stirring for 40 min at 70 °C, each prepared solution was
transferred into individual cleaned stainless steel autoclave.
The autoclaves were sealed and maintained in an electric oven
at 170 °C for 17 h. Then, the autoclaves were cooled to room
temperature. The resulting white powders were collected from
the bottom of the Teflon container after decanting the super-
natant. Finally, the products were washed with distilled
deionized water and absolute ethanol several times and dried
in vacuum oven for 5h at 90 °C. The samples were abbre-
viated as follow: undoped sample as ZnO, In doped samples as
1ZO and In doped samples synthesized using CTAB, SDS and
Tritron X-100 as IZO¢, IZOg and IZOr, respectively.

2.2. Characterization

To characterize the ZnO products, X-ray diffraction (XRD)
were performed on a Bruker, D8 Advance XRD diffraction
spectrometer with a Cu Ko line at 1.5406 A and a Ni filter.
Field emission scanning electron microscopy (FESEM) was
done on a Cu-Ka, Philips, JEOL 6340 microscope, in order to
investigate the morphology. Transmission electron microscopy
(TEM) was carried out on a LEO system 912 AB. Particle size
analysis on catalysts has been carried out for many years as the
most direct way to predict the effective surface area available
for catalytic activity [22]. SEM and specially TEM methods,
provide particle size analysis from individual particles
observed in a micrograph. The technique gives localized size
information from the areas of sample where the images are
obtained. The counting can be carried out one by one
manually, or on a large scale by digital particle size analysis.
The results are number-averaged rather than volume-averaged.
Photoluminescence (PL) measurement was done using
Perkinelmer LS55 photoluminescence spectrophotometer at
room temperature with a Xe lamp as the excitation light
source. UV-Vis absorption measurements and TCP photode-
gradation monitoring were performed on a Shimadzu, MPC-
2200 UV-Vis spectrophotometer.

2.3. Photocatalytic experiments

ZnO powders (0.50 g L™ ") was suspended in an aqueous
TCP solution (50.00 ppm) at normal pH. The mixture was
stirred for 15 min in the absence of light to attain equilibrium
adsorption on the surface of the catalyst. Four 8§ W UV lamps
(Philips UV-C) were supplied as the UV source and a 500 W
halogen lamp as the visible light source. In the latter case, a
cutoff filter was applied to ensure that irradiation is completely
in the visible region. The distance between light source and
solution was kept 12 cm. Degradation process was monitored
through measuring the TCP concentration at A, in each
degraded solution by UV-Vis spectrophotometer.



M. Rezapour, N. Talebian / Ceramics International 40 (2014) 3453-3460 3455

3. Results and discussions
3.1. Structural properties

Fig. 1 shows XRD patterns of ZnO, 1ZO, IZOc, 1ZOg and
IZOt photocatalysts. All the diffraction peaks can be well
indexed to the hexagonal phase ZnO with a wurtzite structure
(hexagonal phase, space group P63mc) reported in JCPDS
card (No. 36-1451) [23]. The diffractograms of all ZnO
samples show three characteristic diffraction peaks related to
the (1010), (0002) and (1010) planes. To study the doping
effects on the crystallinity of the ZnO NSs, the intensity and
position of the (1010), (0002) and (1010) diffraction peaks
were monitored in detail (Fig. 2). In IZO samples, the intensity
of peaks was decreased considerably and the peaks position
was shifted slightly toward the lower angle side. Also, The
lattice parameter ¢ value for the IZO NSs was increased
slightly (0.5198 nm to 0.5288 nm for IZO samples). These can
be attributed to the loss of crystallinity. The radius of In** and
Zn”>" in the ZnO crystal is expected to be 76 pm and 74 pm,
respectively [24]. Therefore, difference between charge density
of In and Zn deforms significantly ZnO lattice. The peaks
position shift, decreasing intensity of peaks and increase in
lattice constant are related to the lattice expansion due to larger
radius of In. Diffusion of Indium into ZnO lattice induces high
activation energy; this fact suggests that there is a different
diffusion mechanism involved. Therefore it is assumed that In
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Fig. 1. XRD patterns of (A) ZnO, (B) 1ZO, (C) IZO¢, (D) IZOg and (E) IZOr.
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Fig. 2. XRD patterns of (A) ZnO, (B) IZO, (C) IZOc, (D) 1ZOs and (E) IZOt
in the 31-37 26 range.

ions occupy substitution lattice sites. Furthermore, since In ions
cause increase of conductivity; consequently it cannot enter the
lattice accompanied by a compensating zinc vacancy [25].

FESEM and TEM images of ZnO NSs were shown in
Figs. 3 and 4 respectively. It is clear that morphologies of ZnO
NSs were affected considerably by the both In doping and
surfactant type. Undoped ZnO, IZOg and IZOt show hexago-
nal shape with flat planes, nearly spherical and polyhedral
shape, respectively. IZO and IZOc also showe spindle-like
tapered with flower-like architecture.

The four most common terminated facets of wurtzite ZnO,
are the polar Zn terminated (0002) rich in zinc and O
terminated (0002) rich in oxygen, and also the nonpolar
(1020), (1010) facets which both contain an equal number
of Zn and O atoms [26]. Various properties of ZnO like surface
electronic structure, chemical stability and catalytic properties
depend on its polarity. For instance photocorrosion of ZnO
under UV irradiation that often results in decreasing PCA in
aqueous solution depends on the crystal facet [27]. For ZnO,
the growth of the crystal is preferentially in the c-axis (0002).
However the morphology, preferred growth orientation and
aspect ratio, change with reaction media. This may be resulted
from two interactions (1) the kinetically growth control of the
certain crystal surfaces under different surfactants and (2) the
electrostatic interaction between the positively charged (0002)
facet of the ZnO crystal and charged chemical species. Thus
surfactants can influence on the nucleation of the ZnO crystals
as well as the preferential direction of crystal growth. Accord-
ing to latter interaction mechanism, similar molecular charge
of CTAB as cationic surfactant and the (0002) plane, cause
repulsion on the related plane boundary. So, for reaching more
stabilization on the c-plane, the growth along the (0002)
direction increases, resulting to spindle-like tapered with
flower-like architecture. On the contrary, the negatively
charged SDS molecules cause adsorption on the c-plane. Such
interaction tends to energy on the c-plane decreases, so
compression on the crystal in (0002) direction occurs, resulting
to nearly spherical NSs. In the absence of electrostatic
interaction when using Tritron X-100 as nonionic surfactant,
the crystal can be grown in almost all main facets, so
polyhedral morphology results. In fact, Tritron X-100
decreases media interactions around the crystal facets and
allows planes to growth. Synthesized undoped ZnO shows the
hexagonal shape with growth along the m-plane direction,
whereas IZO shows the flower-like shape with growth along
the c-plane direction. Probably incorporation of In ions into the
(0002) plane lead to increasing the energy of facet, resulting
instability as well. So for reaching more stability, growth along
this direction occurs. Existence of surfactant in the synthesis
media can alter the surface energies of various crystallographic
planes to promote selective anisotropic growth of nanocrystals
through adsorption. The same charge of preferred growth plane
and surfactant lead to repulsion on the surface. Therefore the
surface energy of related plane increase and growth along this
direction increase as well, in order to reaching stabilization on
the surface. Thus flower-like IZO¢ in the presence of CTAB
contains longer spindles then IZO. Table 1 shows the aspect
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Fig. 3. SEM images of (A) ZnO, (B) 1ZO, (C) I1ZO¢, (D) IZOs and (E) IZOr.

ratio of the (0002)/(1011) planes obtained from both the
FESEM and XRD methods. Because In ions were not
distributed uniformly in ZnO lattice, IZO and IZO. samples
show spindle-like tapered facet whereas ZnO show flat facet.

Average diameters of ZnO NSs obtained from both FESEM
and TEM analysis were shown in Table 1. The average
diameter of the synthesized IZO NSs using CTAB surfactant
is smaller than other samples. This may due to the strong
interaction between CTAB and nonpolar horizontal crystal
facets of ZnO.

3.2. Optical properties

Fig. 5 shows UV-vis absorption spectra of synthesized ZnO.
In IZO samples, the absorbance spectra have been broadened
to the lower energy. The Eg values were calculated from the
previous reported method [28], and are as follows: ZnO
(3.12eV), IZO (294 eV), 1ZOc (2.87¢eV), IZOs (2.89 eV)
and IZOt (2.99eV). It gives an evidence for the energy
broadening of valence band states attributed to the doping.
As the In ions incorporate into the ZnO crystals lattices, the
localized band edges states form at the doped sites, resulting to

red shift of UV-vis absorption bands, which indicates the
appearance of a new donor level, from where the electrons can
be excited to the conduction band by less energy. The highest
red shift of UV-Vis absorption bands and UV-Vis absorption
intensity were observed for IZO¢ sample. The lowest absorp-
tion edge energy, suggested that more absorption states or
defect energy bands exist in the sample [29]. The enhanced
absorption related to IZO NSs probably is due to increased
carrier concentration because of In doping.

It is well known that PL is a sensitive technique for
determining the defects of semiconductors. Fig. 6 shows the
room temperature PL spectra of the synthesized ZnO NSs,
applying 325 nm excitation wavelengths. There are remarkable
differences between the PL spectra of doped and undoped ZnO
samples. Enhancement of the PL in respective curves was
clearly observed. The most intense emission bands are related
to IZOc sample. Before doping, a broad UV emission peak
ranging from 360 to 500 nm was observed due to recombina-
tion of donor-bound exciton associated with defect pairs (D,
X) emissions [30]. In the ZnO PL spectra, the visible emission
strongly depends on the crystal defects [30]. Such visible
emissions can be tailored by morphology [1], changing the
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Fig. 4. TEM images of (A) ZnO, (B) 1ZO, (C) IZO¢, (D) 1ZOs and (E) IZO+.

Table 1
Structural and optical characteristic of synthesized ZnO nanostructures.

Sample Morphology (0002)/(1()T1) Intensity ratio Size (nm) (TEM) Size (nm) (FESEM) Aspect ratio (FESEM)
ZnO Hexagonal 0.61 81 50 -

17O Flower 0.76 59 64 4.8

1Z0c¢ Flower 0.97 49 46 10.7

1Z0g Spherical 0.55 56 61 -

1720+ Polyhedral 0.66 69 72 -

annealing temperature [31], doping concentration [32] and  centered at A &~ 395 and 430 nm. Such emission previously was
excitation wavelength [33]. The PL spectra of synthesized 1ZO observed for undoped ZnO. It has been suggested that origins
samples showed very intense blue—violet double broad peak from hole trapping effect by the amine groups on the surface
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Fig. 5. UV-Vis absorption spectra of (A) ZnO, (B) 1ZO, (C) IZO¢, (D) 1ZOg
and (E) IZOy in 370-440 wavelengths range.
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Fig. 6. Photoluminescence spectra of (A) ZnO, (B) 1ZO, (C) IZO¢, (D) 1ZOg
and (E) 1ZOr.

of the ZnO [34] and also transition from conduction band to
Oz, level [35]. In our samples, it could be associated with a
luminescent center represented as (Iny,—Vy,)”, which was
formed by a doubly ionized zinc acceptor vacancy defect
(VZ,,)Z_ and an ionized impurity donor (Inz,)" [36]. There-
fore, synthesized samples are promoted for the blue—violet
light emitters and detectors and also blue lasers. Green
emission observed around 530 nm wavelengths is attributed
to the oxygen vacancy (Vo) [37]. Also, a visible emission band
centered at 480 nm was observed that is related to interstitial
Zn defects [38]. All the samples showed a weak spectrum
around 610 nm related to yellow emission. The yellow
emission is attributed to oxygen interstitials (O;) [39].

3.3. Photocatalytic properties

Photocatalytic degradation of TCP under UV and visible
irradiation was performed to investigate the PCA of synthe-
sized ZnO NSs samples. Fig. 7 shows changes in the UV
absorption intensity of TCP during different time intervals of
photocatalysis process. We expect to improving PCA ZnO
samples with respect to morphology, band gap energy, average
particle size and vacancies results. Figs. 8 and 9 show In(Cy/C)
versus time curves of the TCP photocatalytic degradation over
the ZnO, 1Z0O, IZO¢, 1Z0Og and IZOt photocatalysts under UV
and visible irradiation respectively. The kinetic data of the
TCP photodegradation over synthesized samples fit well to the
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Fig. 7. UV spectral changes of TCP, recorded during the phtodegradation at
different time intervals. Conditions: 0.50 gL~' 1ZO¢, 50.00 ppm TCP,
normal pH.
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Fig. 8. Photodegradation kinetic plots with first-order linearity of In(Co/C)=f
(t) of Blank: in the absence of UV light, (A) ZnO, (B) 1ZO, (C) IZO¢, (D)
1ZOs and (E) IZOr photocatalyst under UV irradiation.
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Fig. 9. Photodegradation kinetic plots with first-order linearity of In(Cy/C)=tf
(t) of Blank: in the absence of visible light, (A) ZnO, (B) 1ZO, (C) 1ZO¢, (D)
1ZOg and (E) IZOr photocatalyst under visible irradiation.

pseudo first order kinetic model. Because the correlation
between In(Cy/C) and irradiation time (t) is in a good linear
(R*>0.99). The apparent photodegradation rate constants
were calculated from the slopes of related curves (Table 2).
It was observed clearly that PCA of ZnO was affected by
both In doping and morphology. ZnO photocatalyst showed
good response to visible light, when incorporation In to ZnO



M. Rezapour, N. Talebian / Ceramics International 40 (2014) 3453-3460 3459

Table 2
TCP photodegradation rate constant in the presence of ZnO nanostructures
under UV and visible irradiation.

Sample K 1.0 x 10~ %(min)
UV irradiation Visible irradiation
Zn0O 10.0 -
170 14.0 8.0
1Z0c 29.0 17.0
1Z0g 22.0 10.0
1701 17.0 6.0

lattice. Also among all of the synthesized samples, flower-like
IZO¢ under both UV and visible irradiation showed highest
photodegradation rate constant and so best PCA as well.

It is generally accepted that, when nanostructure semicon-
ductor are irradiated by light with energy higher or equal to the
band gap, electron in the valence band can be excited to the
conduction band with the simultaneous generation of a hole
(h*) in the valence band. The photoelectron can be easily
trapped by electronic acceptors like adsorbed O,, to produce a
superoxide radical anion (O ); whereas the photo-induced
holes can be easily trapped by electronic donors, such as
organic pollutants, to further oxidation of organic pollutants
[40]. As seen from kinetic data, photocatalytic rate constants of
Indium doped ZnO samples under visible irradiation are close
to UV irradiation one. The activation of IZO photocatalyst
under visible light is mainly attributed to capability of the
absorption in the visible region and band gap narrowing of
ZnO modified with In doping (Fig. 5). Such occurrences can
increase the efficiency of photo-generated electrons and holes
formation to participate in the photocatalytic reaction.

PCA order of synthesized samples under both UV and
visible irradiation are as follows: IZOc > 1Z0g > 120 >
IZO1 > ZnO. Defects, surface area and absorption intensity
of samples can explain the reasons of this sequence. One of the
important cases is vacancy. The sample with higher vacancies
as indicated in PL spectra (Fig. 6) shows higher rate constant
too. In general, vacancies due to defects in ZnO NSs can act as
the active centers to capture photo-induced electrons. This
occurrence causes reduction of recombination, causing to
higher activity [41]. Because photodegradation occurs on the
solid—solution interface, surface area is another important
factor that governs rate constant. The reachable surface area
of IZO¢ because of its unique morphology is much more than
other products. Additional possible reason may be due to the
high UV-Vis absorption intensity of IZO that tend to increase
light-harvesting efficiency (Fig. 6).

4. Conclusions

To comprehend the role of surfactant characteristics on the
crystal growth and properties of ZnO NSs, effect of surfactant
charge was investigated. Results indicated that because ZnO is a
polar semiconductor, surfactants through adsorption and electro-
static interaction can influence on the growth orientation. So, when

using anionic surfactant like SDS, due to adsorption on the
¢+ plane, no growth along this direction was observed and when
using cationic surfactant like CTAB, due to repulsion on the
c+ plane, instability occurred, and growth along this direction
increased. Also growth along all main facets was observed, when
using Tritron X-100 as a nonionic surfactant. Obtained results can
be utilized in the synthesis of ZnO NSs with desired growth
orientation, consequently enhanced properties. ZnO NSs also was
doped with In ions. Surface characteristic modification with
surfactant and band gap manipulation with In dopant, enhanced
remarkably optical and photocatalytic properties. Synthesized
samples showed very intense blue-violet PL emission and also
high PCA under visible irradiations that is very important for
optical devices and chemical pollutant treatment applications
respectively.
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