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a b s t r a c t

Shape-controlled ZnO nanostructures were synthesized through a facile soft-chemical approach by vary-
ing the concentration of OH− ions. X-ray diffraction and Raman spectra reveal the formation of highly
crystalline single-phase hexagonal wurtzite nanostructure. It has been observed that the concentration
of OH− ions plays an important role in controlling the shape of ZnO nanostructures. TEM micrographs
vailable online 5 April 2011
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indicate that well-spherical particles of size about 8 nm were formed at lower concentration of OH− ions
whereas the higher concentration of OH− ions favor the formation of nanorods of length 30–40 nm. The
optical studies confirmed that the band gap and near band edge emission of ZnO nanostructures are
strongly dependent on the shape of particles. Furthermore, the decrease in the intensity of green emis-
sion as shape of particles changes from sphere to rod indicates the suppressing of defect density, which

toca
hotocatalysis
agnetism

in turn influences the pho

. Introduction

ZnO nanostructures with a wide bandgap (3.37 eV) and large
xciton binding energy (60 meV) at room temperature have been
he subject of intense research because of their unique electrical
nd optical properties [1–4]. Recently, ZnO has been used as an
lternative to TiO2 for photocatalytic degradation of organic con-
aminants due to its non-toxic and higher photocatalytic efficiency
ith good sensing behavior [5–7]. ZnO nanostructures with high

urface area exhibit higher photocatalytic activity for the degrada-
ion of organic pollutants in water than their bulk counterparts.
n addition, these ZnO catalyzed reactions can be performed in
early neutral solution, which is an added advantage of ZnO over

ts competitors and makes ZnO, a significant candidate for envi-
onmental detoxification by photocatalysis. However, an efficient
hotocatalytic process requires the suppression of electron–hole
ecombination by trapping of charge carriers at defect states such
s oxygen vacancies. Thus, the photocatalytic activity of ZnO can
e refrained either by presence of inherent defect states related to
hape, size and morphology, or intentionally created defect states
ithin the band gap through doping with transition metal ions
8–11]. Although ZnO structures can be realized in varieties of
orms, such as nanoparticles [5,15], nanowires [4], nanorods [12],
anotubes [13], nanohelices [14], nanobelts [3], nanotetrapods [15]
nd nanoclusters [11], the studies concerning the effect of ZnO
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talytic activity and ferromagnetic-like behavior of ZnO nanostructures.
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shape and size on its photocatalysis are very scarce [16–19]. Chu
et al. observed that the photocatalytic behavior of ZnO is strongly
dependent on the surface structure [18]. Zheng et al. reported that
the photocatalytic activity of ZnO nanocrystals is mainly dependent
on the type and concentration of oxygen defects [19]. Furthermore,
oxygen defects in ZnO nanostructures have been demonstrated to
impart ferromagnetic behavior with a Curie point above room tem-
perature [12,20–23]. Thus, the study of defect induced properties of
ZnO nanostructures with controlled shape and size is essential for
their potential application in the diverse area of nanotechnology.

Herein, a facile soft-chemical approach is demonstrated for
the fabrication of shape-controlled ZnO nanostructures at low-
temperature without using any complexing agents such as
surfactants or polymers. It has been observed that the morphology
of ZnO nanostructures changes from spherical shaped nanoparti-
cles to anisotropic nanorods simply by varying the concentration of
OH− ions. This, we believe, changes the defect density. Hence, we
have investigated the defect induced photocatalytic activity of ZnO
nanostructures (due to different shapes) along with their magnetic
properties as an additional functionality.

2. Materials and methods

Shape-controlled ZnO nanostructures were synthesized by refluxing 50 mM zinc
acetate dihydrate in ethanol medium for 6 h at 70–75◦C using different concentra-
tions of NaOH (50 mM, 200 mM and 400 mM) as catalyst. After completion of the
reaction, the colloidal solution was cooled down to room temperature. The resulted

precipitates were centrifuged and washed several times with Milli Q water. The
samples were dried at 80◦C for further characterization and labelled these as S1,
S2 and S3 for samples prepared with NaOH concentrations of 50 mM, 200 mM and
400 mM, respectively.

X-ray diffraction (XRD) patterns were recorded on a PANalytical’s X’Pert PRO
diffractometer with Cu K� radiation. The crystallite size and lattice strain of different
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Table 1
Crystallite size (nm) and lattice strain (%) of different crystallographic orientations of S1, S2 and S3 samples.

Samples Crystallite size (nm) Lattice strain (%)

(1 0 1) (0 0 2) (1 0 0) (1 0 1) (0 0 2) (1 0 0)

7.1
13.1
13.8
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tetrahedrally coordinated O2− and Zn2+ ions stacked along the c-
axis [25,26]. The ionic nature of the two elements Zn and O results in
the formation of charged crystal faces, which increases their surface
energy. It is known that (0 0 0 1) crystal surfaces are Zn-ion termi-
S1 7.0 6.2
S2 12.1 20.3
S3 14.0 32.0

rystallographic orientations (1 0 1), (0 0 2) and (1 0 0) were estimated from the X-
ay line broadening using Scherrer calculator of X’Pert High Score Plus software:

Crystallite size (D) = 0.89�

ˇ cos �

Lattice strain (ε) = ˇ

4 tan �

here � is the X-ray wavelength used, ˇ the angular line width at half maximum
ntensity and � the Bragg’s angle [24]. The transmission electron micrographs were
aken by FEG TEM (JEOL JEM-2100F). Raman scattering measurements were per-
ormed on Lab RAM HR 800 micro-Raman spectroscopy at backscattering geometry
sing the 519.26 nm line of an Ar+ laser as an excitation source with a power of
8 meV. The samples were dispersed in ethanol and UV–visible absorption spectra
ere recorded with an UV–visible spectrophotometer (Cecil, Model No. CE3021)

or the determination of band gap. The photoluminescence (PL) spectra of samples
ere recorded using Hitachi F 2500 fluorescence spectrophotometer. The elemental

nalyses of samples were carried out using the energy dispersive spectroscopy (EDS)
acility of Hitachi S-3400N scanning electron microscope. The magnetic properties
f the samples were measured by physical property measurement system (PPMS,
uantum Design).

Methylene blue (MB, a blue cationic thiazine dye) was used as a model dye to
valuate the photocatalytic activity of the ZnO samples (catalyst). In a typical exper-
ment, 24 mg of catalyst was dispersed in 80 ml of 10 ppm MB aqueous solution. The
bove reaction mixture was first thoroughly mixed with ultrasonic water bath for
5 min and then magnetically stirred for 30 min in dark to obtain a colloidal solution.
he photocatalytic experiments were conducted at room temperature under a UV
ube light (Philips TUV 25W/G25T8, wave length 365 nm) positioned horizontally
bove the liquid surface (colloidal solution was magnetically stirred throughout the
hotocatalytic experiment to ensure the full suspension of particles). The experi-
ents were conducted for 90 min with 2 ml sample aliquots extracted every 10 min

nd subsequently centrifuged at 1000 rpm for 10 min. The decomposition of MB was
onitored by measuring the absorbance of the supernatant at 665 nm using UV–vis

pectrophotometer (Cecil, Model No. CE3021) in quartz cuvette with Milli Q water
s reference. For comparison, the photodegradation of MB in absence of ZnO under
V light was also performed.

. Results and discussion

Fig. 1 shows the XRD patterns of S1, S2 and S3 samples. The
RD analysis reveals that samples exhibit single-phase hexagonal
urtzite nanostructure. From XRD patterns, it is clearly observed

hat OH− concentration strongly influences the ZnO crystallinity.
n increasing the concentration of OH− ions, the relative intensity
f (0 0 2) plane increases which suggests the change in degree of ori-
ntation of samples along the c-axis (degree of particle anisotropy).
he intensity ratio of (1 0 0)/(0 0 2) changes from 0.95 to 0.75 as OH−

ons concentration increases from 50 to 400 mM. This decrease in
ntensity ratio of (1 0 0)/(0 0 2) indicates the formation of rod ori-
nted along the c-axis at higher concentration of OH− ions [8].
urthermore, the crystallite size and lattice strain are different for
1 0 1), (0 0 2) and (1 0 0) crystallographic orientations as depicted
n Table 1. In general, there is an increase in average crystallite size
nd decrease in average lattice disorder on increasing the concen-
ration of OH− ions. Moreover, the estimated crystallite size for the
0 0 2) plane is greater than the one estimated from (1 0 0) to (1 0 1)

lanes in S2 and S3. Thus, the length of the crystal planes along the
-axis, i.e. [0 0 2] direction, is greater than the characteristic lengths
n other directions for S2 and S3. These results, further confirm the
ormation of rod oriented along c-axis at higher concentration of
H− ions.
1.7 1.8 1.5
1.1 0.65 0.87
1.01 0.46 0.86

Fig. 2 shows the TEM micrographs of (a) S1, (b) S2 and (c) S3
samples, and HRTEM micrographs of (d) S1 and (e) S3 samples.
It is clearly observed that well spherical particles of average size
about 8 nm were formed at lower concentration of OH− ions (S1)
whereas higher concentration of OH− ions (S3) favor the forma-
tion of nanorods of length 30–40 nm. However, at intermediate
concentration both particles (average size: 15 nm) and nanorods
(20–40 nm) are simultaneously formed. The average interfringe
distances of ZnO nanoparticle and nanorod were measured to be
∼0.25 nm, which could be assigned to the (0 0 0 2) planes of ZnO
[23]. Further, HRTEM image of nanorod indicates the growth of
ZnO along the [0 0 0 1] direction. From TEM micrographs, it is well
established that the concentration of OH− ions in the reaction solu-
tion strongly control the shape and size of ZnO nanostructures. The
chemical reactions for the formation of ZnO nanostructures can be
formulated as:

Zn2+ + 2OH− → Zn(OH)2
Zn(OH)2 → ZnO + H2O
Zn(OH)2 + 2OH− → [Zn(OH)4]2−

[Zn(OH)4]2− → ZnO + H2O + 2OH−

Zn(OH)2 is unstable and it can either hydrolyze directly to give
the nuclei of ZnO or react with OH− to form the growth unit of
[Zn(OH)4]2−, followed by the polymerization of [Zn(OH)4]2− to
form nuclei of ZnO. The higher OH− concentration favors the forma-
tion of more and more [Zn(OH)4]2− intermediate, which possibly
controls the surface morphology of ZnO. The structure of ZnO based
on wurtzite can be treated as being made of alternating planes of
Fig. 1. XRD patterns of S1, S2 and S3 samples.
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Fig. 2. TEM micrographs of (a) S1, (b) S2 and (c) S3 sam

ated, while the (0 0 0 1̄) surfaces are O-ion terminated leading
o polarization due to an effective positive and negative charge on
hese surfaces, respectively. For a crystal growing under kinetic
ontrol, the shape and size may be related to the growth rates
f the two faces, with the fastest-growing planes disappearing to
eave behind the slowest-growing planes as the crystal facets. The
chematic representation of possible mechanism for the formation

f different shaped ZnO nanostructures is shown in Fig. 3. The neg-
tively charged [Zn(OH)4]2− intermediate has a strong tendency
o bind electrostatically to the most reactive positively charged
0 0 0 1) surface of ZnO nuclei. At higher concentration of OH− ions

Fig. 3. Schematic representation of possible mechanism for
and HRTEM micrographs of (d) S1 and (e) S3 samples.

(400 mM), growth along (0 0 0 1) surface is almost blocked (reduc-
tion of crystal growth along this face as binding of [Zn(OH)4]2−

changes the free energy of the face and thereby reducing its growth)
due to the presence of excess [Zn(OH)4]2− and hence, favors the
anisotropic growth along (0 0 0 1̄) surface which leads to the
formation of nanorods. At low concentration of OH− ions (50 mM),
well-spherical particles were formed due to uniform crystal growth

(the concentration of OH− ions was too low to favor the anisotropic
growth). However, at intermediate concentration (200 mM) both
uniform as well as anisotropic crystal growth occur leading to the
formation of both nanoparticles and nanorods.

the formation of different shaped ZnO nanostructures.
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size of nanostructures [28,31]. Furthermore, the decrease in the
intensity of defect emission (IDefect/INBE) as the shape of particles
changes from sphere to rod undoubtedly indicates the suppression
of oxygen defect concentration. This is also confirmed by EDS sto-
Fig. 4. Room temperature micro-Raman spectra of S1, S2 and S3 samples.

To assess the crystal quality and structural defects, Raman spec-
roscopic analysis has been carried out on these samples. Fig. 4
hows the room temperature micro-Raman spectra of S1, S2 and
3 samples. In Raman spectra, the predominant peak at 438 cm−1

s attributed to the first-order non-polar E2 (high) phonon mode of
nO [27]. In addition to the first-order Raman modes, the spectra
lso show a band at 332 cm−1, which corresponds to the second-
rder phonon of the low frequency E2 [27]. The relative intensity
f the first order E2 (high) and second-order E2 (low) modes of ZnO
anostructures increase on increasing the OH− ion concentration,
hich indicates the increase of crystallinity of ZnO nanostructures.

he stronger E2 mode (bending modes of O–O atoms) of S3 sam-
le indicates its good crystal quality with only a very low level
f oxygen vacancy. This result strongly supports the crystallinity
ehavior of ZnO nanostructures observed in XRD analysis. Fur-
hermore, the micro-Raman spectra confirmed the formation of
ingle-phase hexagonal wurtzite structure.

Fig. 5 shows the UV–visible absorption spectra of S1, S2 and S3
amples. In order to obtain a more precise and quantifiable measure
f the band gap energy (Eg), we use the point of inflection, obtained
rom the minima of first derivative curve of the absorption spec-
rum [28]. The band gap energy (Eg) thus obtained for S1, S2 and S3
ere 3.363, 3.334 and 3.353 eV, respectively. It is observed that the

and edge red shifted and broadened as morphology of particles
hanged from spherical to rod shape. Further, the decrease in band
ap energy (Eg) values on increasing the OH− ions concentration
uggests the growth of particles. This trend is in good agreement
ith the size estimations from XRD and TEM measurements. How-

ver, the slight blue shift observed in the absorption edge of our

nO nanostructures compared to that of bulk (3.3 eV) is possibly
ue to the quantum confinement effect [28].

Fig. 6 shows the PL spectra of S1, S2 and S3 samples at room tem-
erature (inset shows the magnified PL spectra of emission band
Fig. 5. UV–visible absorption spectra of S1, S2 and S3 samples.

located in the ultraviolet region). To scrutinize the green defect
emission (broad band in the visible region), the peaks of the near-
band-edge (NBE) emission (sharp band located in the ultraviolet
region) in the spectra were normalized to the same value. The NBE
emission generally originates from the radiative recombination of
excitons, and the green defect emission from the radiative recom-
bination of a photogenerated hole with an electron occupying the
singly ionized oxygen vacancy (V+

O) in ZnO [29,30]. The NBE emis-
sion shifts toward the higher wavelength (lower energy) side as
seen clearly in the inset of the Fig. 6 as shape of the particles change
from spherical to rod, reflecting the change in the exciton energy.
The red shift in NBE emission can be attributed to the shape and
Fig. 6. PL spectra of S1, S2 and S3 samples at room temperature (inset shows the
magnified PL spectra of emission band located in the ultraviolet region).
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Fig. 7. (a) Photodegradation of methylene blue (MB) under UV irradiation in the
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show ferromagnetic like behavior with coercivity of about 20 Oe.
Furthermore, the S1 (nanoparticles) exhibit slightly higher magne-
tization than that of S2 (mixture of nanoparticles and nanorods)
and S3 (nanorods). The mechanism responsible for the observed
ferromagnetic-like behavior at room temperature is still not clear.
resence and absence of photocatalysts (S1, S2 and S3) and (b) the schematic repre-
entation of photocatalysis process on ZnO surface (inset of Fig. 7a shows a typical
n (Co/C) vs. time curve of S1).

chiometry analysis. Our EDS results revealed an increase of O/Zn
tomic ratio (0.48, 0.78, 0.98 for S1, S2 and S3, respectively) in the
amples upon change in shape of the particles from sphere to rod.
hus, the present study offers an opportunity to factually reveal
he relationship between the defect structure related to shape and
uminescence processes.

Fig. 7 shows the (a) photodegradation of methylene blue (MB)
nder UV irradiation in the presence and absence of catalysts (S1, S2
nd S3) and (b) the schematic representation of photocatalysis pro-
ess on ZnO surface (inset of Fig. 7a shows a typical ln (Co/C) vs. time
urve of S1). In Fig. 7a, Co and C were the initial concentrations after
he equilibrium adsorption of catalyst and the reaction concentra-
ion of methylene blue at time t, respectively (in absence of catalyst
he feed dye solution represents the true methylene blue concen-
ration at the start of the UV irradiation). The self-degradation of MB
ithout involving photocatalysts was negligible under the UV irra-
iation whereas the concentration of MB decreased rapidly with
xposure time in presence of catalysts, indicating the photocat-
lytic degradation of the organic dye. It has been observed that the
hotocatalytic degradation of MB over S1 is much faster and higher
han S2 and S3. Furthermore, the photodegradation of the dye over
nO nanostructures proceeds through a pseudo first order kinetic

eaction [11,15], i.e., ln (Co/C) = kt, where k is the photodegrada-
ion rate constant (k = 0.050 min−1, 0.034 min−1 and 0.030 min−1

or S1, S2 and S3 samples, respectively). The semiconductor photo-
atalysis (Fig. 7b) is based on the generation of electron (e−) – hole
Fig. 8. Room temperature field dependent of magnetization (M vs. H) plots of S1, S2

and S3 samples.

(h+) pair upon UV light irradiation. The electron can be migrated
from the valence band to the conduction band, leaving behind hole
in the valence band [32]. If the charge separation is maintained,
the electron and hole could migrate to the semiconductor sur-
faces where they participate in redox reactions with the adsorbed
organic species [7]. Here, oxygen vacancies work as electron accep-
tors during the process of photocatalytic reaction and trap the
photogenerated electrons temporarily to reduce the surface recom-
bination of electrons and holes. Furthermore, the oxygen vacancies
can facilitate the adsorbed O2 to capture photo-induced electrons,
simultaneously producing •O2 radical groups. Thus, we believe
that the oxygen vacancies can be considered to be the active sites
for controlling the photocatalytic activity of ZnO nanostructures.
The higher photocatalytic activity of spherical shape nanosized
ZnO can be attributed to the presence of larger amount of oxygen
vacancy.

Fig. 8 shows the room temperature field dependent magneti-
zation (M vs. H) plots of S1, S2 and S3 samples. The M vs. H plots
Fig. 9. Correlation of photodegradation and magnetization with concentration of
defect.
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t was proposed that uncontrolled formation of lattice defects can
enerate carriers that mediate ferromagnetic behavior [33,34]. It
s interesting to note that the rate of photodegradation is maxi-

um for S1 which is higher than S2 and S3 in that order. Similarly
agnetization also varies in the same order and it is the defect

and in PL spectra. It is tempting to attribute the photodegradation
nd magnetization to the concentration of defect. The correla-
ion of photodegradation and magnetization with concentration of
efect is shown in Fig. 9. Recently, Panigrahy et al. [12] observed a
lear relationship between defect-related emissions and the mag-
etization of ZnO nanorods. Based on the above discussion and
revious studies, we believe that the point defects such as oxygen
acancies in the lattice of ZnO nanostructures generate carriers of
nquenched magnetic spin moments to mediate ferromagnetic like
ehavior. These defects are also responsible for photodegradation
ehavior.

. Conclusions

We demonstrated a facile soft-chemical approach for the syn-
hesis of shape-controlled ZnO nanostructures by varying the
oncentration of OH− ions. The formation of highly crystalline
ingle-phase hexagonal wurtzite nanostructure was evident from
RD and Raman spectra. It was observed that the concentra-

ion of OH− plays an important role in controlling the shape
f ZnO nanostructures (either spherical shaped nanoparticles or
nisotropic nanorods or mixture of both). The optical, magnetic
nd photocatalytic properties of ZnO nanostructures are found to
e highly dependent on the defect concentration. More specifi-
ally, the present investigation suggested that the concentration of
efects at the surface of ZnO nanostructures is strongly responsi-
le for the observed ferromagnetic-like ordering and photocatalytic
ctivity.
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