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a b s t r a c t

Single crystalline Ni-doped ZnO hexagonal nanodiscs are successfully synthesized. Zinc acetate, nickel
nitrate, sodium hydroxide and poly (vinyl pyrrolidone) (PVP) were mixed together and transferred
to a 100 ml Teflon-lined stainless steel autoclave which kept at 150 ◦C for 24 h. The morphology
and microstructure were determined by field emission scanning electron microscopy (FE-SEM), X-ray
eywords:
oping
anostructures
ydrothermal crystal growth
emiconducting materials

diffraction transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX) and
photoluminescence (PL) spectroscopy. The investigation confirmed that the products were of the wurtzite
structure of ZnO. The doped hexagonal nanodiscs have edge length 30 nm and thickness of 45 nm. EDX
result showed that the amount of Ni in the product is about 12%. Photoluminescence of these doped
hexagonal nanodiscs exhibits a blue shift and weak ultraviolet (UV) emission peak, compared with pure
ZnO, which may be induced by the Ni-doping. The growth mechanism of the doped hexagonal nanodiscs

was also discussed.

. Introduction

Synthesis of size and shape controlled metal oxide nanostruc-
ures is very important in controlling their physical and chemical
roperties, and crucial for their potential uses. Recently, consid-
ring the properties of the materials are greatly affected by their
orphologies, wide range of metal oxide with different mor-

hologies providing great opportunities for the discovery of new
roperties and potential uses have been synthesized via different
ethods. Among these methods, hydrothermal approach [1,2] has

reat advantages in synthesizing metal oxide crystals through rel-
tive low temperature and simple equipment, which makes the
ethod more suitable and economic for large-scale production. In

rder to control the morphology of ZnO crystals, organic additives:
uch as PVP, PEG, SDS and CTAB [3–5], were commonly introduced
nto the reaction system to manipulate the nucleation and growth
n hydrothermal reactions. However, it still remains a challenge
o understand their precise working mechanism in directing the
rowth of ZnO.

As an important II–VI semiconductor, ZnO has a wide band gap

3.37 eV) and large exciton binding energy of 60 meV [6]. There-
ore, it is a promising material for the fabrication of optoelectronic
evices operating in the blue and ultraviolet (UV) region [7]. More-
ver, due to its superior conducting properties, ZnO has also been
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investigated as a transparent conducting and piezoelectric material
for use as electrodes, catalysts and sensors [8]. Recently, vari-
ous doped ZnO nanostructures with different elements have been
achieved to improve the electrical, optical and magnetic properties
[9].

Nanosized nickel oxide has demonstrated excellent properties
such as catalytic [10], magnetic [11], electrochromic [12], optical
and electrochemical properties [13]. Furthermore, nickel oxides
can be used as a transparent p-type semiconducting layer [14] and
are being studied for applications in smart windows, electrochem-
ical supercapacitors [15] and dye sensitized photocathodes [16].

The aim of the present contribution is the investigation of struc-
tures and optical properties of Ni-doped ZnO hexagonal nanodiscs,
which is very important for both fundamental and applied points
of view.

2. Experimental work

For the synthesis of Ni doped ZnO nanopowders, analytical grade zinc acetate
dehydrate [Zn(O2CCH3)2(H2O)2], nickel nitrate [Ni(NO3)3·6H2O], sodium hydrox-
ide (NaOH) and poly vinyl alcohol (PVA) were used. All the reagents were used
as received (Fluka and Aldrich) without further purification. In a typical reaction
process for the growth of hexagonal nano-discs Ni doped ZnO, 1.975 g zinc acetate
dehydrate, 0.305 g of nickel nitrate and 3.0 g of PVP were dissolved in 100 ml deion-
ized water and stirred for 30 min. Simultaneously, a 10 ml NaOH (10 M) was added

drop wise into this aqueous zinc acetates, nickel nitrate and PVP solution under vig-
orous stirring. During the addition of NaOH into aqueous solution, the solution was
heated at 80 ◦C to avoid the immediate precipitation of zinc and nickel ions. At last,
the final solution was transferred into a 100 ml Teflon-lined stainless steel auto-
clave. The autoclave was sealed and maintained at 150 ◦C for 24 h, and then allowed
to cool to room temperature naturally. After terminating the reaction in desired
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Fig. 1. XRD pattern of (a) Ni doped ZnO and (b) ZnO.

ime, the resulted solid projects were centrifuged, washed with distilled water and
thanol to remove the ions possibly remaining in the final product, and finally dried
n vacuum at 60 ◦C for 4 h. The synthesized Ni doped ZnO hexagonal-nanodiscs were
haracterized in terms of their structural and optical.

The X-ray measurements were performed using Philips X’pert diffractometer
upplied with copper X-ray tube (�k�1 = 1.5406 Å), nickel filter, graphite crystal
onochromator, proportional counter detector, divergence slit 1◦ and 0.1 mm reNi-

ving slit. The working conditions were 40 kV and 30 mA for the X ray tube, scan
peed 0.05◦ and 2 s measuring time per step. For each measurement, a complete scan
as made between 10◦ and 70◦ (2�◦). To calibrate the measured Bragg 2�-angles, a

tandard referenNi material (SRM 640a) of pure Si powder was used.
High resolution transmission electron microscopy (HR-TEM) of purified ZnO

nd Ni doped ZnO nanopowders was carried out using a JEOL 2010 high-resolution
ransmission electron microscope operated at 200 kV. To prepare the HRTEM sam-
les, purified ZnO and Ni doped ZnO nanopowders were first redispersed in ethanol
nd diluted, followed by placing a droplet of the solution onto a 400-mesh carbon-
oated copper grid. The grid was then dried in desiccators for one day before imaging.
he photoluminescence was measured at room temperature by He–Cd laser with a
avelength 325 nm as the excitation source. This measurement was carried out by
reparing dilute solution of ZnO and Ni doped ZnO nanopowders in ethanol.

. Results and discussion

Fig. 1 shows the XRD patterns of the grown Ni doped ZnO
anostructures before and after calcination. The grown nanostruc-
ures show several peaks of (1 0 −1 0), (0 0 0 2), (1 0 −1 1), (1 1 −2 0),
1 0 −1 3), (2 0 −2 0), (1 1 −2 2) and (2 0 −2 1), no signals of the

etallic Zn are detected by XRD. Also, there are no peaks corre-
ponding with the Ni or its oxides, suggesting that the Ni element
ay be doped into ZnO. The high intensities of calcined nanos-

ructure peaks with narrower width reveal a highly crystallized
urtzite structure. The size of the Ni doped ZnO nanoparticles was

stimated by applying the Scherrer equation [17] to the half inten-
ity width of the (1 0 −1 0), (0 0 0 2) and (1 0 −1 1) peaks:

= k�

ˇ cos �
(1)

here k is the particle shape factor and taken as 0.827 because of
he hexagonal NiZnO nanoparticles as shown in Fig. 2a, � is the
avelength of Cu K� radiation (0.154 nm), ˇ is the calibrated half

ntensity width of the selected diffraction peak (degrees), and � is
he Bragg angle (half of the peak position angle). From this equation,
he average size of the Ni-doped ZnO nanoparticles was estimated
o be approximately 58 nm and thickness about 45 nm.

When only ZnO was synthesized under same conditions, the
ndoped ZnO powder with white color is nanorod-shaped, with

ength 120 nm and diameter 18 nm, and each rod crystal extends

long the c-axis of the wurtzite structure as indicated in Fig. 2, while
he Ni-doped ZnO powder showed hexagonal-like nanodiscs with
n average size of approximately 60 nm, as shown in Fig. 3c. They
re in a fine dispersion, unagglomerated, and have a distinct surface
hought to consist of {0 0 0 1} plane. In addition, the color of the Ni-
mpounds 509 (2011) 387–390

doped ZnO nanoparticles is not white but bright green. These imply
that the Ni element has been doped into the ZnO lattice and controls
the ZnO growth.

Fig. 3a reveals the magnified image of a single regularly hexag-
onal Ni-doped ZnO nanodisc with average edge length of about
30 nm and thickness up to about 45 nm. The content of Ni element
measured by EDX was about 12% as shown in Fig. 3d.

HRTEM image of the regularly hexagonal nanoparticle shown
in Fig. 3b clearly indicates the two-dimensional lattice fringe of
the wurtzite structure without any small area of zinc blend in
this particle. The hexagonal nanoparticle is a perfect single crys-
tal without any defects such as the dislocations and twins. It is
worth noticing that the distance (0.28 nm) between two neigh-
boring (1 −1 0 0) planes in the Ni-doped ZnO nanoparticle is larger
than that (0.26 nm) of the undoped ZnO nanoparticle, i.e. there is
an increase of 7.6% for the d(1 −1 0 0) value for the Ni-doped ZnO
nanoparticle. This is another proof that the Ni element has been
doped into the lattice of the ZnO nanoparticles. The spot diffraction
pattern (inset of Fig. 3b) further confirmed the XRD result that the
Ni-doped ZnO nanoparticles have the highly crystallized wurtzite
structure (h.c.p. crystal).

The possible mechanism of the formation of hexagonal Ni doped
ZnO hexagonal nanodiscs can be discussed based on both of its
internal structure (effect of adding Ni element) and the capping lig-
ands (PVP). It is well known that the synthesis of NCs includes two
steps: nucleation and growth. At the nucleating stage, the intrinsic
crystal properties dominate the shape of the initial NiZnO seeds,
that is, platelet seeds. Subsequently, the precursors are absorbed
to each plane, and the seed grows with different rates along dif-
ferent planes. Actually, PVP is very important in the preparation of
isotropic Ni doped ZnO hexagonal nanodiscs, PVP as capping lig-
ands can change the surface energy of different crystal facets, the
side facets may possess higher energy than the top-down surfaces,
thus ultimately leading to the formation of Ni doped ZnO nanodiscs.
Matysina [18] determined that hexagonal metals with c/a ratios
greater than 1.633 have {1 0 1} and {1 0 0} surface energy 1.5 times
larger than those for {0 0 1} facets [16]. Ni doped ZnO has a c/a ratio
of 2.6 and should have even higher surface energy on the {1 0 1} and
{1 0 0} surfaces. As a result, the Ni doped ZnO nanodisc grows more
rapidly along these facets, and the [1 1 0] direction is the long axis
of the nanodisc while the [0 0 1] direction is the short axis. On the
other hand, Muthukumar et al. [19] found that the N doped into
the ZnO films could control the surface morphology by lowering
the surface energy. It may be speculated that the Ni element doped
into the crystal lattice of the Zn embryos lowers the surface energy
of the {1 0 −1 0} planes, resulting in an isotropic oxidation growth
of the Zn embryos instead of the preferred growth at (1 0 −1 0). At
the same time, the completely oxidized embryos may coalesce Ni
each other with the definite direction (1 0 −1 0) and the regularly
hexagonal Ni-doped ZnO nanoparticles are synthesized. Therefore,
the formation of the Ni-doped ZnO nanoparticles may be controlled
by the Ni doped into the lattice of the Zn embryos.

Fig. 4 depicts the PL spectra of the pure ZnO and Ni-doped ZnO
hexagonal nanodiscs excited by 325 nm at room temperature. The
PL spectra of pure ZnO nanodiscs have a strong UV band peak at
380 nm. Besides, a relatively strong and broad green band centered
at about 510 nm occurred. The UV emission resulted from excitonic
recombination corresponding to the near band-edge emission of
ZnO. The green emission peak is originated due to deep-level or
trap-state emission [20,21]. In fact, there are different mechanisms
have been proposed for the visible light emission of ZnO. Oxygen

vacancies occur in three different charge states: the neutral oxy-
gen vacancy, the singly ionized oxygen vacancy and the doubly
ionized oxygen vacancy [22]. Van heusden et al. [23] found that
only the singly ionized oxygen vacancies are responsible for the
green luminescence in the ZnO. Compared with the PL spectrum
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Fig. 2. (a) High magnification SEM micrograph of the ZnO nano-hexagonal rod, (b) HRTEM image of the ZnO nanorods (inset diffraction pattern), (c) SAED and (d) EDX.

Fig. 3. (a) High magnification SEM micrograph of the Ni doped ZnO hexagonal disc, (b) HRTEM image of the Ni doped ZnO nanodisc (inset diffraction pattern), (c) SAED and
(d) EDX.
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ig. 4. PL of pure ZnO and Ni doped ZnO hexagonal nanodiscs at room temperature.

f ZnO nano-disc, the peak position of UV emission, for Ni-doped
nO nano-disc, exhibits blue shift while the green emission band is
harply suppressed. For Ni doped ZnO nano-disc, more electrons
ontributed by nickel dopants would take up the energy levels
ocated at the bottom of conduction band. When they were excited
y the laser of 325 nm, the excitons take up higher energy levels
t the bottom of conduction band. Radioactive recombination of
hese excitons will lead to a blue shift and broaden of UV emission
eak [24]. The lattice strain induced by the lattice distance would
lso lead to some shift in band gap but may not play a major role
n the determination of band gap as the small deformation of the
attice distances. Decreased UV emission was considered due to the
ncrease of the nano-radiative defects and decrease of ZnO nano-
isc size [25]. A blue shift of the band edge revealed from PL points
o the incorporation of at least a part of Ni on the lattice sites. This
upports the X-ray results on the incorporation of Ni into the nano-
isc structure. When Ni ions are incorporated into ZnO and become
onors, multi-emission centers are formed, such as the emission of
he electron–hole plasma (EHP), the emission of the donors to the
alence band, and the intrinsic transition of Ni3+ ions [26]. So the
reen emission of Ni doped ZnO nanodiscs was more broad than the
ndoped. The PL integrated intensity ratio of the UV emission to the
eep-level green emission (IUV/IDLE) is 0.6 and 1.3, for ZnO and Ni-
oped ZnO nanodiscs, respectively. Generally, the intensity ratio of
V emission band to visible emission band is regarded as an indi-
ator of the crystal of ZnO materials. The strong UV and weak green
ands imply good crystal surface [27]. The increased ratio suggests
he good crystal of Ni-doped ZnO nanodiscs. These results showed
great promise for the Ni-doped ZnO nanodiscs with applications

n optoelectronic devices.
. Conclusion

Single crystalline Ni doped ZnO hexagonal nanodiscs were suc-
essfully synthesized using polymer as a surfactant. The calcined
i-doped ZnO powder is the hexagonal nanoparticles with an aver-

[

[
[

mpounds 509 (2011) 387–390

age of about 52 nm in a narrow distribution. XRD, HRTEM, SAED
and EDX analysis results clearly show that the Ni element has been
doped into the ZnO crystal lattice and no metallic Zn as well as Ni
exists in the Ni-doped ZnO nanoparticles. The Ni ions doped into the
ZnO crystal lattice may be responsible for the morphology of the
Ni-doped ZnO nanoparticles due to minimize the surface energy
of the preferred growth planes {1 0 −1 0}. A strong UV emission
and a weak broad green emission band with peaks centering at
380 and 510 nm were observed at room temperature. It should be
emphasized that the strong UV and weak green bands imply good
crystal surface. The increased ratio suggests the good crystal of Ni-
doped ZnO nanodiscs. These results showed a great promise for
the Ni-doped ZnO nanodiscs with applications in optoelectronic
devices.
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