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We report the non-hydrolytic solution phase synthesis of two-dimensional zinc oxide (ZnO) nanopel-
lets by using self-made organometallic compound (zinc (II) oleate, Zn(CigH3303),) as single precursor.
Zn(C1gH330,), is prepared by ion exchange reaction between non-toxic fatty acid (palm oil extract) and
ion Zn%*. The controlling process of thermal pyrolysis of precursor is carried out under inert argon (Ar)
atmosphere. This technique is very effective and reproducible in controlling the shape of ZnO semicon-
ductor nanostructures. The as-synthesized ZnO nanocrystals are found in two-dimensionally well-faceted
triangular and hexagonal thin pellet structures. Transmission electron micrograph(s) (TEM) show that the
morphologies of ZnO nanopellets can be controlled by annealing duration. X-ray powder diffraction pat-
terns reveal that all the peaks of ZnO nanopellets can be well indexed with standard hexagonal phase of

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Nanomaterials have received considerable attention from the
scientific and engineering communities due to their novel prop-
erties and various techniques have been employed to control their
geometrical factors including size and shape. The purposes of these
assiduous efforts are to tune and exploit various anomalous shapes
dependent properties of nanomaterials. For instances, Wang et
al. have observed unusual polarization anisotropy properties of
indium phosphide (InP) nanowires synthesized by laser-assisted
catalytic growth and these nanowires have subsequently been
utilized in fabrication of polarization-sensitive nanoscale pho-
todetectors [1]. In addition, Zhong et al. have prepared high
quality single crystal p-type gallium nitride (GaN) semiconduc-
tor nanowires by chemical vapor deposition (CVD) and technically
applied it as nanoscale UV-blue LEDs [2]. Further to this, Hahm
et al. have also reported p-type silicon nanowires that have been
grown by CVD and they chemically incorporated these materials in
ultra-sensitive electrical detection of DNA [3].

Nowadays, the innovative application of nanomaterials in the
design of electronic devices is massively dependent on the congru-
ent electronic properties of the selected nanomaterials. However,
the electronic property is highly influenced by the structural
dimension of the nanomaterials. Regarding to the structural dimen-
sion of nanomaterials, for 1D semiconductor nanostructures, the
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quasi-continuous density of states exhibits singularities near the
band edges followed by exponentially decay while that of 2D semi-
conductor nanostructures is partially discrete [4,5]. Substantial
variation in electrical and optical properties in accordance to the
dimensional changes can be observed when the particular elec-
tronic energy gap exceeds the thermal energy. Some examples of
remarkable 2D quantizes effects are integer and fractional quan-
tum hall effects [6-9]. Therefore, a routine method in preparing 2D
semiconductor nanostructures should be developed to unravel the
shape-guiding effects.

Generally, there are two renowned synthetic approaches used
in preparing desirable semiconductor nanostructures of the nano-
materials for the application purposes. One synthetic approach
is gas-phase synthesis while another is solution-phase synthesis.
For most of 1D nanowires which prepared by gas-phase synthe-
sis, the major limitation subjected to this synthetic approach is
low yield and consuming large amount of thermal energy. Thus, it
becomes an obstacle for large-scale production. In contrast to this
gas-phase synthesis, the problem mentioned above can be solved
in solution-phase synthesis. Additionally, solution-phase synthesis
offers a more economical route, high throughput and large-scale
production of high quality nanostructures that are monodisperse
in shape and size [10-12]. For example, by scrupulously controlling
the chemical reaction in solution-phase synthesis, Law et al. have
successfully boosted the aspect ratio of ZnO nanowires above 125
and tremendously increased the yield. Furthermore, this topology
is found to improve the quantum efficiency of dye-sensitized solar
cells (DSCs) in the red region of the spectrum in order to attain
the full sun efficiency up to 1.5% [13]. Thus, solution-phase syn-
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thesis provides a facile and controllable route in synthesis of novel
nanomaterials.

Recently, oxide-based semiconductor nanomaterials also
become subject of study due to their thermal- and photo-stability
[14]. Among these nanomaterials, ZnO is the well-known can-
didate due to its relatively wide band gap energy (3.37eV). This
property enables the ultraviolet lasing effects to be observed
at room temperature [15-17]. In addition, the exciton binding
energy of ZnO (60 meV) is much larger than thermal energy at
room temperature (26 meV) if compared to that of the other
semiconductor materials such as ZnSe (22meV) [18] or GaN
(25meV) [19]. The latest study found by Garcia et al. indicates
that ZnO nanocrystals also exhibit interesting ferromagnetic-like
behavior at room temperature even though in the absence of
dopants. The anomalous magnetic property is attributed to the
binding effects of capping ligands that greatly alter the electronic
structures of ZnO [20]. Moreover, various research groups have
successfully exploited the novel semiconductivity properties of
ZnO for advance technological applications. For examples, Huang
et al. firstly reported blue nanolaser under optical excitation at
wavelength of 385 nm by using ZnO nanowires as natural cavities
even though it is at room temperature [21]. Recently, Wang et al.
have created an interesting direct-current nanogenerator, which
is using ZnO nanowires arrays and driven by an ultrasonic wave,
has shown useful application of ZnO nanostructures. The vibration
resulted from the interaction of nanowires and ultrasonic waves,
causes piezoelectric semiconducting coupling process to occur and
converts mechanical energy of nanowires to electrical energy [22].

Most of the novel and well-defined ZnO nanostructures are in 1D
[14,23-25]. As a consequence, the intensive studies on 1D nanos-
tructures have caused the development of 2D ZnO nanostructures
tolag behind. At the same time, there are limited reports on the syn-
thesis of 2D ZnO nanostructures by solution phase, as well as the
utilization of 2D nanostructures for nanodevices designs. Currently,
most of the studies on 2D ZnO semiconductors have been done on
nanostructures, which usually form at interfaces, are hardly pre-
pared by using sophisticated instrument such as molecular beam
epitaxy (MBE).

In fact, although there has been a great deal of recent works on
ZnO semiconductors, the researches are still considerably lagging
behind the state of the art of chalcogenide-based semiconduc-
tor nanostructures. This phenomenon could be attributed to the
poor synthesis method and less suitably applicable capping lig-
ands (only used in solution-phase synthesis) for high temperature
synthesis process while this high temperature synthesis process
(in gas-phase synthesis) is favored for oxidation reaction to occur.
On the other hand, the apparatus setup of such high tempera-
ture reactor for gas-phase synthesis of ZnO nanostructures is very
complex. Meanwhile in solution-phase synthesis of ZnO nanos-
tructures, the unsuitable surfactant template like microemulsion
or lamellar structures tends to rupture at such high temperature
[26-34]. Consequently, all the obstacles mentioned above in both
gas- and solution-phase syntheses have limited the studies of 2D
Zn0 nanostructures.

In this paper, we report the shape control solution-phase syn-
thesis of 2D ZnO nanopellets using thermal sustainable organic
compound (oleic acid) as capping ligands. We have found that
oleic acid is an effective capping ligand in preparing 2D ZnO
semiconductor and no agglomerations are found even though the
temperature of the system is heated to 317 °C. The precursor (zinc
(1) oleate, Zn(C1gH3305),) and capping ligands are fatty acid com-
pound, which are respectively originated from natural palm oil
with lower toxicity. Besides that, the as-synthesized 2D nanopel-
lets have well-defined shape either in triangular or hexagonal pellet
with average edge length of 30-150 nm. In comparison with other

synthetic approaches in producing 2D ZnO nanopellets [35,36],
current synthetic approach offers an effective route to produce
2D nanopellets which are smaller and well-defined shapes. The
edge lengths and thickness are less than 100 and 10 nm, respec-
tively. The nanopellets are well-separated with each other without
stacking effect as reported by Yoshida et al. [37]. Furthermore, the
as-synthesized nanopellets are stable in terms of chemically and
physically if compared to previous report [38] even though under-
goes several drying and dispersing process repeatedly. In addition,
the current synthetic approach offers an inexpensive, safe and facile
synthesis route to produce ZnO nanopellets with high yield if com-
pare to gas-phase synthesis such as MBE [39].

2. Experimental details
2.1. Synthesis of zinc (II) oleate (Zn(C;gH3303)5) precursor

The zinc (II) oleate precursor was prepared by ion exchange
reaction between Zn (II) chloride hexahydrate (ZnCl,-6H,0) and
potassium oleate (CigH33KO;). Schematic flow chart for the
(Zn(CygH330,)7) precursor preparation is depicted in Fig. 1. All the
chemicals were used without further purification. Firstly, 0.05 mol
ZnCly-6H,0 (Fluka, 99%) and 0.1 mol C1gH33K0; (Fluka, 99%) were
mixed with solvent consisted of 100 ml ethanol (C;H50H, 99.5%),
175 ml n-hexane (Mallinckrodt, 100%) and 75 ml ultrapure deion-
ized water (resistivity =18.2 M2, Deionizer Purelab Prima Elga).
The mixture was loaded into a two-neck flask to which was
equipped with condenser and thermometer before this loaded
mixture was refluxed at 80°C for 2.5h. Upon heating, the upper
organic layer consisting of n-hexane turned yellowish and this

8.60 g (0.05 mol) 25.10 g (0.1 mol)
Zn(II) chloride hexahydrate +

(ZnCl,.6H>0, Fluka, 99%)

potassium oleate
(C1sH5:K0;, Sigma Aldrich, 99%)

l Disolve in two-neck flask

100 ml ethanol
(C2HsOH, Merck, 99.5%)
175 ml n-hexane
(CsHys, Mallinckrodt, 100%)
+

75 ml delonized water

(resistivity = 18.2 MQ, Deionizer Purelab Prima Elga)

l Reflux at 80 °C for 2.5 hours

zine (1) oleate , Zn(CsH3:0:),

(yellowish precipitation)

Purification:
- wash with excessive warm triple-
distilled water for 3 times

- evaporation of hexane

zinc (II) oleate , Zn(C;5H1:02)2

(in powder form)

Fig. 1. Schematic flow chart for the synthesis of Zn(C13H330,), precursor.
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6.27 g (10 mmol ) zinc (I1) oleate
Zn(C15H3:02)2 *

1.41 g (5 mmol ) oleic acid
(CeH340z, Sigma Aldrich, 99%)

- disolve in 115 ml n-octadecene and
heat at 85°C for 1 hour

- evacuation with mechanical pump
- reflux at 317°C for various time

duration (60 minutes, 90 minutes and

v 120 minutes)

zinc oxide, ZnO nanopellets

(in grey precipitation)

- remove the flask from heating
mantle

- flow with Ar gas

- purification ZnO for 3 times by
precipitating the sample with acetone
and redisperse in hexane

- dry the precipitates in a vacuum

desiccator overnight

v

ZnO nanopellets

(in powder form)

Fig. 2. Schematic flow chart for the synthesis of 2D ZnO nanopellets.

was clearly indicating the formation of Zn(C;gH330,),. Next,
physical separation was done using separation funnel and the
Zn(C1gH330,), were repeatedly washed with excess warm triple-
distilled water to remove the unreacted metal salts. After washing
process, hexane was evaporated off with a rotavapor, resulting
in organometallic compound of Zn(C;gH330,), in the powder
form.

2.2. Synthesis of 2D ZnO nanopellets

Schematic flow chart for the synthesis of 2D ZnO nanopellets
is shown in Fig. 2. The reaction was carried out in a 250 ml four-
neck flask equipped with a condenser in an inert Ar atmosphere.
The heating mantle equipped with magnetic stirrer was used to
provide local hot spot to the wall of the reactor under vigorous stir-
ring. The apparatus setup for the synthesis of ZnO nanopellets is
shown in Fig. 3. In a typical synthesis, 10 mmol Zn(C1gH3303)2 and
5 mmol oleic acid (C;gH340,, Sigma-Aldrich, 99%) were dissolved
in 115 ml n-octadecene after being continuously heated at 85 °C for
1 h. Afterwards, evacuation was done repeatedly with mechanical
pump to eliminate the oxygen and residual water. Then, the temper-
ature of the mixture was ramped to 317 °C with a constant heating
rate and refluxed for various time duration (60, 90 and 120 min).
The presence of grey precipitation indicates the formation of ZnO
nanopellets.

The refluxing processes for samples heated with 60, 90 and
120 min were terminated by removing the flask from the heating
mantle and the mixture was cooled by continuous flow of Ar gas
until room temperature. The grey precipitates were obtained by
adding excess amount of non-solvent (acetone) and typical non-
polar solvent (hexane) was added to redisperse the precipitates.
The processes of precipitating and dispersing were repeated for
three times to remove the impurities. Finally, the precipitates were
dried in a vacuum desiccator overnight.

= Ar gas outlet

condenser

thermometer

four neck flask
syringe

heating mantle equipped
with magnetic stirrer

Fig. 3. Apparatus setup for the synthesis of ZnO nanopellets.

The morphology of 2D ZnO nanopellets was characterized by
transmission electron microscope (TEM) (Philips CM12 with oper-
ation voltage 100kV) while X-ray diffraction (XRD) was used to
identify the crystal structures by using Bruker AXS-D8 Advance
Diffractometer (scanning rate 0.01°/s, Cu Ka radiation and wave-
length, A=0.154nm). The element analysis was performed by
energy dispersion X-ray analysis (EDXA) by using Leo 1450 VPSEM
instrument operated with acceleration voltage 15 keV.

3. Results and discussion

Fig. 4 shows the TEM micrograph of ZnO crystals annealed at
317°C for 60 min. The average edge length is between 30 and
120 nm. Typically, the crystals exist in 2D pellets with irregular
shapes. The surfaces of the nanopellets are rough and stacked with
many primary grains, which could be attributed to incomplete
atomic diffusion. The densities of small primary grains for some
of the nanopellets are high along their edges if compared to that
of their center as can be seen in TEM micrograph (Fig. 4). Subse-

Fig. 4. TEM micrograph (magnification 35,000x) of ZnO nanopellets annealed at
317°C for 60 min.
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Fig. 5. TEM micrograph (magnification 35,000x) of ZnO nanopellets annealed at
317°C for 90 min.

quently, the transmission of electron beam is greatly hampered due
to the absorption of the electrons by the sample especially at the
edge of the nanopellets. The contrast of the micrograph implies
the ununiformity of the sample with a wedge at the center of the
nanopellets.

In comparison with other similar studies which have adopted
solution-phase synthetic approach, Yoshida et al. reported the for-
mation of 2D ZnO nanopellets with the assistance of water-soluble
tetrasulfonated metallophthalocyanines (TSPsMs where M =Zn?*,
Al3*, Si%*) as capping ligands [37]. However, the use of TSPsMs only
can produce ZnO nanopellets with thickness around 1 pwm. This
could be attributed to the “bridging effect” of TSPsMs that allows
the further growth of new ZnO disk planes on it and this “bridg-
ing effect” subsequently causes the stacking disks structure to be
observed. Different from the capping ligands (TSPsMs) mentioned,
the as-synthesized ZnO nanopellets in this article by using oleic
acid as capping ligands manage to tune the nanopellets with thick-
ness less than or equals to 10 nm which is much thinner. Besides
the difference mentioned above, the growth of the primary nuclei
along c-axis is inhibited due to the adsorption of oleic acid to the
corresponding surface of the growing crystal, where no “bridging
effect” has been observed as oleic acid provides greater stearic hin-
drances to inhibit the deposition of new plane on the initial disk
plane.

According to the recent literature reports, oleic acid that func-
tions as coordinating agent can selectively bind on the specific
crystal face(s) to regulate the growth and the orientation of the par-
ticular crystal face(s) kinetically [40-43]. Detailed studies by Wang
et al. reveal that ZnO are highly polarized materials with chemi-
cally active Zn2* terminated ZnO (000 1) polar surface while the
02- terminated (000 1) polar surface is inert [44]. Therefore, con-
trol ramp of the temperature in our sample caused Zn(CigH3305 ),
to decompose and the constituent cation (Zn%*) deposited on the
ZnO nuclei, while the negative charge alkyl chain ((C1gH3302)7)
was found strongly bound on the highly polarized Zn2* surface. As
aresult, further crystal growths occurred via continuous deposition
of constituent element Zn2* along a-axis and b-axis rather than c-
axis, this clearly explains the primary ZnO crystals exist in 2D thin
pellet form with higher grain density along the edge of the crystal
rather than that of the center (Fig. 4).

With increasing duration of annealing to 90 min, the nanopel-
lets exist in more well-defined shapes with flat edges (Fig. 5). This
sample has shown “shape distribution” with the presence of both
triangular and hexagonal nanopellets. The average edge length of

this sample (90 min)is more than that of the sample being annealed
for 60 min. The edge length of this sample falls within the range of
40-125nm. The densities of the primary grains on the edges of
the nanopellets become lower and this could be attributed to the
complete atomic diffusion process.

During the refluxing process, the tendency in minimizing the
overall surface energy had caused the atomic diffusion, which
subsequently decreased the surface area of the primary grains
[45-47]. The primary grains along the edges of the individual crys-
tal were highly unstable due to the low atomic packing density.
The morphologies obtained from the 90 min sample were believed
to provide higher energy areas that promoted grain boundary for-
mation. After the sample exposed to a finite cumulative period of
annealing for 90 min, the thermal energy absorbed had sufficiently
triggered the surface atomic migration, followed by reorganization
of the atom into the correct positions where the crystal lattices
were formed. Subsequent thermal annealing caused the coales-
cence of small grains to form rather than big grains. These bigger
grains were separated by the grain boundaries on the surface of the
nanopellets as the result of thermally activated mass transport pro-
cess. With prolonged annealing, the coalescence among the grain
boundaries had caused the emergence of the strong texturing sur-
face. The sintering effect of the grains can also be observed from
Fig. 6(a), which has shown rather smooth surfaces along the grain
boundaries where the energy was reduced. This phenomenon is
well-correlated with molecular dynamics simulations reported by
Zhu et al. [48].

In order to investigate the effects of annealing duration on the
shape of nanopellets, we have performed high magnification of TEM
to observe the surface morphology on the selected ZnO nanopellets
that were annealed for various times (Fig. 6). According to Fig. 6(a),
the ZnO nanopellets are triangle in shapes with flat equilateral edge.
The truncated edge is also observed along each corner of the tri-
angular nanopellet (highlighted in Fig. 6(a)). Fig. 6(b) has shown
one of the “diamond shape” nanopellets with improved truncated
edges. These improved truncated edges are to minimize the surface
energy of the particular crystal due to the reason that the sharpen-
ing corner is highly unstable and requiring large amount of energy
to retain its form [49]. On the other hand, these truncated edges
are believed to greatly and beneficially affect the absorption and
scattering of light, which subsequently offer a new route for 2D ZnO
nanostructures in optimizing the plasmon resonance for molecular
detection as well as spectroscopy [50].

In the basis of the TEM image statistics, not much substantial
difference on the average edge length of ZnO nanopellets has been
observed between the samples annealed for 90 and 120 min. The
major morphological difference between these two samples is how
critical the wedging formed at the center of nanopellets, while the
one becomes more critical will eventually lead to the formation of a
hole at the center (Fig. 6(c and d)) as a result by the continuous etch-
ing reaction of oleic acid on the bare (000 1) surface. At the same
time, Leng et al. and Samia et al. also observed the etching reaction
caused by oleic acid during the preparation of Ni nanosheets and
Co nanocrystals respectively [51,52]. We believe by scrupulously
controlling the reaction environment, the so-called new family of
ZnO nanoring [53] that were prepared by gas-phase synthesis pre-
viously can also be prepared by solution-phase synthesis.

Fig. 7 shows the XRD pattern of ZnO annealed for 60 and 90 min.
All the peaks can be indexed to that of the standard ZnO with
hexagonal wurtzite crystal structures (with space group P63mc)
[54]. Besides, no diffraction peaks from other impurities have been
observed. This implies that all the Zn(C1gH330;), are fully decom-
posed into ZnO. Both samples shown in Fig. 7 merely consist of
wurtzite crystal structures without any presence of zinc blende
structures. This is because wurzite structure configuration has the
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Fig. 6. Shape evolution of 2D ZnO nanopellets annealed for 90 min (a and b) and 120 min (c and d). (a) The highlighted circles indicate the truncated edges for a triangle
nanopellet. (b) Diamond shape nanopellet with two truncated edges. (¢ and d) show the formation of a hole at the center of hexagonal nanopellets to form “ring structure”

due to the etching effects of oleic acid.

Madelung constant 0.2%, which is larger than that of zinc blende.
Thus, the strong ionic compound likes ZnO favors for wurzite struc-
tures unless high pressure is applied [55-57].

By choosing the most dominant peak (hkl plane=101), we
have performed the d-spacing calculations to determine the puri-
ties of the samples. The d-spacing based on Bragg’s equation

(100)
(002)
(101)

(110)

y AL

Intensity (a.u.)

| ] ! L i1

30 35 40 45 50 55 60 85 70
26 (%)

Fig. 7. XRD pattern of ZnO nanopellets annealed at (a) 60 min and (b) 90 min ((M) is
the standard diffraction pattern).

(d101 =nA[2sin@) for our samples annealed with 60 and 90 min
is 2.49 and 2.47A, respectively. These values are comparable
with that of the standard sample (2.48 A) calculated from stan-
dard equation of hexagonal phase ZnO crystal structure (dig1 =
a/ \/(4/3)(h2 + hk + k2) 4 12(a2 /c2)) [58]. With increasing anneal-
ing duration from 60 to 90 min, the reflective intensities from all the
peaks are increased due to the improvement of the atomic ordering.
This is attributed to the thermal energy activation that triggered the
internal atomic diffusion to the correct position, which also assisted
in developing a well-orientated crystal lattice [59]. These are well
correlated with TEM micrograph in Fig. 5 where majority of the
nanopellets have well-defined shapes with flat edges if compared
to sample that was annealed for 60 min (Fig. 4). No phase transi-
tions have been observed, even though after persistent annealing
for 120 min was carried out except the increase in the intensity for
each peak. In addition, no agglomerations that caused the phase
transition were observed from all the samples although the drying
and dispersing process were repeated for three times. Explicitly,
both of the observations of phase transition above indicate that our
nanopellets are more physically and chemically stable if compared
to the literature reported [38].

For sample annealed with 60 min, the relative intensity of the
sample does not match with that of the standard sample. In com-
parison, the sample annealed for 90 min has more well-resolved
peaks and the relative intensity of all its peaks matches with the
standard diffraction pattern, which indicates the complete grow-
ing process. No preferred crystal orientation has been observed to
form 1D nanorod as reported [60,61]. The binding effect of oleic acid
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Fig. 8. EDXA spetrum of the ZnO nanopellets annealed at 317 °C for 90 min.

on the c-axis (00 1) is believed to hinder the growth of the crystal
orientation and cause the formation of 2D nanopellets, which can
be seen in Fig. 4, the primary nuclei exist in 2D pellet form. The
initially crystalline phase of the nuclei at the nucleating stage will
direct the shapes of the crystals due to its characteristic unit cell
structure. Additionally, binding effects of the oleic acid on the pri-
mary nuclei have lowered the surface energy of c-axis. This causes
the realignment of the atoms which constitute the unit cell. As a
consequence, the overall surface energy promotes the anisotropy
growth of the crystal along a- and b-axis instead of c-axis in order
to adapt to its new environment and nanopellets are formed [62].

Fig. 8 shows the elemental analysis for ZnO nanopellets
annealed for 90 min. The EDXA spectrum reveals that the sam-
ples only consist of Zn, O and C. No other impurities have been
detected except for the C molecules which were originated from the
residual surfactant molecules on the surface of the ZnO nanopel-
lets. The spectrum shown in Fig. 8 is well-complemented with the
XRD measurement as it clearly shows that most of Zn(C;gH3303),
constituents have been completely removed from the sample. The
average atomic ratio of Zn:0, as derived from the quantification
of the peaks, yields the value of 1:1 which is consistent to the
stoichiometric ratio of the ZnO.

4. Conclusion

In conclusion, we have succeeded in synthesizing 2D ZnO
nanopellets by using single precursor in non-hydrolytic phase
via pyrolysis of organometallic compound. The current synthetic
approach produced nanopellets with well-defined shapes. Further-
more, this method is simple, safe and producing nanopellets with
high yield. Further development and extension of current synthetic
strategy are being pursued on a variety of oxide materials with more
advanced nanostructures.
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