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Simultaneous axial screw dislocation-mediated
growth and radial layer-by-layer deposition for
controlled synthesis of asymmetric axial ZnO
nanospindles†

Hong-Jie Yang, Sheng-Yan He and Hsing-Yu Tuan*

Single-component nanostructures with axial asymmetry were successfully synthesized in organic solvents

via a new type of growth model. Asymmetric axial ZnO nanospindles with a hexagonal cross-section were

produced by a growth model consisting of simultaneous axial screw dislocation-mediated growth and

radial layer-by-layer deposition. The growth process of ZnO nanospindles is explained by

comprehensively characterizing and monitoring the products at different reaction time intervals.

Hexagonal discs containing dislocations were first generated at a reaction time of 2.5 min. When the

reaction time continued to increase, the nanodiscs grew along the h0002i direction. Half-nanospindles

were formed at mid-reaction stage when the growth rate of [0001] was greater than [000-1]. Finally, the

asymmetric nanospindles were obtained at 40 min. Further, the length of the asymmetric axial ZnO

spindles can be precisely tuned by the adjustment of reaction temperature. Thus, the growth model

presented here can synthesize a new category of one-dimensional asymmetric nanostructures.
Introduction

The vigorous development of nanomaterial synthesis has
produced colloidal nanostructures with a variety of sizes,
shapes and compositions.1–6 Highly geometrical symmetric
nanostructure is a common structural feature of most colloidal
nanostructures.7–13 Some asymmetric structures (nonspherical
shape) have been prepared through a variety of synthetic strat-
egies, such as seed-mediated growth mechanism or surfactant-
assisted process, to hinder or accelerate the growth rate of
specic crystal planes.14 For example, one-dimensional nano-
wires can be produced using Au nanoparticles as seed particles
or by the assistance of capping ligands in organic solvents.15,16

However, the synthesis of single-crystals with single-component
asymmetric nanostructures remains a signicant synthetic
challenge. The key to successful synthesis of less symmetrical
nanomaterials is discovering how to break the symmetry of
crystal growth to ensure that crystals remain in a highly aniso-
tropic growth, which requires understanding the growth
mechanism of nanomaterials for controlling their size and
shape.

Zinc oxide (ZnO), an important semiconducting material
with a wide band gap (3.37 eV) at room temperature and high
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exciton binding energy (60 meV), can be used in ultraviolet
optoelectronics such as ultraviolet (UV) lasers and transparent
conductors.17–19 ZnO has also been shown to exhibit superior
piezoelectric characteristics; it can function as a smart material
for piezoelectric device fabrication.20 Structurally, ZnO has
a wurtzite crystal structure and can be described as numerous
alternating planes composed of tetrahedrally coordinated O2�

and Zn2+ ions stacked alternatively along the c-axis. This results
in two different polar faces along the c axis: positively charged
(0001), indicating a Zn surface layer, and negatively charged
(000-1), indicating an O surface layer, which is surrounded by
six nonpolar {10-10} prismatic faces.21 Probably because of the
natural asymmetric hexagonal wurtzite structure and its polar
crystal surfaces, ZnO shows a diverse group of nanomaterials.22

Among various shapes of ZnO nanomaterials, one-dimensional
(1-D) ZnO nanostructures in particular have attracted much
attention due to their special properties in fabricating nano-
devices. A variety of methods for the synthesis of 1-D ZnO
nanostructures have been developed, including thermal evap-
oration, metal–organic chemical vapor deposition, a chemical
solution route, hydrothermal synthesis, and electrochemical
deposition23–27 via various growth mechanisms, including
vapor–liquid–solid (VLS), vapor–solid–solid growth, vapor–solid
process, self-catalyzed growth or surfactant assisted process.28–34

Recently, Jin et al. discovered a metal-free 1D nanostructure
growth mechanism driven by axial screw dislocation, which was
discussed for 1D crystal growth earlier than VLS by Sears in
1955.35,36 The dislocation-driven nanowire growth mechanism
This journal is © The Royal Society of Chemistry 2014
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could exist and compete with the VLS mechanism even when
the metal seeds were intentionally used to grow nanowires.37

Aer that, a series of studies describing dislocation-driven
nanowire growth were reported, showing that the mechanism
provides a general approach to synthesize several nano-
materials, even for producing nanotubes by alleviating the
dislocation strain energy to create a new inner surface.38–44

In this study, single component nanostructures with axial
asymmetry were obtained by a growth model consisting of two
types of growth routes. Asymmetric axial ZnO nanospindles
were synthesized in organic solvents at 270 to 370 �C and �17
MPa. The formation of the asymmetrical axial crystal growth is
located at a growth regime where screw dislocation and layer-by-
layer (LBL) deposition occur simultaneously; dislocation growth
is responsible for the growth of the c axis (axial) and LBL
deposition is responsible for the growth of the a, b axis (radial).
The length of these nanospindles can be adjusted over a wide
range of 0.62 to 4.74 mm. This new growth model provides an
effective way for providing a unique shape to colloid nanorods
with different degrees of taper; the length of the nanospindle
and the tapering situation can be controlled by changing the
reaction conditions (temperature and concentration). Thus, the
new growth model described here can produce a new category
of one-dimensional nanostructures.
Experimental section
Chemicals

All the chemicals were used as received. Zinc acetate (Zn(Ac)2,
99.99%), oleylamine (OLA, 70%), and anhydrous hexane (95%)
were purchased from Aldrich.
Synthesis of ZnO nanospindles

To prepare the stock solution of Zn, Zn(Ac)2 (24 mmol) was
added to OLA (24 mmol) in a 20 mL glass sample vial. The
mixture was degassed with Ar and stirred at 100 �C for 24 h. The
color of solution changed gradually to yellow, implying the
formation of Zn(Ac)2–OLA complexes. The stock solution was
stored in a Ar-lled glove box for further use. Prior to each
reaction, Zn stock solution was diluted to an appropriate
concentration by adding anhydrous hexane.

In a typical supercritical uid reaction to produce ZnO
nanostructures, 10 mL titanium grade 2 reactor was connected
to a high-pressure (1/1600 i.d.) stainless steel tubing via a LM-6
HIP (High Pressure Equipment Co.) reducer, loaded with
a silicon substrate, heated to 330 �C, and pressurized to 3.4
MPa. The inlet tubing was connected to a six-way valve (Valco)
with a 10 mL injection loop, and the titanium reactor temper-
ature was maintained within 1 �C using a temperature
controller. Next, the reactant solution was removed from the
glove box and injected into the 10 mL injection loop. The
precursor solution was injected at a rate of 0.3 mL min�1 into
the reactor by a high pressure liquid chromatography (HPLC)
pump. When the pressure reached 17.2 MPa, the injection ow
was turned off and the inlet valve was closed. The reaction was
maintained at this temperature for 40 min and the heater was
This journal is © The Royal Society of Chemistry 2014
turned off. The reactor was rapidly cooled to room temperature
using a cold water bath. Next, the Si substrate was removed
from the reactor and all the ZnO nanostructures were collected
from the Si wafer. The ZnO nanostructures were puried by
centrifugation at 8000 rpm with the addition of 30 mL of
toluene for 10 min and repeated three times before further
characterization.
Characterization

The crystal structure of the products was obtained by X-ray
powder diffraction (Rigaku, Ultima IV X-ray diffractometer) with
Cu-Ka radiation operated at 40 kV and 20 mA. XRD samples
were prepared by drop-casting the ZnO nanostructures
dispersed in hexane onto a glass substrate. The morphology of
the ZnO nanostructures was obtained by scanning electron
microscope (SEM, Hitachi S-2300) operating at 10 kV or 15 kV
accelerating voltage and transmission electron microscopy
(TEM) operating by accelerating at 200 kV (JEOL, JEM 2100F) or
300 kV (JEOL, JEM 3000F). For SEM and TEM images, ZnO
nanostructures were drop-cast from dispersions in hexane onto
silicon substrates and 200-mesh carbon-coated copper grids.
The selected area electron diffraction (SAED) patterns of the
ZnO nanospindles were also recorded by HRTEM. FTIR spectra
were recorded using a Perkin-Elmer Spectrum RXI FTIR spec-
trometer with 1 cm�1 resolution and 64 scans in the range of
4000–400 cm�1 by the KBr pellet technique. The 1H NMR
spectra were recorded on a Varian Unity Inova 500 NMR spec-
trometer using TMS as an internal reference at 25 �C.
Results and discussion

ZnO nanospindles were obtained by the decomposition of the
Zn stock solution (100 mM) at an injection rate of 0.3 mL min�1

(the molar injection rate of the Zn(Ac)2–OLA complex was 0.03
mmol min�1) at 330 �C and 17.2 MPa in supercritical hexane,
which was beyond the critical point of hexane. To study the
reaction chemistry of Zn(Ac)2 decomposition mechanism at
330 �C under supercritical hexane, FTIR and NMR spectrometer
were performed. It is obvious that Zn(Ac)2 and OLA turn into
a yellow clear liquid at 100 �C, indicating that the Zn(Ac)2–OLA
complex is formed. By comparing the FTIR (Fig. 1a) and NMR
(Fig. 1b) spectra of OLA, Zn(Ac)2–OLA complex and the reaction
residue of Zn(Ac)2–OLA complex aer synthesis (330 �C), a new
peak of the asymmetric stretching mode of C]O group in
amide at 1656 cm�1 was detected by FTIR at 330 �C, and the
other new peak with chemical shi at�5.8 ppmwas assigned to
the –CO–NH proton of N-oleyl acetamide at 330 �C according to
NMR, which indicate that the amide will be generated aer
heating to 330 �C. According to a previous study, an amine not
only acted as a capping ligand but also acted as an attacking
agent that attacks the electron-decient carbon of acetate and
undergoes a nucleophilic addition/elimination process to yield
ZnO monomers and N-oleyl acetamide, as shown in Fig. 1c.45

Fig. 2a and b show the SEM images of the as-synthesized ZnO
nanospindles on silicon substrates, demonstrating that the
products mainly consist of nanospindles randomly oriented on
Nanoscale, 2014, 6, 9034–9042 | 9035
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Fig. 1 (a) FTIR spectra for the OLA (blue), Zn(Ac)2–OLA complex
(black), and the reaction residue of Zn(Ac)2–OLA complex after heating
to 330 �C (red), the solid product was separated by centrifugation. (b)
NMR spectra of OLA (upside), Zn(Ac)2–OLA complex (middle), and the
reaction residue of Zn(Ac)2–OLA complex after heating to 330 �C
(underside). The solid product was separated by centrifugation and
CDCl3 was used as the solvent. (c) Illustration of the reaction mech-
anism of zinc acetate decomposition with oleylamine at 330 �C and
17.2 MPa in supercritical hexane.

Fig. 2 Typical SEM and TEM images of the products generated at
330 �C and 17.2 MPa in hexane. (a)–(c) SEM images of the ZnO
nanospindles. (d) A top view SEM image of the ZnO nanospindles. (e)
and (f) TEM images of nanospindles. (g) Illustrations of a ZnO nano-
spindle viewed from the side and an end. (h) and (i) HRTEM images of
two tips from a single nanospindle and (j) its corresponding SAED
pattern.

9036 | Nanoscale, 2014, 6, 9034–9042
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Si substrates. The TEM and SEM images of the products
(Fig. 2c–f) show a unique spindle-like shape with two sharp tips
at different degrees of tapering angle (thinning) and six well-
dened crystallographic facets along the c axis of each nano-
spindle. The side and top view of the ZnO nanospindle can be
described by the drawing shown in Fig. 2g. The cross-section of
the nanospindles is hexagonal. Fig. 2h and i show high-reso-
lution TEM (HRTEM) images of the two tips that are only a few
nanometers in size at the thinner (Fig. 2h) and the thicker end
(Fig. 2i). The lattice spacing at 0.52 nm corresponds to the
(0001) crystal plane of the wurtzite ZnO, indicating that the ZnO
nanospindles grow along the c axis, which is consistent with 1D
ZnO growth.46 The corresponding SAED pattern (Fig. 2j) of the
ZnO nanospindles shows a set of well-dened spots that
conrm the single crystallinity of the products; it can be
indexed as a hexagonal ZnO growth along the h0001i direction.
ZnO nanocrystals are reported to minimize the polar (0001)-Zn
plane and (000-1)-O plane under certain conditions.47,48 Our
TEM analysis also shows a similar result. According to TEM,
SEM and XRD analyses (Fig. S1–S3†), the shape andmorphology
of the ZnO nanospindles can be characterized as a wurtzite
structure of ZnO nanospindles with micrometer length growth
along the c axis (h0001i direction) with a curved surface and
diameters ranging from 320–480 nm in the thickest part to 8–40
nm around the tips with a different tapering rate.

An interesting phenomenon is oen observed when we use
TEM to analyze the ZnO nanospindles. A dark contrasting line
appears, running the entire length of the nanospindles in the
zero-beam bright eld image, representing the evidence for
a screw dislocation, which is consistent with previous
reports.49–51 Although it is well-known that dislocations are
mobile, instable and have a small volume, implying that they
may move out from the crystals during the growth process or
TEM sample preparation, the screw dislocation may also be
stable even in 1-D nanomaterials due to an uniform twist
caused by the elastic eld of the dislocations.52 To achieve
a better picture of the presence of screw dislocation in the ZnO
nanospindles, we performed diffraction contrast TEM under
two-beam conditions. To obtain the direction of dislocation
Burgers vector, it is necessary to nd two non-collinear
diffraction vectors, which meet the invisibility criterion (gb ¼ 0,
where b is the Burgers vector and g is the diffraction vector)
while using the diffraction contrast TEM. Therefore, the direc-
tion of the dislocation Burger vector by the cross product of
these two g vectors can be determined. As shown in Fig. 3a, the
analysis area (tagged with a red rectangle) was tilted toward the
[10-10] zone axis and [11-20] zone axis under the two-beam
conditions, which can be described by the drawing shown in
Fig. 3b and f, respectively. Electron diffraction patterns of the
analysis area along the [10-10] zone axis and [11-20] zone axis
are shown in Fig. 3c and g. When diffraction contrast images are
obtained along the [10-10] zone axis, the contrast of the dislo-
cation line becomes visible under the two-beam condition,
which excites the (0002) diffraction spot (Fig. 3d, represents g||
b conditions), whereas the contrast of the dislocation becomes
invisible, meeting the invisibility criterion with the (1-210)
diffraction spot (Fig. 3e). Similarly, the same results were
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 (a) TEM image of a single ZnO nanospindle; the analyzed area
was tagged with red rectangle and tiled to [10-10] and [11-20] zone
axis. (b) and (f) Schematic diagrams of the zone axis were viewed under
two beam conditions and (c) and (g) their corresponding SAED
patterns, respectively. (d) and (e) Diffraction contrast TEM images
viewed along the [10-10] zone axis with the (0002) diffraction spot and
(1-210) diffraction spot. (h) and (i) Diffraction contrast TEM images
viewed along the [11-20] zone axis with the (0002) diffraction spot and
(1-100) diffraction spot.
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observed in the diffraction contrast images obtained along the
[11-20] zone axis when exciting the (0002) diffraction spot
(Fig. 3h); the dislocation line becomes visible, whereas the
dislocation line becomes invisible (Fig. 3i) when exciting the (1-
100) diffraction spot. Therefore, the dislocation Burgers vector
(b) is determined along the [0002] direction by taking the cross
product of the two g vectors, (1-210) and (1-100), which is the
same direction of the growth axis of ZnO nanospindles. Fig. 4
also shows a bright-eld image recorded along [10-10] zone axis
at the thick end of the ZnO nanospindle, corresponding to the
Fig. 4 (a) A bright field image of a single ZnO nanospindle with black
contrast screw dislocation line at a thicker region taken from the [10-
10] zone axis; and (b) the corresponding dark field image of the same
nanospindle with a white contrast screw dislocation line exciting the
(0002) diffraction spot under a two-beam condition.

This journal is © The Royal Society of Chemistry 2014
dark-eld image on the same region with the (000-2) diffraction
spot, where a distinct white-contrasted dislocation line is visible
in the dark-eld TEM image. This also conrms that only one
dislocation line is present in the nanospindle.

In addition, the apparent protrusion that exists on the ends
in some ZnO nanospindles under TEM characterization was
observed. Fig. 5b shows the TEM image of the tips (tagged with
red circles) from the ZnO nanospindle, as shown in Fig. 5a.
Based on the abovementioned analysis (Fig. 1, TEM character-
ization), the tip at the thinner end of the ZnO nanospindles is
the [0002] end and exhibits protrusion features at the edge of
ZnO nanospindles. We deduced that the protrusion on the end
was produced by spiral growth steps at the tips of the nano-
spindles, which can also be regarded as a characteristic of
dislocations.38,42 Fig. 5c shows more clearly the spiral growth
steps on the [0002] end, and its corresponding illustration is
shown in Fig. 5d. It is well-known that the dislocation can be
introduced into crystals if supersaturation in the system is high.
We believe that the dislocations were introduced in the initial
stage of the reactions due to relatively high supersaturation.
When dislocation is introduced, it provides active sites for
crystal growth. The driving force for crystal growth driven by
dislocation spiral growth steps can not be avoided, even at
relatively high supersaturation during the initial stage of the
reaction. The emergent spiral growth steps on the ends of
nanospindles can act as permanent self-perpetuating step
sources, permitting the crystal growth of c axis to occur during
the entire reaction.

To investigate the growth process of the ZnO nanospindles,
we carried out a series of control experiments at a xed
temperature (330 �C) and molar injection rate (0.03 mmol
min�1) but at different reaction time intervals. Fig. 6b shows the
hexagonal disc-like crystallites with diameters ranging from 85–
150 nm, which were formed at a reaction time of 2.5 min. We
deduce that the hexagonal discs are created by ultra-small ZnO
Fig. 5 (a) Low-magnification TEM image of ZnO nanospindles
prepared at 330 �C; (b) TEM image of [0002] end from the same
nanospindle shown in (a) and tagged with red circle; (c) TEM image of
the [0002] end from the nanospindle shown in (b) and (d) the corre-
sponding illustration of its spiral step.

Nanoscale, 2014, 6, 9034–9042 | 9037
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Fig. 6 (a) Illustration of the ZnO nanospindles driven by a combined growth consists of screw dislocation and LBL deposition. SEM images of the
products obtained at the same reaction temperature (330 �C) and molar injection rate (0.03 mmol min�1) but different reaction time intervals of
(b) 2.5 min, (c) 10 min, (d) 12.5 min, (e) 22.5 min, (f) 30 min, and (g) 40 min.
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particles or nuclei, which are produced via nucleophilic addi-
tion/elimination processes. The hexagonal discs exhibit a polar
zinc (0001) face, six symmetric nonpolar {10-10} planes, and
a polar oxygen (000-1) face, which is similar to its hexagonal
close packing unit cell. In accordance with TEM characteriza-
tion (Fig. 7), the hexagonal discs are single crystalline with
a (0001) plane for one face and a (000-1) plane for the other face.
The hexagonal disc seeds for further nanospindle growth
should contain some defects, such as dislocations, which are
probably generated because of slight misorientation by imper-
fectly oriented attachment at the beginning of the reaction.53

When the reaction time was increased to 10–12.5 minutes, the
nanodisc grew along the h0002i direction with one end [0002]
getting thicker and the other [000-2] getting thinner. Half-
nanospindles were formed at this time, as shown in Fig. 6c and
Fig. 7 (a) TEM image of a single ZnO nanodisk prepared at 330 �C,
molar injection rate of 0.03mmolmin�1 and 2.5min reaction time, and
its corresponding (b) SAED pattern and (c) HRTEM image recorded
from the [0001] zone axis.

9038 | Nanoscale, 2014, 6, 9034–9042
d. With reaction time increased to 22.5–40 min (as shown in
Fig. 6e–g), both ends also became thinner but the growth rate of
the [0002] was signicantly larger than the [000-2] end.

ZnO is a polar crystal in nature.54,55 A convergent beam
election diffraction (CBED) measurement was used to deter-
mine the polarity of the ZnO nanospindles. Fig. 8b and e show
an experimental CBED pattern obtained from the red circle area
of a ZnO half-nanospindle (Fig. 8a) and nanospindle (Fig. 8d)
viewed along the [01-10] zone axis, respectively. The intensity
distributions in the (0002) and (000-2) diffraction discs are quite
different due to the wurtzite structure of ZnO.56 Fig. 8c and f
show the simulated CBED patterns using 100 nm and 205 nm as
the ZnO thickness, respectively. By comparing the experimental
and simulated CBED patterns, a good match between the
experimental and simulated CBED results indicates that the
Fig. 8 (a) TEM image of a single ZnO semi-nanospindle; the analyzed
area is tagged with a red circle. (b) Experimental CBED pattern
obtained from the circle area of the half-nanospindle and recorded
along the [10-10] zone axis. (c) Simulated CBED pattern at a thickness
of 100 nm. (d) TEM image of a single ZnO nanospindle; the analyzed
area is tagged with a red circle. (e) Experimental CBED pattern
obtained from the circle area of the nanospindle and recorded along
the [10-10] zone axis. (f) Simulated CBED pattern at a thickness of
205 nm.

This journal is © The Royal Society of Chemistry 2014
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ZnO nanospindles with a thinner and thicker end grow with
a (0001)-Zn polar surface and a (000-1)-O polar surface,
respectively. The sequences of the growth velocities of ZnO
crystals in different directions are [0001] > [01-1-1] > [01-10] >
[01-11] > [000-1] under hydrothermal conditions, and the ratio
of growth rates between the fast [0001] and slow [000-1] direc-
tion was 3 : 1.57 Therefore, the growth rate at [0001] should be
greater than that at [000-1], which is consistent with our
experimental results. Finally, the asymmetry nanospindles were
obtained at 40 min.

The sizes and aspect ratios of the ZnO nanospindles at
different reaction time intervals are summarized in Table 1. The
diameter of the ZnO nanocrystals was measured at the thickest
region. First, in the early stage (10 to 22.5 min), the average
diameter increased from 0.27 to 0.37 mm, and the length of the
nanospindles increased from 0.37 to 1.17 mm. In the following
interval of 22.5 min to 40 min, the average diameter increased
from 0.37 to 0.44 mmand the spindle length increased from 1.17
to 3.78 mm. From statistics, the axial growth rate is always
greater than the radial growth rate. Moreover, the axial growth
rate gradually increased from 64 nmmin�1 (10–22.5 min) to 149
nm min�1 (22.5–40 min), whereas the radial growth rate
decreased from 8 nmmin�1 (10–22.5 min) to 4 nmmin�1 (22.5–
40 min). This shows that the radial growth rate is more obvious
in the earlier stage (note: the nanodiscs were mainly generated
before 10 min of reaction time).

According to the classical crystal growth theory,58 supersat-
uration dominates the model of crystal growth, which can be
divided into three distinctive growth regimes: dislocation-
driven growth, LBL growth, and dendritic growth. Dislocation-
driven growth tends to occur when supersaturation is suffi-
ciently low, whereas LBL is favoured when supersaturation is
high. To trigger the dislocation-driven growth, two conditions
must be satised: the presence of dislocation sources and low
precursor supersaturation.38,49,59,60 We must point out that in
our system, supersaturation is related to the molar injection
rate and the precursor decomposition rate in the reaction. In
addition, the molar injection rate and the concentration of ZnO
monomers in the reactor changed during the course of the
reaction time: the precursor concentration in the 10 mL injec-
tion loop was gradually diluted by the incoming hexane, and the
monomers in the reactor also depleted with time. Therefore, we
can understand that the disc-like products are obtained at 2.5
min due to the high supersaturation in the initial stage. It is
well-known that high supersaturation tends to spontaneously
generate defects61 such as dislocation. The dislocation sources
have been introduced at this time. The following crystal growth
not only occur along the c-axis due to the existence of disloca-
tion seeds but also along the a and b-axis because the degree of
Table 1 Summary of the ZnO nanostructures obtained with different
reaction time

Reaction time (min) 10 12.5 22.5 30 40
Average diameter in the
thickest part (mm)

0.27 0.35 0.37 0.43 0.44

Average length (mm) 0.37 0.65 1.17 2.71 3.78

This journal is © The Royal Society of Chemistry 2014
supersaturation is still high in the reactor. Sears et al. also
observed that mercury whiskers thicken radially when the
mercury pressure (supersaturation) is increased.62 Therefore,
the driving forces of crystal growth along the c axis were
dominated by dislocation growth but for the a and b axis, the
driving forces of crystal growth should be dominated by the LBL
mechanism because only one dislocation line is observed along
the c axis. Aerward, the molar injection rate and the degree of
supersaturation gradually decreased. Hence, the driving forces
of LBL growth for the a and b axis gradually decreased (reducing
the diameter) and dislocation-driven growth gains have more
inuence on the c axis (increasing the growth rate of the c axis)
aer about 22.5 minutes. The tapering phenomenon of ZnO was
caused by a gradually decreased supply of growth resource.63

Morin et al. also showed a steady decrease in the diameter of 1-
D ZnO nanomaterials when continuous ow reactors are oper-
ated at decreasing precursor concentrations;38 therefore, the
gradual decrease in supersaturation is responsible for the
gradual decrease in diameter (tapering).64 Finally, the asym-
metry nanospindles with two sharp tips and different degrees of
tapering were obtained aer 40 min. Fig. 6a also shows an
illustration of the growth of asymmetrical axial ZnO
nanospindles.

In addition, we studied the effect of precursor concentration
on the synthesis. A parallel experiment was carried out in which
the initial concentrations of Zn(Ac)2–OLA complex were
increased from 0.03 to 0.72 mmol min�1 while other experi-
mental conditions remained constant. In this case, the reaction
environment was always maintained at a high supersaturation
state due to the high molar injection rate. Fig. 9 shows the SEM
and TEM images of the products with typical rod shapes
composed of well-dened {10-10} and (000-1) and {10-11}
surfaces obtained under this high supersaturation condition.
The growth is very consistent with the ZnO crystal obtained by
the hydrothermal method.57 Higher initial concentration of
Zn(Ac)2–OLA complexes implies that more ZnO monomers are
produced, which in turn induce signicant LBL growth;
consequently, the driving forces of crystal growth by dislocation
should be signicantly inhibited. According to our statistical
results, the average length of nanorods (435 nm) is shorter
than that of nanospindles (3.78 mm). This implies that the
axial growth is reduced due to the high supersaturation
condition.
Fig. 9 (a) SEM and (b) TEM images of ZnO nanorods fabricated at
a high molar injection rate of 0.72 mmol min�1 with reaction time of
40 min at 330 �C.
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Fig. 10 SEM and TEM images of the ZnO nanospindles synthesized at the same molar injection rate (0.03 mmol min�1) and reaction time (40
min) at different reaction temperatures of: (a) and (f) 270 �C, (b) and (g) 290 �C, (c) and (h) 310 �C, (d) and (i) 330 �C, (e) and (j) 370 �C.

Nanoscale Paper

Pu
bl

is
he

d 
on

 2
3 

M
ay

 2
01

4.
 D

ow
nl

oa
de

d 
by

 N
at

io
na

l T
si

ng
 H

ua
 U

ni
ve

rs
ity

 o
n 

13
/0

8/
20

15
 1

1:
50

:2
4.

 
View Article Online
We observed that the axial growth rate of ZnO nanospindles
driven by screw dislocation is proportional to the reaction
temperature. A series of control experiments were performed by
changing the reaction temperature. SEM images and the cor-
responding TEM images of ZnO nanospindles synthesized at 40
min reaction time but different temperature intervals of 270 �C,
290 �C, 310 �C, 330 �C, and 370 �C are shown in Fig. 10. The
lengths of the products were 0.62 mm, 1.87 mm, 2.98 mm, 4.05
mm, and 4.74 mm as the reaction temperature increased. The
screw dislocation lines are also present. Although the thickness
of the nanospindles increases from �200 nm to 360 nm at
elevated temperatures, the growth rate of length (c axis) for the
nanospindles is signicantly faster than that along the a axis of
ZnO. It is similar for the dislocation-driven growth of PbS
nanowire pine trees, where the length of the pine trees (trunk)
increase as the temperature is elevated.36 The present results
show that length-tunable asymmetrical axial ZnO nanospindles
are thermally controllable by varying the reaction temperature.
Conclusions

Asymmetrical axial ZnO nanospindles were synthesized via
a non-hydrolytic method by the decomposition of zinc acetate at
supercritical hexane environment. For the specic case of ZnO
nanospindles, dislocations are spontaneously generated
because of high supersaturation in the initial stage of the
9040 | Nanoscale, 2014, 6, 9034–9042
reaction, and the following crystal growth for c axis is mainly
driven by dislocations; the LBL mechanism accounts for a and
b axis. Aerward, the driving forces of crystal growth became
gradually more pronounced by dislocation growth and debili-
tated by LBL growth when the supersaturation level started to
decline. Moreover, a wide range of length (or aspect ratio) of
ZnO nanospindles can be tuned by the temperature-mediated
growth. Therefore, the nal morphologies depend on the
competition between these two growth modes.
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