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Single-Crystalline ZnO Nanowire Bundles:
Synthesis, Mechanism and Their Application in Dielectric Composites

Guangsheng Wang,*™ " Yuan Deng,**! and Lin Guo*"*

Abstract: Single-crystalline ZnO nano-
wire bundles have been synthesized in
large-scale by an improved microemul-
sion method in the presence of exces-
sive hydrate hydrazine and dodecyl
benzene sulfonic acid sodium salt
(DBS) in xylene. The product is char-
acterized using X-ray diffraction
(XRD), scanning electron microscopy

py (TEM), and high-resolution trans-
mission electron microscopy
(HRTEM). The result shows that the
bundle is composed by many oriented
single-crystalline ZnO nanowires with
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a length of about 1 ym and a diameter
of about 20-30 nm. The influence of
DBS, hydrazine and the reaction time
on the morphology of final product
and the formation mechanism of such
nanostructures were discussed; the ap-
plication in the dielectric composites is
also studied.

(SEM), transmission electron microsco-

Introduction

As an important wide-band-gap semiconductor with E,=
3.37 eV, ZnO has been of great research interest as a result
of its unique applications in catalysts, sensors, piezoelectric
transducers and actuators, and photovoltaic and surface
acoustic wave devices."? For these applications, the mor-
phology control of ZnO structures is critical in order to tune
their chemical and physical properties to the appropriate
ones. ZnO nanobelts,** nanorings and nanorows,”* nano-
wires,) nanocombs,” have been reported and various syn-
thetic methods have been developed to prepare ZnO nano-
materials, such as vapor-liquid—solid epitaxial (VLSE)
mechanism,[""! thermal evaporation,” hydrothermal meth-
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ods,"” template-based growth,"* chemical-vapor deposi-
tion,™! pulsed-laser deposition"® and micro-emulsion,'” but
it is still a challenge to synthesis arrays in solution at low
temperature.

Recently, ZnO nanoparticles has been studied as a con-
ductive-filler in polymer™ for the polymer/matrix compo-
sites with high dielectric permittivity have received increas-
ing interest recently for various potential applications in
high charge-storage capacitor.'”) A wide variety of high die-
lectric constant composite materials have been developed.
Efforts to improve the overall dielectric performance of
these materials have been devoted to maximize the dielec-
tric constant and suppress the dielectric loss. Two methods
were employed currently for improving the dielectric con-
stant of the polymers. One is to disperse some ferroelectric
ceramic powders into the polymer to form 0-3 type compo-
sites. Adopt traditional ceramics, for example, BaTiO;,
BaSrTiO;, PbZrTiO;, CCTO, have been actively explored as
fillers.”*?! The effective dielectric constant of the ferroelec-
tric ceramic—polymer composites increases with the volume
fraction of the ceramics based on the mixing rules. While
the dielectric constant of these polymer—ceramic composites
developed to date is either below 100 or high but with high
filler content at room temperature.

The other significant efforts have focused on developing
percolative composites. Conductive filler/polymer composite
is another approach towards high dielectric constant materi-
als, which is a kind of conductor—insulator composite based
on percolation theory. Ultra-high dielectric constant can be
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expected with conductive filler/polymer composites when
the concentration of the conductive filler is approaching the
percolation threshold. And also this percolative approach
requires much lower volume concentration of the filler com-
pared to traditional approach of high dielectric constant par-
ticles in a polymer matrix. Therefore, this material option
represents advantageous characteristics over the convention-
al ceramic/polymer composites. Various conductive fillers,
such as silver (Ag), aluminum (Al), nickel (Ni), carbon
black, have been used to prepare the polymer—conductive
filler composites.”>?! The ZnO/polymer composites were
always thought as a material with low dielectric constants,
but no percolation threshold was found by adding ZnO
nanoparticles (49 nm) into low density polyethylene
(LDPE) ever at high filler content; While, the dielectric
property of composites depends on physical property, prepa-
ration method, and interface interaction between the fillers
and the polymer, especially the morphologies of fillers. New
insights into the unique properties of the nanoparticle filler
and polymer matrix have been gained in most recent stud-
ies.3) An increase of the dielectric properties is still a chal-
lenge.

In this paper, we synthesized ZnO nanoparticles with a
shape of ZnO nanowire bundles by an improved microemul-
sion at low temperature, and investigate the mechanism and
their application in dielectric composites.

Results and Discussion

Characterization and controllable synthesis of ZnO nano-
wire bundles: ZnO nanowire bundles were synthesized by
the reflux for 5h with Ry (Rp=8) and Ry (Rp=40).
Powder XRD pattern of as-prepared products is shown in
Figure 1a. All diffraction peaks can be indexed as those
from the known Wurtzite-structured (hexagonal) ZnO
(JCPDS 75-1526). Figure 1b shows the product reflux time is
reduced to 1 h at the same conditions, no ZnO but Zn(OH),
and Zn(CH;COO), were detected, which mean Zn(OH),
would be formed as an intermediate during the microemul-
sion approach.

- ®— Zn(OH),
14 ®—2Zn(CH,CO0
I f e g T
gl W, L kNUvJVLuJL«}\wwuwww
S -
2 =
g g
=
N o
3 pat
‘\ S ﬂ 3
i T | TS0 o
@) ‘UJ\‘ JLJLJ&Wé S

2theta [°]

Figure 1. XRD patterns of the product heated under reflux for a) 5 h and
b) 1h.
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A general overview of the product (shown in Figure 2a)
indicates the material consists of uniformed bundles with a
length of about 1pm. The nanowires composed of the
bundle grow uniformly along the same direction. A closer
examination of the bundle (shown in Figure 2b) indicates
that the bundle consists of large quantities of uniform wires
with a length of about 1 pm and a diameter of about 20—
30 nm. In order to confirm the elements of the sample, a
typical energy dispersive spectroscopy (EDS) recorded on
one nanowire was given as insert of Figure 2a. No other ele-
ments can be detected from spectrum except for Zn and O
(Au and C came from the electric colloid used to support
the sample).

AtEV' Spot Magn WD |————{ 200 nf
500KV 30 81620« 60 d

Figure 2. SEM image of the product: a) a general overview, the inset is a
typical EDS composition analysis of a selected area (scale bar = 5 um);
b) enlarged ZnO nanowire bundle (scale bar = 20 nm).

Additional structural characterization of the ZnO nano-
wire bundles is carried out using TEM and HRTEM. The
TEM image (Figure 3a) shows the typical image of the indi-
vidual ZnO bundle nanostructures are stable even after a
long time of ultrasonic, indicating that there maybe some
chemical bonding among the nanowires. HRTEM images
(Figure 3b), taken from the selected area marked by a
square in Figure 3a, reveal that the nanowires possess a
single crystal structure. The inset of Figure 3b is the corre-
sponding processed (fast Fourier transform) FFT of the
image Figure 3b also indicates that the nanowires are single
crystal. The enlarged HRTEM image (shown in Figure 3c¢)
shows that the entire lattice in two contiguous nanowires
have almost the same spacing and direction where the singu-
lar spacing is 0.26 nm, which is nearly consistent with the
(002) reflection plane spacing of the hexagonal ZnO phase.
The <001 > direction marked by the white arrows was par-
allel to the long axis of the rods, indicating that the <001 >
direction is a common growth direction for the ZnO nano-
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Figure 3. a) TEM image of the ZnO nanowire bundles; b) HRTEM image of the selected area marked by a
square in a), insert is FFT of the image b); c) enlarged HRTEM image of the selected area marked by a

square in b).

wires. The side view of nanowires is also shown in Figure 3c,
the difference in brightness, marked by a round, indicates
that the joints of wires are thin. The nanowires are directly
connected by crystalloid, marked by a square, and aligned
not only in length direction but also in crystallography ori-
entation.

The optimized reaction condition to prepare ZnO nano-
wire bundles is the reflux of Zn(CH;COO),2H,0, dodecyl
benzene sulfonic acid sodium salt (DBS) and hydrate hydra-
zine for 5 h in a solution of xylene with Ry = 40 and Ry =
8.

In this reaction, Ry is an important factor to affect the
final structure. When the molar ratio of DBS to Zn-
(CH;C0O0),2H,0), R, was reduced to 0.85 and the result-
ing ZnO exhibits bundles composed of several nanorods and
some dispersed thickset rods (shown in Figure 4a). When
Rp was decreased to 5.7, the bundles composed of nano-
wires with the diameter about 30-50 nm and length about
1.5-2.5 um can be obtained (shown in Figure 4b). Compared
with typical products shown in Figure 2, the diameter of the
ZnO nanowires thus decreases and the conglomeration in-
creases with the increasing Ry,

Ry would affect the diameter of the nanostructures
during the following growth process, which also determine
the size of the droplet. When the reaction was performed
under the same reaction conditions but only increasing Ry
to 50, the product was composed of bundles; some exhibit
radial structures (Figure 4c), which may be due to the super-
abundant hydration agent hydrazine, which led to increased
nucleation and growth to form radial nanowires with Zn**.
When the reaction was performed under the same condition
but a decreased Ry value of 20, the product was mainly
composed of dispersed ZnO nanowires; some bundles con-
sisted of nanowires with a diameter of about 100 nm (Fig-
ure 4d). The diameter of nanowires and the morphologies
of ZnO particles can easily be adjusted by changing the Ry
value. These results also indicate that the aggregation of the
bundles decrease with the decreasing of Ry;.

The influence of reflux time was also studied. The prod-
ucts do not contain ZnO but column-like Zn(OH), (XRD
shown in Figure 1b) with the chapped ends (Figure 4e)
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when reflux time was above
1 h; this implies that Zn(OH),
would be the intermediate
during the microemulsion ap-
proach. Most of the bundles
structures were dispersed, and
the diameter of the nanowires

enhanced (Figure 4f) when
reflux time was above 8 h.
From experiments above

mentioned, we can conclude
that the Rp, Ry and reaction
time play an important role on
the growth of ZnO particles

Figure 4. a) Product prepared with an Ry, value decreased to 0.85 (scale
bar = 2 pm); b) the product prepared with R}, decreased to 5.7 (scale
bar = 500 nm); c) product prepared with Ry increased to 50 (scale bar

= 1um); d) product prepared with Ry decreased to 20 (scale bar =
2 um); e) product reflux for 1 h (scale bar = 1 um); f) product reflux for
8 h (scale bar = 500 nm).

with varies morphologies. In this process, R, and Ry are the
key factor to the final bundles structure.

Reaction and growth mechanism: The overall reaction in
the current system could be simply formulated as follows:

Zn** + 2N,H, -H,0 = Zn (OH), | + 2N,H,* 1)
Zn(OH), = ZnO + H,O (2)

From the observation of the experiments mentioned above,
we can conclude that the possible mechanism of the bundle

Chem. Eur. J. 2010, 16, 10220-10225
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structure can be described with the following stages
(Figure 5). At the first stage (Figure 5a), the reactants-con-
taining solution enwrapped by the capping molecules acts as
a wirelike-microreactor (Figure 5a), then the excess N,H;*

a) The first stage b) Reflux stage
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Figure 5. Growth mechanism of the ZnO nanowire bundles

ions are adsorbed on the surface of the resulting wirelike-
microreactors, and then Zn(OH), column blocks are formed
(Figure 4 f). During the 5 h reflux, Zn(OH), decomposes in
the wirelike-microreactors and the ZnO nanowires are
formed (Figure 5b). The microreactors formed column
blocks before being ruptured after the reflux process; the
ZnO nanowires are located between the linked wirelike-mi-
croreactors and connected with each other by crystalloid
structures, which leads to bundle formation (Figure 5c),
which has been proved in the HRTEM measurements.

Dielectric properties: To investigate how the bundles nano-
structures affect the dielectric properties of composites, vari-
ous contents of ZnO bundles powder were mixed with pol-
y(vinylidene fluoride) (PVDF) to form ZnO/PVDF compo-
sites by hot-press process. Excellent dispersion of ZnO bun-
dles; the compact structure in the polymer is shown in the
SEM images of the composites in Figure 6. The interface be-
tween ZnO bundles and polymer was eliminated, which may
due to the use of DBS in the synthesis process. The ZnO
bundles were still kept radial shape in the composites after
the hot-press.

For comparison, the dielectric properties of various con-
tents of bulk ZnO/PVDF (ZnO/PVDF) composites were
measured at room temperature, which is shown in Figure 7.

Figure 6. A cross-sectional SEM image of the wafers of the composite
with the filler content 15 wt % (scale bar = 2 um).
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The used bulk ZnO is composed of nanoparticles with a
length of about 200-300 nm. The dielectric constants of the
composites decrease with the increase frequency (Fig-
ure 7a). The relationship of the dielectric constants and
filler content of ZnO, which in-
dicates the dielectric constant
slowly increase with the in-
creasing weight ratio; there
exists no percolation threshold
by adding ZnO nanoparticles
into PVDF in the considerable
range, which is the same result
as the reported ZnO/LDPE.['l
The dielectric loss is no higher
than 0.2 from 10° to 10° Hz.
Compared with ZnO/PVDF,
the dielectric constants of the
ZnO bundles/PVDF improved
considerably (Figure 8a), which
may be based on the bundle
nanostructures. The dipole—
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Figure 7. Dielectric constant and dielectric loss measured at different fre-
quencies for the composites (bulk-ZnO/PVDF) mixed with different
wt % at the room temperature: a) The dielectric constant. b) Variation of
dielectric constant of the different filler content (wt%) of ZnO at the
frequency of 10°, 10%, 10° Hz. The data presented of c) is the same as a).
¢) Dielectric loss.
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dipole interaction increased and contributed to higher die-
lectric constant. This implies that the incorporation of ZnO
nanowires bundles into PVDF is also effective to increase
its dielectric constant, which is the same result as the report-
ed R-ZnO/PVDER! A low percolation threshold is ob-
served for ZnO bundles/PVDF nanocomposites (insert of
Figure 8a), at a critical filler content 15wt %, where the die-
lectric constant abruptly increases. The dielectric constant of
the percolation composites reaches 96 at 10> Hz, which are
significantly eight times higher than that of bulk-ZnO/
PVDF composites with the same filled content. There are
two reasons for the increased dielectric constant: one is that
the significant increase of the dielectric constant is ascribed
to a whole conductive network formed eventually in the
composites when the volume fraction of the ZnO bundles
fillers increases to the threshold (15wt. % ); the other is that
the dielectric constant of a material is a function of its ca-
pacitance, which is also proportional to the quantity of
charge stored on either surface of the sample under an ap-
plied electric field, the polarization of the ZnO/PVDF inter-
faces makes an additional contribution to the charge quanti-
ty. Therefore, the higher dielectric constant appears in the
composites with a higher volume fraction of ZnO bun-
dles.P¥

The variation of dielectric loss with frequency is also de-
picted in Figure 8b. It is noted that the dielectric loss of the
percolation ZnO bundles/PVDF composite is as high as 0.5
at room temperature in the region of 10’-10° Hz. Further-
more, towards higher frequency, the dielectric loss of the
percolation composite is lower than 0.25 with an increase in
frequency 10° Hz, for the percolation composites, the dielec-
tric loss increases rapidly. Usually, the introduction of inor-
ganic semiconductor fillers to a polymer matrix enhances
the dielectric loss values of the composites."

Conclusion

In summary, we have demonstrated a new approach to syn-
thesize ZnO nanowire bundles. The nanowires composed of
the bundles are aligned not only in length direction but also
in crystallography orientation. This method shows the possi-
bility of growing in large scale ZnO nanowires arrays by a
microemulsion method at low temperature. The nanowire
bundles should be of interest for applications of such struc-
tures in displays, in microlasers, and in photonics devices.
The ZnO bundles’/PVDF composites have significantly
higher dielectric constants compared with those of bulk
ZnO/PVDF, with a quite low percolation threshold. This
also confirmed that one-dimensional ZnO nanostructures
can enhance the dielectric constant of polymers. It is a
promising dielectric composite with high dielectric constant
and low inorganic filler content.

www.chemeurj.org

10224 ——

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a

100+ —a5
., —0—10
£ 80-';3 o 15
'g 604 L.‘ o 20
S - Te
[s] l%‘
Q401 %, T4y,
2 2012 00, o8 LI
— TalBumar . CC000ca e 19000
8 0 B Rl
100 1000 10000 100000 1000000
Frequency [HZ]
b) 100 -
m 10°Hz]
= 80" 3 / \\
S —o—10"Hz N
? N
5 604 / ]
g
o
£ 40 S e
(<3} / e S
o ayd .
a8 20l w .
| S
5 10 15 20
Filler content wit%
c)
v
1723
o
Q
5
@
©
o

100 1000 10000 100000 1000000
Frequency [Hz]

Figure 8. Dielectric constant and dielectric loss measured at different fre-
quencies for the composites (ZnO bundles/PVDF) mixed with different
wt % at the room temperature: a) The dielectric constant. b) Variation of
dielectric constant of the different filler content (wt%) of ZnO bundles
at the frequency of 10%, 10° Hz. The data presented of c) is the same as
a). ¢) Dielectric loss.

Experimental Section

Commercially available and analytical-grade reagents were used without
further purification. Zn(CH;COO),-2H,0 (1.1 g) was dissolved in xylene
(150 mL), then the dodecyl benzene sulfonic acid sodium salt (DBS) with
the different molar ratio R, [Rp=(surfactant/Zn(CH;COO),2H,0)]
from 0 to 8 were added successively. After the solution was vigorous
stirred for 1 h at room temperature, 50 % hydrazine with the different
molar ratio Ry [Ry= (hydrazine/Zn(CH;COO),2H,0)] from 10 to 50
were added to the mixed transparent solution and refluxed for 5 h. Then,
the white precipitates were collected, washed with ethanol and distilled
water several times, and then dried in the oven at 70°C.

A series of PVDF (0.475, 0.450, 0.425, and 0.400 g) were dissolved in N-
dimethylformamide (40 mL) at room temperature. After the solution
turned transparent, the ZnO bundles or bulk ZnO (0.025, 0.050, 0.075,
and 0.100 g), were added, respectively, then dispersed by ultrasonic bath
treatment at room temperature. Then the sample was dried in the oven
at 80°C. The dried mixture was compressed into wafers for 25 min at
200°C under 10 MPa (pre-pressed for 5Smin at the same temperature.
The press was released for a short period of time and then re-pressed for
20 min, followed by cooling to room temperature under the same pres-
sure).

Powder XRD data were collected on a Rigaku D/MAX 2200 PC auto-
matic X-ray diffractometer with Cug, radiation (1=0.154056 nm). The
grain morphology and size was observed by SEM (FEI Siron 200) and
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TEM (HITACHIH-8100). Further structural and elemental analyses
were performed using HRTEM (FEI Company, Tecnai G2 F20S-Twin
FEG TEM at 300 kV) and selected area electron diffraction (SAED).
The dielectric constants were measured by a HP 4294 A Impedance
meter in the frequency range of 100/11 MHz, at an average voltage of
0.5 V under the room temperature.
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