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Sodium chloride (NaCl) was found to be very helpful in producing single crystal zinc oxide (Z2nO)
nanowires in gram quantities. The growth involves heating the mixture of zinc powder and NaCl to
600-700 °C in flowing gases of axygen and argon. A conversion efficiency of 70-80% (Zn tc 2n0)
was achieved when NaCl was used, and 5-10% without NaCl. The NaCl was completely removed
by soaking and rinsing the mixture in water a few times. Photoluminescence spectra using excitation
of 325 nm showed a very strong emission only in the visible frequency range, indicating that the

surface states dominate the emission.
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Ever since the report of the successful synthesis of zinc
oxide (ZnO) nanobelts’ and nanowires,” there have been
extensive efforts in the synthesis, characterizations, and
applications of ZnO-related nanostructures,™"! and were
described in detail in a review.'? A variety of morpholo-
gies of ZnO have been reported including nanobelts,” '
nanowires.> 1% single-crystal nanorings.'” nanohelices,"®
hierarchical nanostructures,’®* nanocolumns, and nano-
plates.”! nanobridges and nanonails,” nanoneedles.” tetra-
pods, and comb structures.”** Even though reports on
the production of large quantities are also abundant,***
there has not been a truly simple practical procedure that is
capable of producing ZnO nanowires in any morphology.
in quantities of many grams. Our previous report™ on
large quantity production involves an oxidation process (o
remove the graphite support that was used to increase the
yield. which not only shortens and sharpens the end of
the nanowires but atso changes the electrical and optical
properties due to the extra oxygen incorporated during the
oxidation proczss. In this paper. we report a truly sim-
ple procedure capable of producing many grams of ZnQ
nanowires trom Zn powder. which involves the use of
sodium chloride {NaCl. 99.0%. Sigma-Aldsich}. The NaCl
was completely removed by soaking the as-made mixture
in water and rinsing a few times. This method did not
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change the electrical or optical properties of the nanowires.
Even though a few reports were about synthesis of Zn0
nanorods or nanoparticles using the assistance of NaCl
from other Zn precursors.”* none of them is about the
large quantity growth of ZnO nanowires from Zn powder
directly.

The process is based on the thermal evaporation of
metallic zinc powder mixed with NaCl powder n a wbe
furnace at 600700 °C for 2 hrs with flowing zases of
oxygen and argon at 2 Torr. Briefly, | g Zn. and 3 g NaCl
powders were ground and mixed thoroughly betore load-
ing into a quartz boat, then the boat was paced in the tem-
perature region of 600-700 °C inside an alumina rube of a
horizental tube furnace and pumped by a rotary punp. As
soon as the pressure is below 0.5 Torr, the power i3 turned
on. the temperature starts to rise. and the flowing gases
of argon (25 sccm) and oxygen {20 scem) are introduced.
The vacuum in the alumina wbe was kept at 2 Tor during
the whole growth period. The center of the furnacs was set
at 800 °C to establish a temperature gradient at where the
mixture of Zn and NaCl was jocated. The growih aormally
takes about 2 hrs before it is stopped and cooizl down
to room tempetatuse. After the samples were iaken O_Ul-
we carried out morphology studies including elermin-
ing the length and diameter by scanning electron m%CIrO‘
scope (SEM). crystalline structure studies by tran-mission
electron microscope (TEM) and X-ray diffracton i XRD}
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Fig. 1. SEM images of ZnO nanowires at low (a. ¢}, mediwm (b, e). and
high {c, f) magnifications. [mages (a}-{c) are for the baii-like nanowires
clusters and {d)f) lower-like nanowires clusters.

and photoluminescence studies on both the as-grown and
NaCl-tree ZnO nanowires.

Figure | shows the SEM images of the nanowires in
low {a, d), medium (b, €), and high (c, f) magnifications.
During the SEM examinations, we found there are mainly
two kinds of morphologies: (1) ball-like nanowires clusters
grown from microparticles shown in Figure la and
{2) fiower-like nanowires clusters grown from a nanopar-
ticte shown in Figure 1d. Figures 1b and e show a single
ball-like nanowires cluster and flower-like nanowires clus-
ter, respectively. From the low magnification images (a, d},
we can clearly see that the ZnO nanowires are about a few
wm long. High magnification images in Figures lc and 1f
clearly showed that the diameters of these nanowires are
about 100 nm.

Figure 2 shows the TEM images of the as-grown ZnO
panowires. Figure 2a shows a low magnification TEM
image of the ZnQ nanowires. It indicates that the ZnO
Tlfinowires are quite straight and have relatively uniform
diameters along their lengths. The diameters are about
10C am that is consistent with the SEM observations.
The energy dispersive X-ray spectrum (not shown here)
recorded from a single ZnQ nanowire indicates the only
presence of Zn and Q. which shows that NaCl was not
mcorporated into the ZnO nanowires. but only acted as
E;]EI\;UFH[?:;[ ngure 2b shows Fhe typical higk‘t‘resoh}tio.n
cate :[i 0l I‘he 21.10 nanowires. The clear tringes lnFjl-
fringe . he ?mnow;re_s are single crys@ls. The lattice

€ spacing iy ubout 5.12 A, corresponding to the {0001)
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Fig. 2. TEM image at low magnificalion {a) and crystal latrice image
(b} of ZnO nanowires, The growth direction of [0001] und the spacing
between (0001) planes are indicated in {b).

plane of the wurtzite structure, and the growth direction is
[0001], perpendicular to the (0001) plane.

XRD was used to study the crystalline phases. Figure 3
shows the XRD spectra of the as-grown (bottom) and
cleaned samples (top). It is clearly shown that there are
two phases in the as-grown sample: ZnO and NaCl,
whereas only ZnQ exisis in the cleaned sample. The spec-
tra matches well with the wurtzite structure of ZnO. The
water soak and rinse to completely remove the NaCl is
so much simpler than the oxidation procedure in which
graphite flakes were used as the support.™ which makes
this process very scalable to industrial production of kilo-
grams of ZnO nanowires and applicable (o other oxide
nanowires.

Photoluminescence spectra were measured and shown in
Figure 4 for both the as-grown (filled circles) and cleaned
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Fig, 3. X-ray ditfraction spectra of the as-grown (bouam) and NaCl-
free (top) ZnO nancwires, The ZnO manowires are indeged with the
wurtzite structure and the NaCl crystals are also indexed.

samples (open circles). The excitation source was 325 nm.
Strong emission was observed in the visible frequency
range onty, not in the ultraviolet (UV). This indicates that
the surface states of the ZnO nanowires dominate the emis-
sion when this production technique is used. It is also
demonstrated that cleaning the ZnQO nanowires with water
did not significantly alter the optical properties. However,
it is not clear why the growth technique suppresses the UV
emission, which is under further study.

We conducted comparative experiments without NaCl
and also with other inorganic salts such as sodium car-
bonate (NaCOQ,) in order to understand the role of NaCl
in the formation of large guantities of ZnQO nanowires.
Without NaCl, only a small amount of well-aligned ZnQ
nanorods was produced {(about 5-10% conversion of Zn
into ZnO, much smaller than the 70-80% when NaCl was
used. The conversion percentage was calculated as: Total
mass of ZnO nanowires collected after drying divided by
that of ZnO corresponding to the Zn powder used). This is
shown in Figures 5a and 5b in low and high magnification
SEM images, respectively. Neither the ball- nor flower-like
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Fig. 4. Photoluminescence »pectra of the as-grown (filled circles) and

NuCl-free {open circles) ZnO nanowires. The exeilution source wis

325 .
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Fig. 5. SEM imuges at low (a) und high (b) magnificaticis of ZnO
nanowires grown from Zn powder without using NaClL

clusters were observed. When NaCO; was used. there was
no ZnO nanowire growth at all, indicating the mechanism
that the NaCl crystals played in the growth process of ZnO
nANOWIres.

Based on the morphologies of the ball- and flower-like
nanowires clusters, we propose the possible growth mech-
anism when NaCl was used. With temperature inereases
above the melting point of Zn, Zn starts to cuporate
and deposit on the surface of NaCl as ZnO filny/islands
under the flowing oxygen gas. The ZnO Rim/islands
became the perfect sites for the subsequent arowlh of Zn0O
nanowires.”® It is reasonable to assume that the NaCl par-
ticles size and shape determines the final ZnO nunowires
cluster size and shape. During the grinding of the mixiure
of Zn and NaCl. some of the NaCl particles were sround
into either cubes or rectangular bars or nanometer particles
that were the substraies for the subsequent growi of the
ball- and flower-iike nanowires clusters.

In summary. we have {ound that NaCl is very uscful as
the support t¢ promoie the conversion of Zn powder into
7nO nanowires in gram quantities with a conversinn rate
of 70-80%. This should be compared te 510G conversion
in the case where NaCl is not used. and no growth o Zn0
aanowires at all when NaCO, was used. The NaCl erys-
tals in the product were completely removed by ~oaking
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the mixture in water and rinsing a few times, verified by
X-ray diffraction spectra. The ZnQ nanowires are highly
crystallized single crystals with diameters of 100 nm, and
iengths of a few pm. They demonstrate very strong photo-
juminescence in the visible frequency range.
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