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Abstract

ZnO nanorods of 25 nm with quite homogeneous size and shape have been fabricated by introducing ZnO sols as nucleation centers prior to
the hydrothermal reaction. The samples were characterized by scanning electron microscope, transmission electron microscope, X-ray diffraction,
photoluminescence and resonant Raman spectra. After ZnO sols are introduced, the width of the resulting nanorods decreases above an order of
magnitude and the aspect ratio increases 5 times. The increase of the intensity ratio of ultraviolet to visible emissions in room-temperature
photoluminescence spectrum and the decrease of the Raman linewidths show the improvement in the quality of ZnO nanorods. Influences of the
number of seed nuclei and the aging time of ZnO sols on the morphology of ZnO nanorods are discussed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, one-dimensional (1D) ZnO nanostructures have
been attracting much attention due to their novel properties and
the potential application in optoelectronics and device minia-
turization [1,2]. Numerous techniques have been used to
fabricate diverse 1D ZnO nanostructures [3–6]. Among them,
the simplest and the most economical methods are vapor
transport process and hydrothermal technique. Compared with
other methods, the hydrothermal technique has many merits
such as large-scale manufacture and low synthesis temperature.
Therefore, the hydrothermal process has been used quite
extensively to fabricate various 1D ZnO nanostructures, in-
cluding nanorods, nanowires and nanotubes [7–10]. However,
the large-size 1D ZnO structures with a width in micron and
submicron range are generally obtained and the aspect ratio is
low, which makes the quantum confinement effect inapprecia-
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ble and hinders the application of 1D ZnO nanostructures in
nanoscale photonics and electronics. Recently, well arrayed
ZnO nanorods with the width of about 50 nm have been ob-
tained by depositing ZnO nanocrystal layers on substrates prior
to hydrothermal growth [11]. It is proposed that the ZnO nano-
crystals and the interfaces between the nanocrystals provide a
large number of nucleus sites which facilitate decreasing the
width of ZnO nanorods [12–14]. However, it is difficult to
further decrease the width of nanorods, and the obtained nano-
rods of 50 nm have to be confined to substrates.

In this letter, we introduced excessive small-size ZnO sols as
seed crystals prior to the hydrothermal process. The ZnO sols
directly act as nucleation centers, and the growth need no longer
overcome the nucleation barrier. The existence of a large
number of the nucleation centers is expected to make less stock
solution consumed at each growth point, resulting in the
decrease in the size of ZnO nanorods. Our experimental results
show that the width of 1D ZnO nanostructures can be
dramatically decreased by introducing ZnO sols and the size
of the obtained ZnO nanorods is quite homogeneous. Further,
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Fig. 1. (a) SEM and (b) TEM images with inset SAED pattern of ZnO nanorods
obtained by introducing sols prior to the hydrothermal reaction; (c) SEM image
of ZnO nanorods by one-step hydrothermal reaction.

Fig. 3. PL spectra of ZnO nanorods (a) via two-step reaction and (b) via one-step
hydrothermal reaction.
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the structural and optical properties of ZnO nanorods are
investigated. The influences of the number of seed nuclei and
the aging time of ZnO sols on the morphology of ZnO nanorods
are also discussed.

2. Experimental

The experimental procedure was carried out in two steps as
follows: first, 0.55 g zinc acetic dehydrate and 0.145 g lithium
hydroxide monohydrate were respectively dissolved in 30 ml of
ethanol and then the solutions were mixed at 50 °C for 5 min to
obtain ZnO sols with a diameter of about 3 nm. 1.2 ml colloid
solution was directly dropped to 30 ml of the aqueous solution
containing 0.025 mol/l zinc nitrate and 0.025 mol/l methena-
mine in a Teflon-lined autoclave. Second, the autoclave was
sealed and heated at 90 °C for 3 h and then cooled to room
temperature. The white precipitate in the bottom of the
autoclave was collected, centrifugated, washed using deionized
water and dried at 60 °C in air.
Fig. 2. XRD spectra of ZnO nanorods (a) via two-step reaction and (b) via one-
step hydrothermal reaction.
Themorphology of the ZnOwas examinedwith field-emission
scanning electron microscope (FESEM; Hitachi S-4800) and
transmission electron microscopy (TEM; JEOL 2010). The
structure was analyzed by X-ray diffraction (XRD; Rigaku D/
max-rA) and selected area electron diffraction (SAED). A He–Cd
laser at 325 nm was used to obtain photoluminescence (PL)
spectra and resonant Raman spectra, which were performed using
a LABRAM-UV Raman microspectrometer (Jobin Yvon).
Optical absorption spectra were investigated with a UV-360
spectrophotometer (Shimadzu).

3. Results and discussion

Fig. 1(a) and (b) shows SEM and TEM images of ZnO nanorods,
respectively. For comparison, the SEM image of ZnO nanorods without
introducing sols is also given in Fig. 1(c). As shown in Fig. 1(a) and
(b), the width of nanorods is about 25 nm, and the length is over
500 nm. The inset of Fig. 1(b) corresponds to the SAED pattern of ZnO
nanorods, indicating that the obtained nanorod is single-crystal
wurtzite ZnO and oriented in the c-axis direction. Clearly, the width
of the nanorod decreases at least an order of magnitude and the aspect
ratio increases from 4 to 20 when ZnO sols are introduced prior to the
hydrothermal process.
Fig. 4. Resonant Raman spectra of ZnO nanorods (a) via two-step reaction and
(b) via one-step hydrothermal reaction.



Fig. 5. Plot of (αE)2 versus energy E at different aging times. The inset shows
the plot of the band gap energy versus the average particle size according to
effective mass approximation.

Fig. 6. The product obtained by introducing ZnO sols with the aging time of
60 min prior to hydrothermal reaction.
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Fig. 2 shows XRD spectra of ZnO nanorods with and without
introducing sols. All diffraction peaks can be indexed to the hexagonal
wurtzite ZnO. Compared with the ZnO nanorods without introducing
sols, all diffraction peaks of the obtained ZnO nanorods with
introducing sols are broadened. The peak broadening can be caused
by two possible factors, i.e., the inhomogeneous strains and the
decreased size [15]. The inhomogeneous strains also cause the shifts of
the diffraction peaks while the size is independent of the peak positions
[15]. Since the positions of all diffraction peaks are almost unchanged,
as shown in Fig. 2, the influence of inhomogeneous strains on the
peak broadening can be ignored. Therefore, compared with the ZnO
nanorods without introducing sols, the broadened diffraction peaks for
the ZnO nanorods with introducing sols indicate the decreased size,
which is in good agreement with the SEM results. From Fig. 2(a), the
full width at half maximum (FWHM) of (002) peak is obviously
narrower than that of other diffraction peaks. This indicates the oriented
growth of the single ZnO nanostructure along the [0001] direction
according to the Scherrer formula, which is consistent with the SAED
result.

Fig. 3 is the room-temperature PL spectra of the ZnO nanorods
grown with and without introducing sols. The typical ZnO PL
spectra composed of ultraviolet (UV) emission peak and visible
emission band can be observed. The UV peak is due to the exciton
recombination while the visible spectral region ranging from 440
to 800 nm is attributed to defect emission related to surfaces [16].
The intensity ratio of UV to visible emissions can be used to
evaluate the quality of ZnO [17,18]. Although it is generally
assumed that smaller-size ZnO nanostructures correspond to a
lower intensity ratio of UV to visible emissions due to larger
surface area-to-volume ratio and more surface defects [19–21], a
stronger UV emission relative to the visible emission is observed in
the smaller-size ZnO nanorods in our experiment. One possible
reason is the formation of steps at the side surfaces of the larger-
size ZnO nanorods, as shown in Fig. 1c, which may increase the
surface/interface defects. Therefore, the increased intensity ratio of
ultraviolet to visible emissions shows the improved crystal quality
for ZnO nanorods obtained by introducing sols.
Fig. 4 shows resonant Raman spectra of ZnO nanorods fabricated
with and without introducing sols. When the samples were excited by
the 325 nm line of a He–Cd laser, the incoming photon energy is
resonant with the electronic interband transition energy of the wurtzite
ZnO. In this case, the incoming resonant will occur. As shown in Fig. 4,
an intense multiphonon process with three phonon lines centered at
about 563, 1130, and 1710 cm−1 is observed in resonant Raman
spectra, which originate from A1(LO) and E1(LO) modes and their
overtones [22]. Compared with the larger-size nanorods, the LO
phonons of the smaller-size nanorods shift toward the lower frequency,
and their FWHMs decrease. The Raman shifts are most likely caused
by the local heating by UV laser excitation. The smaller nanostructures
contain more air gaps, and hence possess the smaller thermal
conductivity resulting in a low-frequency shift [23]. Generally, the
smaller-size nanostructures have a broader size distribution and hence
correspond to larger linewidths of Raman peaks. From SEM image, the
size distribution of the nanorods obtained by introducing sols is quite
narrow. Furthermore, the single nanorod has a uniform width along its
entire length. These may result in the narrower Raman linewidths in
smaller-size nanorods.

In our experiment, we found that the amount of the sol must be large
so that the solute (ZnO) concentration in the solution can be lowered
rapidly below the saturated value in the initial stage of the
hydrothermal process. When the number of the seed nuclei is large
enough to suppress the formation of new crystal nuclei, changing the
amount of the introduced sol will not change the size, shape and
uniformity of obtained ZnO nanorods. The residual ZnO sols, because
of their much smaller size, may be efficiently separated by
centrifugation. However, if the amount of the sol decreases to below
0.01 ml, the two kinds of ZnO nanorods with obvious different sizes are
simultaneously obtained (not shown here). The width of the smaller
nanorods is about 300 nm, and that of the larger is over 800 nm, which
may originate from the spontaneous nucleation in solution and het-
erogeneous nucleation based on the ZnO sols, respectively. On the
other hand, we also studied the influence of aging time of the sols on
the morphology of ZnO nanorods. The band gap energy of ZnO sols
can be determined from the linear part of a plot of (αE)2 versus energy
E by the measurement of the absorption spectra, as shown in Fig. 5.
According to the effective mass approximation [24], the plot of band
gap energy versus the average particle size of sols is given in the inset
of Fig. 5. When the aging time is 1 and 5 min, the obtained ZnO
nanorods have similar size and shape. This is due to the weak change in
the size of the introduced seed nuclei. However, when the aging time
increases from 5 to 60 min, corresponding to the increase of the average
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particle size from 2.7 to 4.7 nm, the obtained nanorods have a fairly
broad size distribution with diameters ranging from 20 to 50 nm, and
the aspect ratio is decreased to below 10, as shown in Fig. 6.
Additionally, some nanoparticles with the diameter of tens of
nanometers can be observed, which may be the aggregates of the
sols. According to the Ostward ripening, the surface of the aggregate
gradually becomes smooth, and the surface defects are decreased
during a long aging process in the first-step reaction. As a result, the
surface activity is lowered so that the aggregate can not act as
nucleation center but independently exists in the second-step hydro-
thermal process.

4. Conclusions

In summary, we have demonstrated a simple method to
synthesize ZnO nanorods of 25 nm with fairly uniform size and
shape by introducing ZnO sols prior to hydrothermal reaction.
After excessive ZnO sols are introduced, the width of the
obtained nanorods decreases above an order of magnitude and
the aspect ratio increases 5 times. This synthesis route may be
also feasible for the fabrication of other small-size metal oxide
nanostructures. For smaller-size ZnO nanorods, PL measure-
ments show the stronger intensity ratio of UV to visible
emissions and resonant Raman spectra show narrower Raman
lines, which may originate from the uniform width of the single
nanorod along its length and the narrow size distribution.
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