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Abstract

ZnO nanocrystals from dot to rod were synthesized by simply changing Zn*t concentration in ZnO seed solutions. The growth of ZnO
nanocrystals was sensitive to the amount of Zn%* in the solution. The growth process of ZnO from dot to rod was observed by optical spectra,
transmission electron microscopy and X-ray diffraction spectra. From these results, the growth mechanism of ZnO from dots to rods was discussed.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Over the past decade, the rapid development of applica-
tion of nanomaterials, ranging from electro-optics to biol-
ogy, demands precise control their size, shape and surface
properties [1-3]. Different dimensional nanomaterials could
been prepared successfully at the present [4—7]. For exam-
ple, size-controlled, monodisperse quantum dots were synthe-
sized and show the properties of dependence of their elec-
trical and optical properties on both shape and size con-
trol [8—12]. One-dimensional nanostructures, such as nanorod,
nanowire, nanotube, have different synthetic routes includ-
ing chemical routes (electrochemistry, template, emulsion and
polymetric system) and physical routes (laser-assisted cataly-
sis growth, vapor transport) [13-16]. These one-dimensional
nanomaterials exhibit their potential technological advantages
over quantum dots in many applications [17,18]. Synthesis
of nanostructures via simple wet-chemical methods is one of
the favored routes toward the cost-effective large-scale pro-
duction of nanobuilding blocks. However, achieving control
over the growth of nanostructures leading to proper dimen-
sional confinement via wet-chemical methods is a challeng-
ing task. Introduction of templates, surface capping agents
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and other physicochemical means has obtained substantial
progress in controlling the size and shape of nanostructures.
However, solution phase preparation of different dimensional
nanostructures is still a challenging task due to surface en-
ergy and favors the formation of spherical particles. Despite
the increased number of reports on the synthesis of differ-
ent dimensional nanostructures in solution phase, there are
few reports on the growth mechanism study of these ma-
terials from dots to rods. Understanding the formation and
growth mechanism of nanomaterials from zero-dimension to
one-dimension is critical for achieving control over nanoparti-
cle properties.

In this paper, the growth process of ZnO nanocrystals was
selected as a research object in solution. Based on synthesized
ZnO as seeds, the growth process of ZnO nanocrystals may be
obtained by injecting different amounts of Zn>*. This provides
a clear example of the growth transition process of different
dimension nanomaterials.

2. Experimental
2.1. Chemicals

Zinc acetate (Zn(Ac)?-2H,0), lithium hydroxide (LiOH-
H>O) were purchased from Aldrich and used as received.

Ethanol (99.5%), hexane were obtained from Beijing Chemi-
cals Corp.
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2.2. Preparation of ZnO seeds

The synthetic method of ZnO nanocrystals based on that of
Anderson [19] with some modification. 250 ml of 0.05 M zinc
acetate ethanolic solution was placed into a 500-ml three-neck
round-bottom distillation flask fitted with a condenser and re-
fluxed while stirring for 2 h at about 80 °C. The condensate was
collected up to 50 ml, and 50 ml of ethanol was added into dis-
tillation flask to continuously reflux for 1 h. Then, the reaction
mixture was cooled to room temperature. 0.2 M lithium hy-
droxide dissolved in 100 ml ethanol solution was obtained with
the help of ultrasonication. Then, lithium hydroxide solution
was added into the above zinc acetate solution to hydrolyze for
20 min and ZnO nanocrystals were formed. Hexane was added
to ZnO solution to deposition of ZnO nanocrystals. The syn-
thesized ZnO solution was separated by centrifugation. Finally,
ZnO nanocrystals were again dispersed into ethanol solution to
form 0.1 M solution.

2.3. The transition of morphologies of ZnO nanocrystals by
changing the ratio of [Zn*™ J/[seed]

Appropriate quantities of ZnO seeds, LiOH, and zinc ac-
etate solutions were taken in a test tube. 0.1 M ZnO seed
solution was mixed with LiOH solution at the mole ratio of
ZnO:LiOH at 1:0.5. The full mixed solution was separated into
four equal parts. The zinc acetate with different mole ratio of
[Zn**]/[seed] from 1, 3 to 10 was respectively added to the
above three solutions. Then four samples were heated and re-
fluxed at 60 °C for 1 h. The final samples were obtained by
concentration.

2.4. Instrumentation

Photoluminescence spectra were measured at room tem-
perature with LS50 steady-state fluorescence spectrometer
(Perkin—Elmer, American) on the colloidal solutions. The UV—
vis spectra were measured at room temperature with a Lambda
900 UV-vis Spectrophotometer (Perkin—Elmer, American).
Power X-ray diffraction (XRD) measurement was performed
on Rigaku D/max-IIB X-ray Diffractometer using CuK « radi-
ation (1.5406 A) of 40 kV and 20 mA. The initial micrographs
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were taken with Hitachi H-8100IV transmission electron mi-
croscope operating at 200 kV (Japan). Samples for TEM were
prepared by casting one drop of the cluster solution onto a stan-
dard carbon-coated (200-300 A) formvar film on copper grid
(230 meshes). Infrared spectra were obtained on Magna 560

FTIR spectrometer with a resolution of 1 cm™!.

3. Results and discussion

3.1. Effect of Zn** additives on the optical character of ZnO
nanocrystals

In our experiment, our aim is to know the effect of amount
of Zn** on the growth process of ZnO nanocrystals. Photolu-
minescence (PL) of ZnO nanocrystals including UV emission
and visible emission is related to size and shape of nanocrys-
tals. Now, we found that PL intensity of ZnO nanocrystals was
sensitive to the amount of [Zn?*] in ZnO seed solution. As
shown in Fig. 1a, PL intensity of ZnO with changing the ratio
of [Zn?T)/[seed] has changed. Three effects are clearly visible
from these spectra. First, the peaks onset of band-edge emis-
sion of ZnO nanocrystals shifts to lower energies after injecting
zinc ions. The red-shift of band-edge emission position indi-
cated that ZnO particle size increases. The absorption spectra
in Fig. 1b also show the same shift. The effect can be un-
derstood in terms of a decrease in quantum confinement upon
particle growth [20]. Second, the line width of band-edge emis-
sion band is gradually broadening with increasing the ratio of
[Zn2+]/ [seed], which indicated that size of ZnO particle is grad-
ually inhomogeneous with increasing the amount of [Zn*>*] in
ZnO seed solution. Third, the intensity of UV emission corre-
sponding to band-edge emission was enhanced while that of the
visible emission decreases with increasing the amount of Zn>*
in ZnO seed solution. The intensity of the visible emission de-
creases to about half of its original value, while that of the UV
emission increases by 50% with the [Zn2*]/[seed] ratio at 3.
The visible emission disappears with the ratio of [Zn2*+]/[seed]
at 10. The visible emission of ZnO nanocrystals is related to
deep-level emission. The visible emission is the transition be-
tween the electron close to the conduction band and deeply
trapped hole at V{* centre (oxygen vacancy containing no elec-
trons) [21,22]. This emission is also attributed to the transition
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Fig. 1. Photoluminescence (a) and absorption spectra (b) of ZnO nanocrystals with different concentration of Zn?t (Xis corresponding to the ratio of [Zn%t]/[seed]).
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Fig. 2. Transmission electron micrographs of ZnO nanocrystals (a) and ZnO
nanocrystals with [Zn2T)/[seed] at x = 1 (b), x =3 (c) and x = 10 (d).

between the electron at [V electron] or [V*, two electrons]
and the hole at vacancy associated with the surface defects [23].
All these evidences show that the visible emission is associated
with the oxygen vacancy on the surface of ZnO nanocrystals.
Electron—hole recombination at a defect site results in a large
reorganization in the local charge distribution. The enhance-
ment of band-edge emission should be due to the decrease of
surface atom ratio of ZnO nanocrystals.

3.2. The morphologies and structure change of ZnO
nanocrystals with Changing the Ratio of [Zn2T |/[seed]

To learn more about the effect of the [Zn%t]/[seed] ratio
on the morphologies of ZnO nanocrystals, transmission elec-
tron microscopy (TEM) images were obtained from the sam-
ples with different [Zn2t]/[seed] ratio from O to 10 as shown
in Fig. 2. Fig. 2a shows the images of pure ZnO nanocrys-
tals. Pure ZnO nanocrystals are dot-shapes and the sizes are
about 3 nm. Figs. 2b and 2c respectively correspond to ZnO
nanocrystals with [Zn2+]/ [seed] ratio of 1 and 3. Compared to
pure ZnO nanocrystals, the size of ZnO nanocrystals by inject-
ing Zn>* increases from 3 to 30 nm. The size distribution of
ZnO nanocrystals with [Zn%*]/[seed] ratio of 1 is homogeneous
and disperse. However, ZnO nanocrystals with [Zn%+)/[seed]
ratio of 3 were aggregated to form pearl-chain-like structures.
Furthermore, ZnO nanorods were formed by fusion of particles
after injecting Zn>* with the [Zn**]/[seed] ratio of 10. The ob-
servation of TEM images is corresponding to the results of the
change of PL.
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Fig. 3. XRD spectra of ZnO nanocrystals (a) and ZnO nanocrystals with
x=1(b), x =3 (c)and x =10 (d).

To confirm the growth orientation, X-ray diffraction (XRD)
spectra corresponding to samples of pure ZnO, ZnO with the
[Zn**]/[seed] ratio of 3 and 10 are depicted in Fig. 3. In the cor-
responding XRD image, the 002 reflection has strongly sharp-
ened up which is consistent with rod formation along the c axis.

To further compare the domain sizes along different crystal
orientation, we used Sherrer equation to calculate the average
sizes:

D =A/Bcos#,

where D is the average grain size, A the X-ray wavelength,
B the integral width of the peak and 6 the Bragg angle.

The size of ZnO nanorods grown along (002) orientation is
about 84 nm in the calculation of Sherrer equation, which is in
the region of size of ZnO nanorods obtained from TEM image.

For different shapes of ZnO nanocrystals corresponding to
TEM images above, infrared spectra show different stretching
modes of different groups, as shown in Fig. 4. In general, ZnO
nanocrystals synthesized were covered with acetate and hy-
droxyl pointed out by Anderson et al. In our results, hydroxyl
groups and C=0 groups are observed at high frequency re-
spectively at 3350 and 1400-1500 cm™~! regions, as shown in
Fig. 4a. Simultaneously, the stretching mode of ZnO nanocrys-
tals may also be detected at the bands of 440 and 500 cm™!,
which correspond to the vibration of Zn—O [24]. The vibration
peak of Zn—O of ZnO nanocrystals from dots (b), (c) to rods (d)
occurred greatly by splitting. It is well known that the polarity
of nanodot is weaker than that of nanorod. Thus, this great split-
ting indicated that the stretching polarity of Zn—O increased.

3.3. The possible growth mechanism on ZnO nanocrystals
from dot to rod

ZnO nanoparticles were prepared from zinc acetate dehy-
drate in alcoholic solution under basic conditions. The obtained
ZnO nanocrystals were used as seeds to continue to grow dif-
ferent dimensional nanostructures by changing zinc precursors.
The procedure we have used here for making ZnO nanorods is
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Fig. 4. IR spectra of ZnO nanocrystals and ZnO nanocrystals with different amounts of Zn(AC), (a); IR characteristic peak of ZnO lies in region of 400-500 em™ 1,
(b), (c) and (d) show the IR characteristic peak of ZnO and ZnO with x =3, x = 10.

different from the traditional preparation procedure. Tradition-
ally, ZnO nanorods were obtained by solvothermal, template,
polymetric method [13-15]. In our experiment, we demon-
strated that the growth of ZnO from dots to rods may be con-
trolled only by the variations in [Zn%t]/[seed] ratio. At low
[Zn%1]/[seed] ratio with low concentration of zinc ions, quasi-
spherical particles were formed, whereas ZnO nanorods were
formed at high [Zn?*]/[seed] ratio with high concentration of
zinc ions. To learn the growth mechanism of ZnO from dot to
rod, the growth procedure of ZnO nanocrystals is as following.

A typical temporal shape evolution of ZnO nanocrystals oc-
curs in three distinguishable stages. Firstly, at low Zn ions
concentration, excess OH™ ions in seed solution were reac-
tive with Zn>* to form ZnO clusters. The formed ZnO clusters
heterogeneously grow on the surface of ZnO nanocrystals as
nucleation centre. During this course, the smaller nanocrystals
in the solution shrink and the bigger ones continue their growth.
As a result, the size of ZnO nanocrystals was increased, but
crystals grew simultaneously in three dimensions and obtained
ZnO nanocrystals were quasi-spherical, as shown in Fig. 2b.
This course is known as Ostwald ripening (interparticle ripen-
ing) [25]. Corresponding to Fig. 4b, the stretching peak of
Zn—0 is not splitting.

The second stage of the growth of ZnO nanocrystals occurs
with increasing the amount of Zn precursor with the Zn>*/ZnO
ratio of 3. In this stage, ZnO nanocrystals grew simultaneously
in three dimensions. The aspect ratio remained constant, but the

crystals volume increased. Henceforth, the ZnO nanocrystals
still were quasi-spherical. However, permanent dipole moment
in nanocrystals has been enhanced with increasing the vol-
ume of ZnO nanocrystals. The facets terminated by negatively
charged O atoms and positively charged Zn atoms have been re-
ported by Wang [26]. As shown in Fig. 2c, the ZnO nanocrystals
were connected as pearl-chain-like structures.

In the final stage of the process, as shown in Fig. 2d, all the
nanocrystals grew almost exclusively along their long axis and
both aspect ratio and volume of crystals increased rapidly with
increasing the amount of Zn* in solution. Henceforth, ZnO
nanorods were formed. The formation of ZnO nanorods fur-
thermore increased the polarity between particles so that the
infrared spectra of ZnO from dots to rods occurs greatly by
splitting.

Otherwise, the surface atom ratio was decreased with in-
creasing the volume of nanocrystals, which leads to the en-
hancement of photoluminescence due to the decrease of surface
defects.

4. Conclusion

The secondary growth mechanism of ZnO was studied in
ZnO ethanol solution with excess LiOH by injection of differ-
ent amounts of zinc acetate. The [Zn21]/[seed] ratio determined
different growth processes of ZnO particles. At low zinc ac-
etate concentration, the growth of ZnO was based on Ostwald
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ripening process and formed ZnO particles are quasi-spherical.
At intermediate concentration, oriented growth occurred among
ZnO particles due to the dipole—dipole interaction and the par-
ticles were oriented-aggregated. Furthermore, at high concen-
tration of new formed ZnO cluster, the oriented aggregation of
ZnO particles was fused to form ZnO nanorod. The ZnO growth
process provides a model to study the growth mechanism of
nanoparticles.
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