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To broaden the device applications of ZnO nanomaterials, various ZnO nanostructures are fabricated by a “green” hydrothermal method.
To achieve the dynamically controlled surfactant-free hydrothermal growth of ZnO, the nutrient solutions of zinc acetate dihydrate and
hexamine are stirred or aged for some certain time beforehand. X-ray absorption fine structure analysis of intermediates in disturbed
solutions indicates that the coordination number of Zn atoms varies with different pretreatments. The Zn-O bond length, which is
sensitive to both the coordination numbers of Zn and the amount of atoms consisted in each agglomerates, also shows different values.
Based on the fact that the total amount of Zn>* in each nutrient solution is constant, the formation of different ZnO nanostructures
evolution from ZnO nanorods to nanotapers and rod-on-nanorod structure can then be designed and understood from the standpoint of
dynamic by using agglomerates with different sizes and concentrations as building blocks. Particularly, ZnO nanopencils with high
crystallinity and optical properties are obtained by this method. This rational engineering of building blocks in solutions provides not
only a fundamental research on the effects of physical disturbances on the structure of agglomerates and final ZnO products, it also
promises a new idea for tunable and “green” fabrications of versatile ZnO nanostructures with the assistance of external force.

INTRODUCTION

In recent years, ZnO has attracted enormous attention due to its
advantageous characteristics of wide band gap (3.37 eV), large
exciton energy (60 meV) and piezoelectric property for
applications in various fields.'” Besides, ZnO is also capable of
engineering different morphologies into devices,*’ especially for
ZnO nanomaterials with sharp tips, which possess thermal
stability and oxide resistibility characteristics of ZnO, as well as
the advantages of lower turn-on field, high emission rate of
electron and fast electron-transfer rate properties.*’ Even though
many methods are feasible for fabrications of different ZnO
nanomaterials,'*'? high temperature, surfactants, or complex
procedures are needed in most
hydrothermal method is a good choice in term of its low cost,
mild growth conditions, eco-friendly properties and enormous
efforts have been devoted to explore the effect of surfactants,'
concentrations,'* time'® on morphologies. As a result of rapid
developments in synthetic methods, the prefabricated component
from physical or mechanistic process before hydrothermal as
building blocks are of great significance for “green” fabrications
and applications of ZnO. But reports on this issue are much
less.'®'” For a better understanding of the controllable
organization and growth mechanism, more fundamental
explorations from micro perspective are urgently needed.

In this article, dynamically controlled growth of different ZnO
nanostructures is achieved by exerting different stirring and aging
treatments to the reaction solutions before hydrothermal growth.
The effects of physical disturbance on the morphology and
properties of final ZnO nanomaterials are studied in detail. Most
importantly, the atomic mechanism for the formation of versatile

cases. In comparison,

[
b

ZnO nanostructures in disturbed solutions is also explored by X-
ray absorption fine structure characterization.

MATERIALS AND METHODS

Chemical and materials

Zinc acetate dihydrate (Zn(AC),"2H,0, 99.0%), Hexamine
(HMT, 99.0%), Ethanol (C,HsOH, 99.9%) and Lithium
hydroxide monohydrate (LiOH-H,O) were obtained from
Samchun. All reactants were used as received, without further
purification. Indium tin oxide (ITO) substrate was obtained from
Nanbo Company and deionized water was obtained by using a
DBW Water Purification Machine (DBW-SYS).

Preparation of different ZnO nanostructures

A sealed hydrothermal growth environment was used to fabricate
different ZnO nanostructures at low temperature. The nutrient
solutions for hydrothermal growth of ZnO were formed by
pouring Zn(AC),-2H,0 aqueous into HMT aqueous solution. For
dynamic controlled synthesis of ZnO at nanoscale, the as-
synthesized solutions were treated in different ways before
hydrothermal growth. In detail, the three different pre-treatments
exerted to the nutrient solutions can be described as follows: (a)
Stirring for 5 min (T0); (b) Stirring for 3 h (T1); (c) Stirring for 3
h and aged for another 21 h (T2). In a typical hydrothermal
growth process of ZnO nanomaterials, ZnO seed layer was firstly
formed on ITO substrate by sol-gel based dip coating method as
mentioned before.'® In brief, clean ITO substrate was immersed
in the sol-gel solution for 30 min before being pulled out at the
rate of 0.5 cm/min and dried at room temperature. Secondly,
hydrothermal growth of ZnO formed on substrate was performed
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in the teflon-lined pressure vessel at 90 °C. Taking the effect of
gravity into consideration, the substrate coated with ZnO seed
layer was suspended in the solution with its conductive side
down. After reaction, the reactor was put into the cold water bath
(20 °C) immediately and kept for 1 min. Eventually, the sample
was picked out and dried at room temperature for 30 min after
being rinsed with deionized water thoroughly. The effects of
nutrients concentrations on the structure of ZnO nanomaterials
were studied by using solutions treated in T2 way.

Characterization

Morphology and structure characterizations of the as-synthesized
ZnO nanostructures were measured by Scanning electron
microscope (KYKY-EM6000C, 20 KV) and X-ray diffractometer
(Panalytical’s X-ray diffractometer, 20 mA, 50 KV) with Cuy,
radiation. Photoluminescence spectra were recorded at room
temperature with excitation wavelength of 325 nm (He-Cd laser).
For a structural characterization of zinc complexes formed in
solutions with different pretreatments, X-ray absorption fine
structure characterization (XAFS) was conducted at the XAFS
station of the 1WI1B beamline of the Beijing Synchrotron
Radiation Facility (BSRF). Aqueous samples were injected into
the sample cells. Zn K-edge EXAFS spectra were collected at
room temperature in transmission or fluorescence mode. Samples
with very low concentration were measured by elements solid-
state detector. The storage ring was working at 2.5 GeV with a
maximum electron current of about 250 mA. Data were collected
using a Si (111) double-crystal monochromator and
analyzed using the IFEFFIT program.

Results and discussion
Morphology control via pretreatments to solutions

Fig. 1 shows the SEM micrographs of ZnO nanomaterials
synthesized with solutions treated in TO, Tl and T2 way. All
samples in this section were synthesized by hydrothermal method
at 90 °C for 3h. Even though Zn(AC), 2H,0 (0.03 M ) and HMT
(0.06 M ) are commonly used for fabrications of ZnO nanorods,
with different physical disturbances done to the nutrient
solutions, the as-synthesized samples shown in Fig. la-lc
illustrate remarkably different morphologies. With the solution in
Fig.la treated in TO way, high density ZnO nanorods with
diameters 55 nm were formed, which is in good accordance with
the previous results.' Interestingly, when solution was treated in
T1 way, as presented in Fig.1b, tapered ZnO nanostructure with
diameter decreasing from the base to the top was obtained.
Compared with nanorods in Fig. la, the average diameter of the
top part of ZnO nanotapers increased to 300 nm. Fig. 1c shows
the SEM micrograph of the sample formed with solution treated
in T2 way. The as-synthesized sample exhibits coaxial-cable ZnO
nanostructure. Each cable is composed of a big rod with diameter
420 nm and a smaller rod with diameter 170 nm grown on the
top. Both rods are in typical hexagonal structures. Judging from
these experimental results, it is reasonable to be believed that
different pretreatments to precursors are crucial for fabrications
of different ZnO nanostructures.
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Fig. 1 SEM images of ZnO nanostructures grown using solutions
with a) TO; b) T1; c¢) T2 pretreatment.

Effects of concentrations of reactants in disturbed solution on
the structure of ZnO

SEM images of ZnO nanomaterials synthesized in T2-way treated
solutions with different concentrations are illustrated in Fig. 2.
All growth processes in this section were performed at 90 °C with
growth time 4.75 h. The concentrations of Zn(AC),2H,0 and
HMT in Fig. 2a were 0.03 M and 0.03 M and ZnO nanorods with
blunt tips 125 nm were formed. When the concentration of HMT
increased to 0.06 M, as presented in Fig. 2b, ZnO nanopencils
with sharp tips capping on the hexagonal stem were synthesized.
The average diameter for the top part of the hexagonal stem is 70
nm. As illustrated in Fig. 2c, low density rod-on-nanorod ZnO
nanomaterial was formed when both the concentrations of the
two reactants increase to 0.06 M. Besides, the size of the products
in Fig. 2a -2¢ also increased with concentrations.

FTg. E—SF:M—ln—lagg of ZnO nanostructures grown in _TZ--V\;a—y
treated solutions with concentrations of HMT and Zn(AC), : a)
0.03 M+0.03M; b) 0.03 M+0.06M; ¢) 0.06 M+0.06M.

Crystallinity and optical properties of ZnO nanopencils

Fig. 3 is the XRD characterization result of the as-synthesized
samples. The curves in Fig. 3 belong to ZnO nanorods and
nanopencils mentioned in Fig. la and Fig. 2b, respectively. All
peaks can be well indexed to wurtzite hexagonal phase of ZnO
(JCPDS 36-1451, a=0.325 nm, ¢=0.521 nm)* and ITO substrate
(as indicated by solid squares), no impurity phases are observed.
The sharp and strong peaks indicate that both samples are in good
crystallinity. The X-ray diffraction result of ZnO nanopencil is in
good accordance with reference 21. For a better description of
their orientation properties, texture coefficient (7C) is introduced
as shown in Eq. (1).2
I(hkl)
1,(hki)
I(hkl)
" 1,(hkl)
Where [ (hkl) and I, (hkl) are the measured and standard intensity
of plane (hkl) taken from the JCPDS data. It is commonly
accepted that higher 7C value indicates that nanomaterials are
oriented in a given (hkl) direction. Consequently, the higher 7C
(002) value for sample synthesized with solutions treated in T1

TC (hkl) = x100% M
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way indicates that ZnO nanorods with c-axial growth direction
are highly aligned perpendicular to the substrate. As for the
situation for ZnO nanopencils shown in Fig. 2b, a lower TC (002)
value is obtained, which is in good accordance with the random
distribution of ZnO nanopencils shown in Fig. 2b. * Optical
properties, as a useful method to characterize the defects and
impurities in materials, are of great value for their technique
applications. The optical properties of the as-synthesized ZnO
nanorods and nanopencils shown in Fig. 4 are investigated by
room temperature photoluminescence spectroscopy. The UV
emissions with wavelength 380 nm shown in both samples in Fig.
4 are well accepted as the near-band-edge emission, which can be
attributed to the recombination of free excitons.”* Even though
the visible emission band induced by the defects is usually
observed for most ZnO nanomaterials,”>>® herein, only strong
near-band edge UV emissions are observed, which indicates that
ZnO nanomaterials with high optical quality are successfully
achieved. Additionally, the high intensity near-band-edge
emission also illustrates that the as-synthesized ZnO sample is in
high crystallinity, which makes it a good candidate of light
emission device.”’
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Fig. 3 XRD spectra of ZnO nanopencils and nanorods.
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Fig. 4 PL spectra of ZnO nanopencils and nanorods.
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Mechanism

Generally, hydrothermal growth of ZnO nanomaterials with
Zn(OH),, Zn(OH),”> as growth units *** follows the reaction
processes shown in Egs. (2)-(7).2%% The use of Zn(AC),-2H,0
(0.03 M ) and HMT (0.06 M ) is generally resulted in the
formation of ZnO nanorods. Herein, by exerting physical
disturbance to reaction solutions, different ZnO nanostructures
were formed. The pH detection of solutions indicates that their
pH values slightly decrease with TO, T1 and T2 treatments from
6.65 to 6.4 and 6.31. These variations indicate that the solution
characteristic changed with different physical disturbances.
Referring to the atomistic simulations of ZnO aggregation
performed by Agnieszka Kawska, et al, aggregations in the form
of an(OH)y](Z"’y)+ formed and changed in both the size and
combination configure through proton transfer.®® Thus, it is
reasonable to deduce that the coordination number of Zn and the
amounts of atoms consisted in each agglomerates may be
changed by being provided with extra energy and time through
T1 and T2 pretreatments to solutions.

Zn(CH,COO0), <> Zn** +2CH,COO" (2)
(CH,),N, +6H,0 — 6HCHO +4NH, 3)
Zn** +4NH, < Zn(NH,),** 4)
Zn’" +40H <> Zn(OH),>” —ZnO + H,0+20H  (5)
Zn** +20H" — Zn(OH), — ZnO + 2H,0 (6)
Zn(NH,),”" +20H™ — ZnO + 4NH, +2H,0 (7)

To confirm the formation of agglomerates and further explore the
effects of stirring and aging processes on these zinc
intermediates, XAFS test result is given in Fig. 5. The curves
were not treated with phase shift correction. Fig. 5a is the X-ray
absorption coefficients of samples near the Zn K edge. Fig. 5b
and its inset curve are the Fourier transformed R-space XAFS
results of the agglomerates in different disturbed solutions and
standard ZnO. In Fig. Sa, all samples show high absorptions at
the characteristic energy absorption for Zn K-edge (at about 9659
eV). While in Fig. 5b, the R-space curves of intermediates show
different peak positions and wider peak width from standard
ZnO, which confirms the formation of zinc intermediates. For a
specific exploration, all sets of the XAFS data Fourier
transformed to R-space were fitted to the theoretical XAFS
calculations, as shown by the dash lines in Fig. 5b. The quick first
shell fit results with the R-rang 1-4 A are summarized in Table 1.
o’ is Debye-Waller factors for disorder. The judgment parameter
of goodness of the fitting (Rpgo,) 1s far below 0.02. The
coordination number (CN) presents the numbers of neighbours of
Zn atoms and bond distance (R) mentioned here is the distance
between Zn atoms and their neighbours in agglomerates.**
Generally, six-coordinated octahedron geometry and four-
coordinated  tetrahedron are two typical coordination
configurations for zinc complexes. In this article, the fitting CN
value of Zn in solutions with TO treatments is 5.4, which
indicates that these zinc intermediates should be mainly in
octahedral coordination by combination between Zn** and 6
H,0.* As the crystal structure of these agglomerates is more
open than ZnO, dehydration process takes place between every
two nearest hydroxyl groups. The resulting H,O molecule was
loosely affiliated to aggregate and eventually diffused into the
solvent.®® While O” ions remains in the aggregate and prompts
the structural rearrangement.> By further providing agglomerates
with external energy and time through stirring and aging
processes of solutions, it is reasonable to believe that some parts
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in agglomerates transformed from octahedral combination to
tetrahedral coordination during the T1 or T2 processes, which
well explains the decreasing CN values of agglomerates in
solutions with T1 and T2 treatments from 5.2 to 4.8. These
transformations give closer values of the coordination number of
Zn in wurtzite ZnO structure. Besides, the Zn-O bond length,
which is sensitive to its surrounding environments, is a key
parameter for detecting variations in agglomerates. It is reported
that increase in the amounts of atoms in agglomerates may
enlarge the bond length*® While it is well-known that
transformation from octahedron coordination to tetrahedron
coordination shall lead to a decreasing bond length as the
characteristic Zn-O bond length for tetrahedral combination is
about 0.1 A shorter than the Zn-O distance for octahedral
coordination.’” The bond length in this article shall then be
determined by the competition of these two processes. As shown
in Table 1, the bond length of agglomerates formed in solutions
with TO, T1 pretreatments firstly increased from 2.08 A to 2.089
A, which can be attributed to the increase in the amount of atoms
consisted in each agglomerates. By further aging the solution for
another 21 h, the bond length decreased from 2.089 A to 2.082 A
indicating that transformation from octahedron coordination to
tetrahedron coordination domains this process, which is in good
accordance with the substantially declination in the coordination
number of Zn from 5.2 to 4.8.
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Fig. 5 XAFS characterization of intermediates formed in
solutions with TO, T1 and T2 treatment: a) X-ray absorption
coefficients of at Zn K edge measured as a function of the
incident X-ray energy; b) are magnitude of Fourier transformed
XAFS as a function of the distance from a Zn atom and the
corresponding fitting curves.

Table 1 First shell fitting results of different agglomerates
formed in disturbed solutions.

Samples Bond CN R/A o’ R factor
0 Zn-0 540 2.080 0.00081 0.000180
1 Zn-0 520 2.089 0.00786 0.000150
2 Zn-0 4.80 2.082 0.00913 0.000210

All these experimental results indicates that the size enlargement
of agglomerates mainly happened in the stirring process of
solutions and the aging process of solutions prompts the
transformation of agglomerates from octahedron combination to
tetrahedron combination greatly. As the total amount of Zn>* in
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each solution is constant, the concentrations of agglomerates shall
be in reverse relationship with the number of atoms consisted in
agglomerates. That is to say, the concentration of agglomerate in
the disturbed solution decreases with its size. Together with the
fact that the growth rates of different facets, which determine the
final morphology of ZnO, are in close relationship with variations
in the size and concentration of building blocks. Fabrications of
different ZnO nanomaterials in this article can then be understood
from dynamic way. The schematic diagram is illustrated in Fig.6.
The nutrient solutions in the green, blue and purple beakers in
Fig. 6a are treated in TO, T1 and T2 way, respectively. As shown
in Fig. 6a-i, six-coordinated agglomerates with small size and
large quantity are formed in the solution with TO treatment.
According to crystallography, agglomerates tend to adsorb onto
the polar face of ZnO*® and the crystal growth rates of different
ZnO facets are sensitive to variations in concentrations. The large
quantity agglomerates maintains the crystal growth of ZnO by
providing a sufficient supply of agglomerates. The constant
crystal growth rates of ZnO result in the formation of ZnO
nanorods with the uniform diameter from the bottom to top as
shown in Fig. 6b-i. While in solutions treated in T1 way and T2
way, some octahedron combinations in agglomerates transfer to
tetrahedron combinations as marked by the black dash lines in
Fig. 6a-ii and Fig. 6a-iii,. Besides, the sizes of agglomerates are
also enlarged by external force driving combinations of atoms
onto agglomerates. As the concentrations of these building blocks
decrease with their sizes, the crystal growth rates of ZnO declined
in solutions with T1 and T2 treatments. Because of the
anisotropic characteristic of ZnO, the growth rates of ZnO
nonpolar facets are restrained greatly compared with polar
surfaces. Thus, pyramidal-like structure, as shown in Fig. 6b-ii, is
achieved by anisotropic growth of ZnO along the <0001>
direction'®. The rod-on-nanorod structure of ZnO in Fig. 6b-iii
results from the abrupt declination in the amount of the large size
agglomerates generated in solution treated in T2 way. The larger
coaxial-cable ZnO nanostructure in Fig. 6b-iv formed with higher
concentrations follows the same growth mechanism. Increase in
the size of the sample in Fig. 6b-iv can be ascribed to the
enlargement in the size of agglomerates in Fig. 6a-iii, which
promote the crystal growth of ZnO in both longitude and latitude
directions. With the consumption of agglomerates, the difference
of growth rates between the polar and nonpolar faces are further
enlarged by further prolonging the reaction duration from 3 h to
4.75 h. As shown in Fig. 6b-v, pencil-like ZnO nanostructure can
also be formed by the predominant crystal growth of ZnO along c
axis. It is also worth to point out that increase in the size of
agglomerates also facilitate the homogeneous nucleation

90 process,” which explains the low density of ZnO in Fig. 2c.
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Fig. 6 Schematic diagrams for crystal growth of different ZnO in
disturbed solutions; The green, blue and purple solid spheres in
Fig. 6b represents agglomerates formed in solutions with TO0, T1

s and T2 treatments, respectively.

Conclusions

Tunable growth of different ZnO nanostructures is achieved by
hydrothermal method with disturbed solutions. The reaction
solution is composed of zinc acetate dihydrate and hexamine, no
10 other surfactants are introduced. By exerting stirring or aging
processes to solutions, agglomerates with different structures are
formed and serve as building blocks for hydrothermal growth of
ZnO. In a sealed solution, the concentration of agglomerate shall
be in reverse relationship with its size. Thus, controllable growth
15 of ZnO can be designed from the dynamic view by tuning the size
of different agglomerates through stirring and aging
pretreatments to solutions. Larger agglomerates with low
amounts, which are the key factor for the formation of coaxial-
cable like ZnO nanostructures, are formed by treating the solution
20 in T1 or T2 way. Particularly, by prolonging the growth duration
to 4.75 h, ZnO nanopencils with sharp tips can be fabricated with
solution treated in T2 way. The XRD and PL results indicate that
the as-synthesized ZnO nanopencils are with high crystalline and
optical properties. Most importantly, by XAFS characterization
25 on variations in the structure of agglomerates, this fundamental
research provides an atomic mechanism for the formation of
different ZnO nanostructures and illustrates a new concept for
fabrications of novel and useful nanomaterials as well.
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