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ZnO microcrystals with novel structures have been synthesized by a solvothermal method that is facile,
low-cost and environment-friendly. Zn(NO3),-6H,0 is the only precursor and absolute ethanol is the
solvent. By controlling the reaction time, temperature and molarity of zinc nitrate, ZnO entities with the
shape of flower, nut, hexagon-pillar, popcorn, brush and sphere can be synthesized in high selectivity.
The ZnO micronuts (length ~8 wm and width ~5 wm) are uniform in morphology, displaying an open

gap on the surface that divides the body into two. The investigation on the optical properties of the ZnO
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microcrystals reveals that all the ZnO samples exhibit an excitonic absorption edge around 376 nm, and
compared to bulk ZnO, there is a modest red shift of ~6 nm that can be ascribed to size effect as well as
the unique morphologies of the ZnO microcrystals.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

With the ever decreasing dimensions of devices used in catal-
ysis, optical storage, light emitting display, energy conversion and
storage, chemical and biological sensing and diagnosis, the growth
of micro- and nano-structure materials in a controlled manner is
getting more and more important [1]. In the academic sector, the
systems are studied because the properties of nanomaterials can
be significantly different from those of the bulk counterparts (a
result of quantum-sized effects). As for the synthesis of nanomate-
rials, it is meaningful to adopt methods that are simple, efficient,
and environment-friendly. From a commercial view point, low
cost, high throughput, and ease of production (e.g., template-free)
are favored factors. In our previous work, we prepared single-
crystalline CdO and Cd(OH), nanowires by a simple hydrothermal
method using aqueous Cd(NO3), as the only precursor [2].

In the past decade, zinc oxide (ZnO) has been studied widely.
The material exhibits wide band gap (3.37 eV), large exciton bind-
ing energy (60 meV), large electron mass (0.3 me; me denotes bare
electron mass) and excellent chemical and thermal stability. With
such properties, ZnO is used in areas such as optical absorption and
emission [3], piezoelectricity [4], photocatalysis [5] and gas sensing
[6]. Researches on the generation of nano- and micro-structure ZnO
of various shapes have been conducted [7]. The popular routes for
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the fabrication of nano- and micro-structure ZnO are thermal evap-
oration [8], chemical vapor deposition (CVD) [9], metal-organic
chemical vapor deposition (MOCVD) [10], pulsed laser deposi-
tion (PLD) [11] and template-based growth [12]. Looking into
these approaches, one can realize that stringent requirements, e.g.
vacuum techniques, high temperatures, complicated controlling
processes and the use of catalysts and noxious compounds are
often involved. In other words, the methods are not suitable for
large-scale production in low cost.

Recently, solution-based solvothermal and hydrothermal meth-
ods were adopted for the synthesis of ZnO nano- and micro-
materials. Overall, the approaches appear to be facile and
promising. For example, Zeng et al. [13] generated nutlike
ZnO microcrystals in large quantity through a low-temperature
hydrothermal route that involved pH adjustment of the aque-
ous solution of zinc acetate dihydrate and triethanolamine (TEA).
Through a surfactant-directed process using zinc nitrate, sodium
dodecyl benzene sulfonate (SDBS) and sodium hydroxide as ingre-
dients, Zhang et al. [14] produced hierarchical nanostructure
of ZnO. Nonetheless, most of the reported solvothermal and
hydrothermal methods for preparing ZnO involved the use of vari-
ous reagents in specific amounts and the procedures required close
monitoring.

Herein, we report a simple solvothermal method for the fabri-
cation of ZnO microcrystals. In this approach, Zn(NOs ),-6H,0 is the
precursor and absolute ethanol is the solvent, and there is no need
to use a surfactant. By varying the reaction time, temperature and
concentration of zinc nitrate, the growth of ZnO microcrystals can
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Table 1
Optimal conditions for the generation of ZnO microcrystals.

Morphology Zn(NOs ),-6H,0 molarity (mol/L) Heating time (h)
Sphere 0.03 24
Brush 0.05 24
Popcorn 0.08 24
Flower 0.1 1
Nut 0.1 10
Hexagon-pillar 0.5 24

be selectively controlled. To the best of our knowledge, the fabrica-
tion of ZnO microcrystals in such a manner has never been reported
before.

2. Experimental

All the reagents were of analytical grade (purchased from NanjJing Chemical
Industrial Co.) and used without further purification. In a typical procedure [15], var-
ious amount of Zn(NOs),-6H,0 were dissolved in absolute ethanol to form 40.0 mL
solutions of different zinc concentrations. The solvothermal synthesis was con-
ducted in an electric oven at 150°C for a designated period of time. The optimal
conditions for the generation of ZnO microcrystals are depicted in Table 1. After
cooling naturally to room temperature (RT), the as-obtained solid was separated
by centrifugation and washed thoroughly (five times) with absolute ethanol and
deionized water.

The as-obtained materials were examined on an X-ray powder diffractome-
ter (XRD) at RT for phase identification using Cu Ka radiation (Model D/Max-RA,
Rigaku). The morphology of samples was examined over a high-resolution transmis-
sion electron microscope (HR-TEM, JEOL-2010, operated at an accelerating voltage
of 200kV) and a field emission scanning electron microscopy (FE-SEM, FEI Sirion
200, operated at an accelerating voltage of 5 kV). The optical properties of the mate-
rials were investigated for ultraviolet-visible (UV-vis) absorption (Cary, USA) and
photoluminescence (PL, excitation source: He-Cd laser, 325 nm) at RT.

3. Results and discussion

Fig. 1 shows the XRD patterns of the materials fabricated under
different conditions. Shown in Fig. 1a are the patterns of sam-
ples collected after different synthesis times with the amount of
Zn(NO3),-6H,0 fixed at 0.1 M (40 mL) and temperature at 150°C.
The sample of 0.5 h shows poor crystallinity. When the time reaches
1h, Zn(OH);, ZnO and a kind of zinc compound in the form of
Zns(OH)g(NO3)2(H20), (JCPDS no. 720627) can be detected. For the
samples collected after 3, 24 and 48 h, the XRD patterns show the
sole presence of wurtzite ZnO. As shown in Fig. 1b, with the rise of
Zn(NO3),-6H,0 molarity from 0.01 to 0.5 M and temperature from
150 to 200°C, ZnO of hexagonal phase remains as the only product
after 24 h. Based on the results, we suggest that the reaction steps
involved are:
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Zns(OH)g(NO3 )2(H20)2 — SZH(OH)z +2HNO3
Zn(OH); — ZnO + H,0

(2)
(3)

According to the FE-SEM images of Fig. 2a and d, flowerlike
and nutlike microcrystals are synthesized at 150°C and 0.1M
Zn(NO3);-6H,0 in a period of 1 and 10h, respectively. The
microflowers are made up of flakes that are several micrometers in
diameter and about 25 nm in thickness (Fig. 2a), and there is occa-
sional sighting of nutlike particles on the flakes. The TEM image of
an individual flake is shown in Fig. 2b. It is worth reporting that the
microflowers were unstable under electron bombardment during
HR-TEM observation, and readily decomposed into nanoparticles
of 3-4nm in size as depicted in Fig. 2c. In view of the instability
of the microflowers, they can act as a kind of substrate for crystal
growth of some kind. After 10 h of synthesis, nutlike ZnO particles
are detected. The micronut is about 8 wm in length and 5 um in
width, and there is an open gap that divides the nut surface into
two (Fig. 2d and e). As showed in the TEM image (Fig. 2e), the two
halves of the nut are joint in the middle. According to the HR-TEM
image (Fig. 2f), the lattice spacing is ~0.26 nm which is very close
to the dpg; lattice fringe of wurtzite ZnO. The selected area elec-
tron diffraction (SAED) pattern (inset of Fig. 2f) confirms the single
crystallinity of ZnO micronut and suggests a growth direction along
the c axis (i.e. the (000 1) direction).

In order to understand the growth mechanism of nutlike ZnO,
we monitored the shape of intermediates with respect to time
(15min to 24 h) during synthesis (temperature =150 °C, molarity
of Zn(NOs3),-6H,0=0.1 M) (FE-SEM, Fig. 3a-i). Before the begin-
ning of the solvothermal process, the solution of Zn(NOs3),-6H,0
in absolute ethanol was transparent, indicating the complete dis-
solution of the former in the latter. After a solvothermal period
of 15 min, agglomerates with irregular shape are formed (Fig. 3a).
After 30 min, flowerlike agglomerates (getting bigger in size) com-
posed of flakes are detected (Fig. 3b and c), and there are particles
of around 110 nm in size on the flake. After 1 h (Fig. 3d), flowerlike
and nutlike microcrystals coexist, with the former being irregular
in shape. After 3 h (Fig. 3e), the flowerlike entities disappear com-
pletely and there is the appearance of prototype micronuts. At this
stage, the gap that divides the nut surface into two can already be
seen. In Fig. 3f, one can see that small nanorods are sprouting out-
wards. It is clear that the micronut is not a simple aggregation of
small nanoparticles but an entity that is composed of nanowires
grown on a common interface. After 10 h, the ZnO micronuts are
ca. 8 wm in length and ca. 5 wm in width (Fig. 3g). Shown in Fig. 3h
is the top view of a ZnO micronut; one can see that the segment
(rather compact but slightly porous in texture) fuses to a central
core. At 24 h (Fig. 3i), acornlike ZnO micronuts are formed; the two

b (101)
(100)
002 0.1 M/200° C/24 h
(110)
=S
N \ (
z
g 0.5 M/150° C/24 h
L 0.01 M/150° C/24 h
A

10 20 30 40 50 60 70 80
28 (degree)

Fig. 1. XRD patterns of the materials fabricated under different conditions (asterisk: Zn(OH),; triangle: ZnO; square: Zns(OH)g(NO3),(H20)).
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Fig. 2. (a) FE-SEM image of microflower synthesized at 150°Cand 0.1 M Zn(NOs ),-6H,0in 1 h; (b and ¢) TEM and HR-TEM images of a flake of microflowers; (d and e) FE-SEM
and TEM images of a ZnO micronut synthesized at 150°C and 0.1 M Zn(NOs ),-6H,0 in 10 h; (f) HR-TEM image and SAED pattern (inset) of a ZnO micronut.

halves of the nut fused completely and the surface of the nut is morphology of a crystal is mainly determined by its intrinsic
smooth. crystallinity. Nonetheless, factors such as solvent, pH value, tem-

Although the exact mechanism for the growth of ZnO micronuts perature, time for crystallization and capping reagent have effects
is unclear, one can make certain deduction based on known onits final appearance. Shown in Fig. 4 is the growth schema of ZnO
information in the literature [16-18]. It is known that the final micronuts. During the initial stage of the solvothermal synthesis,

Fig. 3. FE-SEM images of ZnO micronuts collected after synthesis of (a) 15 min, (b and ¢) 0.5h, (d) 1h, (e and f) 3 h, (g and h) 10 h and (i) 24 h. (temperature = 150 °C, molarity
of Zn(NOs),-6H,0=0.1 M).
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Fig. 4. Growth schema of ZnO micronuts.

layered Zns(OH)g(NO3),(H20), and Zn(OH), with sheetlike mor-
phology (Fig. 3b and c) are generated. Then there is the growth of
ZnO nanorods on the Zns(OH)g(NO3),(H,0), and Zn(OH), sheets
(as shown in Fig. 3f). With time, Zns(OH)g(NO3),(H,0), and
Zn(OH), dissolve away (based on the results of XRD (Fig. 1) and FE-
SEM (Fig. 3d and e)), leaving behind the ZnO nanorods. A similar
picture was depicted by Gautam et al. [16] for the solvother-
mal synthesis of pure and N-doped ZnO nanobullets. Furthermore,
according to Govender et al. [17], the growth rate (V) of crystal
in solution along a plane usually follows the order of: V(0001) >
v(1011)>Vv(1010)> V(1011)> V(0001). With fastest crys-
tal growth along the (000 1) (i.e. the c axis) direction and slowest
growth along the (000 1) direction, there is the formation of ZnO
rods. As depicted in Fig. 4a and b, there can be two kinds of ZnO
crystal growth: (1) ZnO nanorods grow on both sides of a flake at
different speeds (Path a), and (2) ZnO nanorods grow on one side
of a flake at highest speed along the (000 1) direction (Path b). In
the latter case, a half nut is first formed and then the base of the
half nut acts as a seed layer for another phase of nanorod growth as
illustrated before by Greene et al. [18] (giving a step morphology on
the surface). In both cases, the asymmetric micronuts (rather than
ellipsoidal) are formed. According to the SEM (Fig. 3e-i) and TEM
images (Fig. 2b and e) of intermediates, it is apparent that “Path a”
is a better mechanism to describe the growth of ZnO micronuts.

The influence of synthesis temperature on the appearance of
ZnO crystallites is depicted in Fig. 5. The FE-SEM images of the final
products collected after 24 h of synthesis at (a) 180°C, (b) 190°C
and (c) 200°C (Zn(NOs),-6H,0 molarity=0.1 M) reveal that with
the rise of temperature, there is improvement in crystallinity and
surface smoothness. It is envisaged that the growth process is con-
trolled by structural as well as energetic factors. It is apparent that
in the shape of a nut, the energy of the system remains at its lowest
level during the growth process. In the final stage, the open gap on
the nut surface fuses up to reach minimal surface energy.

The effect of Zn(NO3 ), -6H, 0 molarity on the morphology of final
product (synthesized at 150 °C for 24 h) is shown in Fig. 6. At 0.01 M,
ZnO microcrystals with nanorods growing on the base of the half
nuts are detected as majority; there is occasional sighting of long
micronuts with sharp ends and smooth surfaces (Fig. 6a). It seems
that Path b of Fig. 4 is more suitable to describe the growth of this
kind of micronuts. At 0.03 M (Fig. 6b), spherical microcrystals are
formed (as majority) and entities that detected in Fig. 6a can also be

seen. The formation of spherical microcrystals is likely to be a result
of isotropic growth around nuclei as suggested by Jung et al. [19].
At 0.05M (Fig. 6¢), there is the detection of brushlike assemblies
and hexagonal rods together with those entities sighted in Fig. 6a.
The formation of brushlike entities was reported before by Li et al.
[20]. The hierarchical structure is a result of preferential growth of
ZnO along the (000 1) direction, with the surface of the resulted
nanorod serving as seed layer [18] for the growth of nanowires.

At 0.08 M, there is sighting of popcornlike entities (Fig. 6d). As
the molarity of Zn(NO3),-6H,0 is getting close to 0.1 M, it is appar-
ent that the “Path a” mechanism depicted in Fig. 4 is favored. The
popcornlike entities are generated as a result of two ZnO half nuts
growing together at the sharp ends. At 0.5 M (Fig. 6e), we detected
twin hexagonal microprisms that are joint together. The surface
of this kind of ZnO microcrystal is smooth and its length is up to
20 p.m. Twin hexagonal microlayers of shorter length can be seen
(indicated by arrows in Fig. 6e). It is possible that further growth of
twin hexagonal microlayers would result in the formation of twin
hexagonal microprisms. The twin hexagonal microprisms evolv-
ing from hexagonal bilayer disks were reported before by Zhang
et al. [14]. At 1M (Fig. 6f), we detect irregular porous ZnO micro-
crystals. Based on the discussion of Fig. 6, the samples obtained at
Zn(NO3),-6H;0 molarity of 0.08, 0.1 and 0.5 M gave uniform mor-
phologies. In summary, by means of adopting Zn(NO3),-6H,0 of
specific molarity, one can fabricate ZnO microcrystals of various
shapes through the solvothermal approach.

The room-temperature optical properties of the as-synthesized
ZnO microcrystals were studied. Fig. 71 depicts the UV-vis absorp-
tion spectra of ZnO microcrystals synthesized at 150°C for 24 h at
different Zn(NOs ),-6H,0 molarities. The difference in extent of UV
absorption is due to variation in sample mass. It is clear that all
the materials exhibit excitonic absorption edges around 376 nm.
Compared to that of bulk ZnO (370nm) [21], there is a modest
red shift of around 6 nm attributable to size effect and/or the spe-
cial morphologies of the microcrystals [22]. Shown in Fig. 71l are
the room-temperature PL spectra of ZnO microcrystals synthesized
at Zn(NOs3),-6H,0 molarity of (a) 0.1 and (b) 0.01 M; the FE-SEM
images of the corresponding products are shown in Figs. 3i and 6a.
At 0.1M, ZnO microcrystals in the shape of acorn are formed,
whereas at 0.01 M, half nuts with nanorods growing on the bases
are detected. In both cases, bands are detected at around 390, 580
and 630 nm (Fig. 71I). The near-band-edge UV signal (390 nm) is due
to free exciton emission [23]. It is known that during the growth
of crystals in self-aggregation processes at low temperatures or
during the conversion of zinc oxyhydroxide species to ZnO arrays
(likely to be nonstoichiometric), there is the formation of struc-
tural defects such as stacking faults and dislocations [24,25]. The
green emission at 580 nm is commonly related to these kinds of
defects and attributed to the recombination of electrons in oxygen
vacancies. The 630 nm band can be related to the combination of
photogenerated holes and singly ionized electrons located at oxy-
gen vacancies [26]. Since the positions of the PL bands in these two
cases are similar, one can deduce that a change of Zn(NOs3),-6H,0

Fig. 5. Morphology of ZnO micronuts synthesized at different temperatures: (a) 180°C, (b) 190°C and (c¢) 200 °C (Zn(NOs),-6H,0 molarity =0.1 M and time =24 h).
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Fig. 6. SEM images of ZnO microcrystals synthesized at 150 °C for 24 h at different Zn(NO3 ),-6H,0 molarities: (a) 0.01 M, (b) 0.03 M, (c) 0.0 5M, (d) 0.08 M, (e) 0.5M and (f)

1 M. (Indicated arrows are the ZnO twin hexagonal microlayers.)

concentration from 0.01 to 0.1 M has little effect on the crystallinity
and defect nature of the fabricated ZnO microcrystals.

Itis worth emphasizing that the solvothermal method described
in this paper is better than the conventional oil-water surfactant
one. The former is simple, efficient and Zn(NOs ),-6H, 0 is non-toxic
and relatively cheap. Furthermore, the alcohol system is biosafe and

environment-benign. The work will open up new dimensions for
the development of environment-benign methods for the prepa-
ration and assembly of novel single-crystalline nanostructures in
a rational manner. It is envisaged that the approach can be used
to synthesize nanostructures of other oxides such as FeO and
MgO.
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Fig. 7. (I) UV-vis absorption and (II) PL spectra of ZnO microcrystals synthesized at 150 °C for 24 h at different molarities of Zn(NOs),-6H,0.
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4. Conclusion

By means of the described solvothermal approach that is
environment-friendly, facile and low-cost, ZnO microcrystals can
be synthesized from Zn(NOs ),-6H,0. By adjusting parameters such
as reaction time, temperature and reactant concentration, ZnO
microcrystals that are different in shape can be fabricated in high
selectivity. They can be spherical or in the form of flowers, nuts,
hexagon-pillars, popcorns and brushes. The FE-SEM results show
that the nutlike ZnO microcrystals are composed of self-assembled
nanorods that grow on layers of transient (Zns(OH)g(NO3 ),(H,0),)
or Zn(OH),. We find that all the ZnO microcrystals are similar in
excitonic absorption edge and PL properties. We envisage that the
method is also suitable for the synthesis of nanostrucures of other
oxides (such as MgO, FeO).
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