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Morphology-controlled ZnO particles from an ionic liquid precursor
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The ionic liquid precursor tetraethylammonium hydroxide (TEAH) acting as the reactant precursor
and the solvent is demonstrated to be effective for synthesis of ZnO particles with controlled
morphologies: hollow ZnO rods, flower-like ZnO particles constructed by rods with nanoparticle
subunits and porous ZnO microspheres assembled from ZnO nanoplates. The formation mechanism of
the synthesized particles is discussed according to the experimental results. Room temperature
photoluminescence (PL) spectroscopy is measured to reveal the optical property of the as-obtained

products.

Introduction

Room-temperature ionic liquids (ILs) are attractive environ-
mentally benign solvents for organic chemical reactions, sepa-
rations, and electrochemical applications. The advantages of
ILs in inorganic nanomaterial synthetic processes have been
gradually realized and have received increasing attention due to
their unique physical and chemical properties, such as large
electrochemical window, polar but low interface tension, low
interface energies, high thermal stability, and extended hydrogen
bond systems.*** Particularly, ionic liquids can act as solvents,
reactants, and templates for the fabrication of inorganic mate-
rials.%” In some cases, ILs and the structurally related ionic liquid
crystals combine these functions and serve as “all-in-one”
solvent-reactant-templates, or ionic liquid (crystal) precursors
(ILPs and ILCPs, respectively). For example, Taubert et al. have
used ILCPs for the fabrication of CaF, tubes, CuCl plates and
Au plates from IL(C)Ps.’**® The ILCPs act as the precursor for
the inorganic material, as the solvent for the reaction, and also as
the template over the final inorganic particle morphology.
According to the original ILCPs approach,’ the concept of
fabrication of inorganics from ILPs has been developed.?®*!
ZnO is an important semiconductor with a direct wide band
gap of 3.37 eV and large exciton binding energy of 60 meV at
room temperature. It has attracted considerable interest in the
past years mainly because of the unique optical and electrical
properties, as well as its potential application in optical wave-
guides, blue light-emitting diodes, solar cells, chemical sensors
and photocatalysts, erc.*> The interesting shape-dependent
optoelectronic and gas sensing properties of ZnO make
researchers explore the facile method of preparing ZnO particles
with controlled structures. Until now, various ZnO nano-
structures have been prepared by using chemical vapour
deposition, thermal evaporating and pyrolysis, hydrothermal
and capping agent-assisted wet chemical approaches, etc.?* We
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have recently shown that the highly hydrated IL tetrabuty-
lammonium hydroxide (TBAH) is an efficient ILP for the
fabrication of nanostructured inorganic particles including
Zn0.**2® Inspired by this, we are interested in understanding the
particle formation in other kinds of ionic liquid precursor which
have a similar structure to that of the TBAH. Herein we use the
ionic liquid tetraecthylammonium hydroxide (TEAH), which has
as similar structure to TBAH, as an example to demonstrate that
ZnO particles with controlled morphologies can be obtained
from this ionic liquid precursor. The synthesized nanostructured
ZnO particle includes: hollow ZnO rods, flower-like ZnO parti-
cles constructed by rods with nanoparticle subunits and porous
ZnO microspheres assembled from ZnO nanoplates. These
interesting ZnO particles can be obtained just by adjusting the
concentration of the reactants, therefore the method provides
a facile controlled route for the synthesis. The formation mech-
anism of the synthesized particles is discussed and room
temperature photoluminescence (PL) spectroscopy is measured
to reveal the optical property of the as-obtained products.

Experimental
Synthesis

In a typical synthesis, 10 mg of zinc acetate dihydrate (Tianjin
Guangcheng reagent company) was dissolved in 0.5 g of
tetracthyl ammonium hydroxide aqueous solution (TEAH,
25% wiw, Shanghai Yongsheng reagent company) in a 10 ml
tube. Then, the tube with the solution was heated to 80 °C for 2 h
in air. The products were recovered by repeated centrifugation,
washed with water and ethanol, respectively, and dried at 60 °C
for 5 h. The procedure for the products recovered at other
conditions is similar to the above although the amount of zinc
acetate dihydrated is different or a certain amount of water
is added to the TEAH solution.

Characterization

X-Ray diffraction was done on a Rigaku Dmax-rc X-ray
diffractometer with Ni filtered Cu Ko radiation. SEM was per-
formed on a Hitachi SU-70 FESEM operated at 10 kV. TEM
was carried out on a Hitachi H-800 transmission electron
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microscope at an accelerating voltage of 150 kV. Room
temperature photoluminescence spectra were recorded with
a Cary Eclipse fluorescence spectrophotometer (Varian,
Australia) equipped with a xenon lamp and quartz carrier at
room temperature.

Results and discussion

Fig. 1 shows the XRD pattern of ZnO particles prepared by
a reaction of 10 mg zinc acetate dihydrate in 0.5 g TEAH ionic
liquid with 0.5 g added water under 80 °C for 2 h. All diffraction
peaks in the range 20 < 26 < 80° can be indexed as the hexagonal
ZnO, which is in good accordance with the values on the stan-
dard card (JCPDS 36-1451). The XRD results confirm the
formation of pure ZnO powders and the product is well crys-
tallized. The intensity of 100 reflexion is low, which indicates that
the (100) planes are not parallel to the substrate.

Fig. 2a shows typical SEM images of the ZnO products
precipitated at 10 mg zinc acetate dihydrate in 0.5 g TEAH
solution with 0.5 g added water, manifesting the formation of
ZnO rods. The average length of these particles is ca. 1 pm and
the diameter of the rods ranges from ca. 300 to 400 nm. The
enlarged SEM images shown in Fig. 2b suggest that the rods
usually contain a central channel resulting in a hollow rod
structure. Fig. 2c shows a typical TEM image of a single rod
which clearly displays the tip structure of the rod. The selected
area electron diffraction pattern of the rod crystal shown in the
insert of Fig. 2c suggests that the rod has a single crystalline
structure along the [0001] direction.

In order to understand the formation process of the ZnO
hollow rods and their growth mechanism, time-dependent shape
evolution studies are conducted for the products recovered at
different reaction time. It is found the solution becomes slightly
turbid when the reaction time is 5 min. The TEM image of the
product recovered at this stage is displayed in Fig. 3a. It shows
that there are rod particles forming at the initial stage. For the
reaction proceeding for 10 min, the products are still in rod shape
while there are some dark dots (nanoparticles) in the rod
according to the TEM image (Fig. 3b). When the reaction time is
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Fig.1 XRD pattern of a sample precipitated with 10 mg of zinc acetate
dihydrate in 0.5 g TEAH ionic liquid with 0.5 g added water.

Fig. 2 SEM and TEM images of a sample precipitated with 10 mg of
zinc acetate dihydrate in 0.5 g TEAH ionic liquid solution with 0.5 g
added water. (a) Low magnification SEM, (b) high magnification SEM,
(c) TEM image and a selected area electron diffraction pattern.

prolonged to 30 min, the rods change into hollow rods as shown
in Fig. 3c. Fig. 3d is the high magnification TEM image of
a single hollow rod, which clearly shows the hollow structure in
the rod. When the reaction time increases to 2 h, hollow rods with
a larger size form, as shown in Fig. 2. It is well-known that the
hexagonal ZnO crystal has both polar and nonpolar faces. The
typical crystal habit exhibits a basal polar oxygen plane (0001),
top tetrahedron corner-exposed polar zinc plane (0001), and low-
index faces (parallel to the ¢ axis) consisting of a nonpolar {1010}
face. Polar faces with surface dipoles are thermodynamically less
stable than nonpolar faces, often undergoing rearrangement to

b

Fig. 3 TEM images of samples precipitated at different reaction times
with 10 mg zinc acetate dihydrate in 0.5 g TEAH ionic liquid solution
with 0.5 g added water. (a) 5 min, (b) 10 min, (c, d) 30 min.
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reduce their surface energy, and usually growing more rapidly.?
At the early stage of the reaction system, the zinc ions in the
solution near the surface of ZnO nuclei adsorb on the polar face
of ZnO, resulting in faster growth along the [0001] direction, and
thus, ZnO nanorods were obtained. The fast growth causes the
Ostwald ripening only to affect slightly the ZnO crystal
morphology. With the increase of reaction time, the zinc ions in
the solution can be largely consumed. After the growth of ZnO
rods reaches a certain equilibrium, the dissolution effect becomes
more dominant. Since the polar plane (0001) of ZnO has a higher
surface energy, the dissolution rate of the polar plane (0001) is
faster than that of the nonpolar plane {1010}. In addition, the
tetrabutylammonium cation will adsorb on the lateral surfaces
due to the electrostatic interaction, which will slow down the
dissolving velocity of the lateral surfaces. Therefore, the selective
dissolution of ZnO causes formation of the hollow structure in
the final products. This formation mechanism is different from
our previously synthesized ZnO mesocrystals in TBAH ionic
liquid, which is based on the assembly of the primary nano-
particle subunits sometimes resulting in a hollow structure.*
To understand the influence of the amount of added water in
the TEAH ionic liquid solution on the final products, we per-
formed experiments with different amounts of added water in
0.5 g of TEAH solution at a fixed amount of zinc acetate dihy-
drate (10 mg). Fig. 4 shows SEM images of samples obtained

Fig. 4 SEM images of the samples precipitated at various amounts of
added water to 0.5 g TEAH ionic liquid solution with a fixed amount of
zinc acetate dihydrate (10 mg). (a) 0 g added water, (b, c¢) 2.5 g added
water, (d, e) 4 g added water, (f) 6 g added water.

for the products recovered at the conditions with various added
water (0, 2.5, 4, 6 g) to the original TEAH solution. In the
condition of the original TEAH solution (0 g added water), the
particles are quasi-nanospheres (not quite in a spherical shape)
with the size ranging from 20 to 50 nm, which is shown in Fig. 4a.
Fig. 4b shows the products recovered at the condition with 2.5 g
added water which demonstrates that flower-like ZnO particles
form with an average size of ca. 1 pum. The flower-like particles
are constructed of rod particles with the widest rod diameter
ranging from ca. 300 to 700 nm. Fig. 4c is the higher magnifi-
cation SEM image for one flower-like particle. It is clearly shown
that the tip of the rods has a rough surface resulting in a ladder-
like surface. When the amount of added water increases to 4 g,
ZnO flower-like particles still form with an average size of ca. 800
nm, as shown in Fig. 4d and e. The rod in the flower-like particles
is with the widest diameter from ca. 150 to 350 nm. Also, the rod
has a rough surface which is similar to our previous report about
the ZnO particles from the TBAH ionic liquid.?® Further
increasing the added water amount to 6 g, it is found that the
product is similar to that recovered at 4 g water. Flower-like
particles still form with an average size of 2 um and the widest
diameter of the rod is from 400 to 600 nm, as shown in Fig. 4f.

In order to understand the influence of the zinc acetate dihy-
drate amount on the final products, we perform experiments at
different zinc acetate dihydrate amounts in 0.5 g TEAH ionic
liquid solution with 2 g added water. Fig. 5 shows SEM images of
samples obtained at 10, 20, 30, and 40 mg zinc acetate dihydrate.
At 10 mg zinc acetate dihydrate, the particles are rods with the
length ranging from 400 to 800 nm and the diameter ranging

Fig. 5 SEM images of the samples precipitated at different amounts of
zinc acetate dihydrate with 2 g of added water in 0.5 g TEAH solution. (a)
10 mg, (b, ¢) 20 mg, (d) 30 mg, (e, f) 40 mg.
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from 150 to 350 nm, which is shown in Fig. 5a. Fig. 5b shows the
products recovered at 20 mg zinc acetate dihydrate, which
demonstrates that flower-like ZnO particles form with the size
ranging from ca. 0.5 to 1.2 um. The flower-like particles are
constructed by rod particles with the widest diameter ranging
from 100 to 300 nm (Fig. 5c). However the flower-like
morphology is different from the result in Fig. 4b because there
are much more rods in the flower-like particles in Fig. 5c than in
those of the products in Fig.4b. The insert SEM image in Fig. S5c
is the higher magnification SEM image for part of the rod
surface. It is clearly shown that the rod has a rough surface which
is indeed constructed by small nanoparticle subunits with an
average size of 10 nm. With further increasing the zinc acetate
dihydrate amount to 30 mg, it is found that porous ZnO
microspheres form which are constructed of plates (as shown in
Fig. 5d). The size of the microspheres is from 0.8 to 1.5 um and
the pore size (the pore size is defined as the distance between two
neighbour plate) is from 50 to 260 nm based on the SEM image.
The thickness of the plate is ca. 50 nm. When the zinc acetate
dihydrate amount increases to 40 mg, porous micropheres still
form with a size ranging from 0.8 to 1.6 pm (as shown in Fig. Se).
A higher magnification of the SEM image corresponding to one
micrsphere in Fig. Se clearly shows the porous structure and the
assemble details in the microsphere (as shown in Fig. 5f). The
average thickness of the plate is ca. 40 nm and the pore size is
from 30 to 200 nm. The capture of the initial particles for these
microspheres to demonstrate the formation mechanism has
failed, because plate- assembled microspheres already formed
when the solution became turbid within 1 min. However, based
on this, the formation process might be the following: first the
plate ZnO nanoparticles form and in the meanwhile these ZnO
plates assemble into spheres, quickly resulting in a porous
structure.

The formation mechanism of flower-like particles of which the
rods are composed of nanoparticle subunits can be explained as
follows. The intrinsic electric fields of the polar ZnO lattice where
the crystallographic c-axis is polar, could be responsible for the
formation of our observed anisotropic structures. The ZnO
crystal lattice can be described as alternating planes composed of
Zn** and O* which are stacked alternatively along the crystal-
lographic c-axis. The oppositely charged ions form positively
charged (0001)-Zn and negatively charged (0001)-O polar
surfaces on the top and on the bottom surface of the primary
particles. The assembly of the primary particles is driven by
electrostatic interactions from the polar charges to minimize the
energy contributed by surface area and polar charges. The
presence of large tetrabutylammonium cation of TBAH can
reverse the polarity of the negatively charged surfaces of primary
particles and thereby prevent further growth and aid the aggre-
gation into flower-like particles. This formation mechanism is
similar to our previously synthesized ZnO mesocrystals from
TBAH ionic liquid precursor.?*?®

Also, we perform the experiments in a wide range with the
amount of zinc acetate dihydrate from 10 to 40 mg and with
added water from 0 to 6 g in 0.5 g TEAH ionic liquid solution.
The results are summarized in Table 1. In order to show the
heterogeneous structure of the crystalline domain for the
synthesized particles, the coherence lengths (crystallite sizes, Dy,
where Dy, is the coherence length of the crystalline domain

Table 1 The experiment results for the products recovered in a wide
range amounts of zinc acetate dihydrate (1040 mg) and added water (0-6
g)in 0.5 g TEAH ionic liquid solution. Dy, is the coherence length of the
crystalline domain perpendicular to the respective ik/ plane

Zinc acetate Added water

dihydrate/mg  amount/g Morphology D100/ Doz

10 0 Quasi-nanospheres 0.76

10 0.5 Hollow rods 0.38

10 2 Rods 0.35

10 2.5 Flower-like particles 0.66
constructed by rods

10 4 Flower-like particles 0.51
constructed by rods

10 6 Flower-like particles 0.73
constructed by rods

20 0 Rods+quasi- 0.51
nanospheres

20 0.5 Rods+quasi- 0.55
nanospheres

20 2 Flower-like particles 0.89
constructed by rods

20 2.5 Flower-like particles 0.90
constructed by rods

20 4 Plate aggregates 0.73

20 6 Flower-like particles 0.85
constructed by rods

30 0 Rods+quasi- 0.69
nanospheres

30 0.5 Plates 0.45

30 2 Porous microspheres 0.89
conctructed by plates

30 2.5 Porous microspheres 0.90
conctructed by plates

30 4 Plate aggregates 0.88

30 6 Flower-like particles 0.92
constructed by rods

40 0 Rods+quasi- 0.55
nanospheres

40 0.5 Plates 0.65

40 2 Porous microspheres 0.76
conctructed by plates

40 2.5 Porous microspheres 0.81
conctructed by plates

40 4 Flower-like particles 0.90
constructed by rods

40 6 Porous microspheres 0.91

conctructed by plates

perpendicular to the respective ikl plane) are calculated via the
Scherrer equation according to the peaks of XRD patterns. The
results of Djgo/Dooz are shown in Table 1. In most cases, the
values of Digo/Doy> are completely different from what is
observed in electron microscopy. Therefore it suggests that most
particles do not consist of only one single crystalline domain, but
of several primary subunits.

There have been reports on the growth of ZnO from ionic
liquid precursors. Zhu et al. have reported that zinc-containing
ILs can be utilized as zinc oxide precursors for the growth of ZnO
via an ionothermal process.?® There, a zinc/amine complex was
reacted with tetramethylammonium hydroxide, in a water-free
environment. Under these conditions, ZnO multipods were
obtained. We have recently shown that the highly hydrated IL
tetrabutylammonium hydroxide (TBAH) is an efficient ILP for
the fabrication of unusual ZnO mesocrystals via the reaction of
zinc acetate with TBAH by the reflux method or in the open
air.?*?2 Tubular rods with a rough surface and “lotus leaf-like”
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Fig. 6 Room temperature photoluminescence spectra for typical
samples. (a) Porous microspheres conctructed of plates, (b) flower-like
particles constructed of rods, (c) hollow rods.

particles form in the TBAH ionic liquid. In the present study, the
hollow rods from TEAH are with a smooth surface which is
different from the products obtained in TBAH. Also, porous
microspheres constructed of plates can form in TEAH. The
mechanism for the hollow rods formed in TBAH and TEAH is
different. In TBAH the formation of hollow rods is based on the
assembly of the primary nanoparticle subunits while in TEAH
the formation of hollow rods results from the selective dissolu-
tion of the initial rods.

Fig. 6 shows room-temperature photoluminescence (PL)
spectra for typical synthesized ZnO products. Photo-
luminescence at room temperature shows a broad green fluo-
rescence peak centered at around 575 nm for all samples. A
smaller peak at 390 nm can be assigned to the bandgap lumi-
nescence of ZnO from exciton transitions. The band at 575 nm
can be assigned to recombination processes from deep levels in
the bandgap of ZnO. These deep levels are well-known to be
especially pronounced in ZnO obtained via low-temperature
fabrication processes.** In the current case the defects are likely
related to oxygen defects in the ZnO lattice. This PL spectros-
copy thus shows that the optical properties of the synthesized
ZnO products are largely governed by the number and nature of
the defects in the ZnO lattice, which is similar to our previously
synthesized ZnO particles in the TBAH ionic liquid.?**

Conclusion

In conclusion, this paper is another contribution to the synthesis
of inorganic nanostructured materials from an ionic liquid
precursor. Like the TBAH ionic liquid, the present work shows
that tetraethylammonium hydroxide (TEAH) is also an efficient
ILPs for the controlled fabrication of zinc oxide particles with
various shapes and sizes. ZnO particles with interesting multi-
shapes can be obtained by the present route. The synthesized

nanostructured ZnO includes: hollow ZnO rods, flower-like ZnO
particles constructed of rods with nanoparticle subunits and
porous ZnO microspheres assembled from ZnO nanoplates. PL
measurements reveal that the as-obtained ZnO nanostructures
exhibit intense green emission which demonstrates there is
a large amount of defects in the ZnO lattice. These ZnO particles
with controlled morphology and size may be useful for many
applications including catalysis.
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