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A simple, efficient and low-temperature approach for the assembly of hierarchical Zinc oxide (ZnO)

microstructures in ionic liquid [EMIM]+[BF4]� is reported. The as-obtained ZnO superstructures are

composed of microbundles of nanorods from the center points, with the diameter and length in the

range of 100–150 nm and 2–4 mm, which have been characterized by X-ray diffraction, scanning and

transmission electron microscopy, and photoluminescence spectroscopy. The ZnO microstructures

exhibit significant defect-related green-yellow emission and high photodegradation of dye Methyl

Orange (5�10�5 mol/L) under UV excitation within 80 min.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Zinc oxide (ZnO), as a II–VI n-type semiconductor with a wide
direct-band gap of 3.4 eV and large excition binding energy of
60 meV at room temperature, exhibits promising application as
piezoelectric, dielectric, optical and catalytic materials [1–9], very
recently, as a candidate for cheap, green and effective recyclable
photocatalysts for environmental applications [9–11]. As well
known, the related properties and functionalities of ZnO materials
are influenced by surface area, crystalline size, phase composition,
nature and concentration of lattice defects [1–3,10,11]. Obviously
the possibility of controlling the properties of ZnO by tailoring
their morphology (shape, size and dimensions, etc.), is a current
topic of great interest.

Ionic liquids, consisting of organic cations and inorganic anions,
have arosed increasing interest owing to their unique properties
such as negligible vapor pressure, good dissolving ability, low
melting point, and high ionic conductivity and have been utilized
in the synthesis of inorganic materials [12–18] (such as TiO2 [13],
a-Fe2O3 [14], ZnSe [15], Fe3S4 [16], g-Al2O3 [17], SmVO4 [18], etc.).
The possibility to specifically vary the physical and chemical
ll rights reserved.

ju.edu.cn (Y.-N. Huang).
properties of ionic liquids, relying on a wide range selection of
cations and anions, can be used to control the composition, initial
crystalline structures, crystal growth habit of the inorganic nano-
materials with novel morphologies and improved properties.
Among them, alkylimidazolium cations ionic liquids as an ideal
green reaction medium can be used in establishing the relationship
among molecular structure of ionic liquids, the morphologies and
the function of the resulting inorganic materials [19].

In this work, we report a simple low-temperature route to
fabricate ZnO microbundles of nanorod assembly. Room-tem-
perature ionic liquid [EMIM]+[BF4]� (1-ethyl-3-methylimidazo-
lium tetrafluoroborate, Scheme 1) is employed in one-step
only, without needing any more other organic solvents, water,
surfactants or templates. The results of photoluminescence
and photocatalytic experiments indicate that the as-obtained
ZnO microbundles are of excellent green-yellow optical quality,
exhibiting high activity in photodegradation of high concentra-
tion Methyl Orange solutions (5�10�5 mol/L).
2. Experimental section

2.1. Preparation of ionic liquid [EMIM]+[BF4]�

The synthetic procedures of the employed ionic liquids followed
a reported route [20]. A mixture of ethyl bromide (0.40 mol) and
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Scheme 1. Chemical structure of [EMIM]+[BF4]� .
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1-methylimidazole (0.40 mol, 32.0 mL) was stirred at 50 1C for
1 day under nitrogen atmosphere. The mixture was cooled to room
temperature, and ethyl acetate (70 mL) was added causing pre-
cipitation of 1-ethyl-3-methyl imidazolium bromide as a white
solid. This solid was recovered by filtration and washed with ethyl
acetate followed by ethyl ether. To prepare the tetrafluoroborate
salts, the 1-ethyl-3-methylimidazolium bromide salt (0.40 mol)
was added to a suspension of NaBF4 (53.0 g, 0.48 mol) in acetone
(150 mL). After the mixture was stirred for 48 h at room tempera-
ture, the sodium bromide precipitate was removed by filtration
and the filtrate concentrated to oil by rotary evaporation. The
crude ionic liquid was diluted with methylene chloride (200 mL)
and filtered through silica gel. The solution was washed twice
with saturated sodium carbonate aqueous solution (40 mL) and
dried over anhydrous magnesium sulfate. Removal of solvent
under vacuum yielded pale-yellow oil. Washing a solution of
[EMIM]+[BF4]� in methylene chloride with aqueous sodium car-
bonate yielded three layers: water on the top, [EMIM]+[BF4]� in
the middle, and methylene chloride at the bottom. The two bottom
layers were separated, evaporated to remove water dissolved in
the [EMIM]+[BF4]� layer, diluted with methylene chloride (200 mL),
dried over anhydrous magnesium sulfate, and concentrated to an
oil. The as-obtained ionic liquid was characterized by 1HNMR
(CDCl3): 9.358(s, NCHN), 7.325(s, NCHCHN), 7.465(s, NCHCHN),
4.348(dd, N-CH2CH3), 4.031(s, N-CH3), 1.623(tri, N-CH2CH3).
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)

2.2. Preparation of ZnO microstructures

4.0 mmol (0.878 g) of Zn(CH3COO)2 �2H2O were ground for
about 30 min in an agate mortar, and 3.0 mL of [EMIM]+[BF4]�

and 22.0 mmol (0.880 g) of sodium hydroxide powder are added.
The mixture was ground for 1 h and kept at 80 1C for 72 h to
ensure the completeness of reaction. Then the mixture was
washed with alcohol and water, and dried in the air. Yield:
80–85%. Comparative syntheses are conducted with the molar
ratio of Zn(CH3COO)2 �2H2O and NaOH were identical with the
above synthesis of ZnO microstructures, except for that the
amount of NaOH are 8 and 16 mmol, respectively.
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Fig. 1. XRD patterns of the obtained ZnO microstructures.
2.3. Characterization

X-ray diffraction (XRD) patterns are recorded on a Rigaku
D/max-2500 diffractometer equipped with graphite monochro-
matized CuKa radiation (l¼0.154 nm). The accelerating voltage is
set 50 kV, with 100 mA flux at a scanning rate of 0.06o/s in the
range 5–60o. The scanning electron microscopy (SEM) is per-
formed on a Hitachi S-3500N microscope. The transmission
electron microscopy (TEM), high-resolution transmission electron
microscopy (HRTEM) and selected area electron diffraction
(SAED) are performed on a FEI TECNAI G2 20S-TWIN microscope
at 200 kV. The photoluminescence (PL) spectra with a SPEX FL 212
fluorescence spectrometer were performed directly at room
temperature on covering ZnO solid powder with powder thick-
ness of 1 mm, area of 1 cm2 on the square groove of an open-sized
quartz slice using 325 nm as the excitation wavelengths. UV–vis
absorption is monitored with a U-3310 spectrophotometer.

2.4. Photodegradation experiments

40 mg of ZnO microbundles was added to 100 mL of a
5�10�5 mol/L methyl orange (MO) solution and then magneti-
cally stirred in the dark for 15 min, which allowed it to reach
adsorption equilibrium and uniform dispersity. The solution was
then exposed to UV irradiation from a 125 W high-pressure Hg
lamp at room temperature. The samples were collected by
centrifugation every 20 min to measure the MO degradation by
UV–vis spectra.
3. Results and discussion

3.1. Phase identification and morphology by XRD and electron

microscopy

The XRD pattern of the as-obtained products is shown in Fig. 1.
All the diffraction peaks of the as-obtained products can be
indexed to the high crystalline wurtzite ZnO (hexagonal crystal
system, P6

3mc space group, JCPDS card no. 36-1451) with calcu-
lated lattice constants a¼0.325 nm, c¼0.521 nm. No impurities
such as Zn(OH)2 are observed.

The SEM images of as-obtained products are presented in
Fig. 2. It can be seen that the products comprise a large quantity
of 1-D ZnO nanorods with their growth axes pointing toward the
center, which looks like the natural radiate flower heads of a
chrysanthemum. The diameter and length of the nanorods are in
the range of 100–150 nm and 2–4 mm, respectively. The TEM
images of the as-obtained nanostructures are presented in Fig. 3,
confirming the interesting assembly of ZnO nanorods into micro-
bundles structures. The nanorods are quite straight with the sizes
consistent with the SEM results. The inset of Fig. 3a is a SAED
pattern taken from an individual ZnO nanorod, demonstrating
that the ZnO nanorods are single crystalline. A TEM image of ZnO
nanorod shows that the surface is not smooth but corrugated
(Fig. 3a). This corrugated structure suggests that some defects
may exist on the surface, which is further confirmed from the
HRTEM images shown in Fig. 3b. The interplanar spacings of the
crystalline stripes in the HRTEM image are about 0.260 nm and
can be indexed to the (0001) crystal planes. It indicates that the



Fig. 2. (a and b) SEM images of the obtained ZnO microstructures. Fig. 3. TEM images of ZnO microstructures: (a) general morphology of nanorod

assembly, together with a SAED pattern from a single rod and (b) HRTEM image

showing the corrugated surface of nanorods.
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nanorods exhibit a preferred growth orientation along the [0001]
crystal axis.
3.2. Synthetic factors and possible formation mechanism

It is worthy of noting that the amount of sodium hydroxide
plays a crucial role to the morphology formation of such ZnO
nanostructures. Comparative experiments are conducted with the
molar ratio of Zn(CH3COO)2 �2H2O and NaOH as 1:2, 1:4, and
1:5.5. It is found that that ZnO particles (with an average diameter
of about 10–20 nm) and well-defined ZnO nanorods (with an
average diameter of about 30–50 nm and different lengths ran-
ging from 500 to 1500 nm) are obtained when the molar ratio of
Zn(CH3COO)2 �2H2O and NaOH is 1:2 and 1:4, respectively [19].
When the molar ratio of Zn(CH3COO)2 �2H2O and NaOH is 1:5.5,
the diameter and length of the nanorods change to 100–150 nm
and 2–4 mm, respectively. More important, the construction of
1-D ZnO nanostructures to 3-D hierarchical superstructures was
realized by rationally changing the amount of NaOH in this work.

The blank experiment in the absence of ionic liquid is also
done to understand the possible mechanism of ZnO nanostructure
growth. Only irregular-shaped particles are obtained without the
use of ionic liquid, suggesting that the ionic liquid may take a
structure-directing role for the ZnO nanorod formation. The
wurtzite-structure ZnO is described as a number of alternating
planes composed of four-fold tetrahedrally coordinated O2� and
Zn2 + ions stacked alternatively along the c-axis [21]. The oppo-
sitely charged ions produce Zn2 +-terminated (0001) and O2�-
terminated (0001̄) polar surfaces which have the highest growth
rate. Besides, hexagonal crystal system ZnO has nonpolar (001)
crystal plane groups, i.e. (101̄0), (1̄010), (11̄00), (1̄100), (01̄10),
and (011̄0) planes with both O2� and Zn2 + co-terminated. It can
be suggested that [EMIM]+ cations of ionic liquids are adsorbed
both on the negative polar face of O2�-terminated (0001̄) polar
surfaces and nonpolar (001) crystal plane groups by electrostatic
force. When the metal oxide crystal cores adsorb cations of ionic
liquid, the growth rate of these planes may be confined and
decreases greatly. As a result, the addition of [EMIM]+[BF4]�

finally leads to preferential growth of the ZnO crystals along
[0001] direction. At relatively high rate with high alkalinity, the
formation of ZnO nanorods is very quick and thus microbundles
of nanorod assembly are obtained. Further investigation of
possible growth mechanism for ZnO nanorods is in progress.
3.3. Photoluminescence and photocatalytic properties

The study of photoluminescence spectra is an effective method
to evaluate ZnO optical property available as photonic materials.
The room temperature PL spectrum of the as-obtained ZnO
microstructures with an excited wavelength of 325 nm is shown
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in Fig. 4. A weak peak around 380 nm and a strong broad peak at
560 nm are observed correspond to the UV emission and green-
yellow emission, respectively. The UV emission corresponds to
the near band-edge peak resulting from recombination of exci-
tonic centers in the 1D nanostructure [21]. It is generally accepted
that the structural defects, such as oxygen vacancies, are respon-
sible for the deep level or trap-state emission in the visible range.
The green-yellow emission broadband around 560 nm is consid-
ered to be the result from radiative recombination of a photo-
generated hole with an electron occupying the oxygen
vacancy [22]. These deep levels are well-known to be especially
produced in ZnO obtained via low-temperature fabrication pro-
cesses [23]. In the present case, the ZnO microbundles are
synthesized in an environment of ionic liquid via a low-tempera-
ture fabrication process. The surfaces of the microstructures
adsorb ions during their growth. It is reasonable to believe that
defect of oxygen vacancies exist in the microbundles especially on
their surfaces, and therefore strong green-yellow emission from
them is observed.

Such ZnO microstructures with significant defect-related PL
property can be expected to show interesting photodecomposi-
tion of organic compounds. The photocatalytic activity experi-
ments are performed for the decomposition of high concentration
Methyl Orange dye (5�10�5 mol/L). Fig. 5 displays the UV–vis
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Fig. 4. The photoluminescence spectrum of the ZnO microstructures.
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Fig. 5. (a) Absorbance spectra of methyl orange aqueous solutions after UV irritation

performances of ZnO microbundles, without UV irradiation, and without catalyst.
absorption spectra of Methyl Orange solution under UV irradia-
tion for different time in the presence of ZnO microstructures. The
concentration of Methyl Orange is enormously decreased to 0.5%
after 80 min UV irritation, and almost disappears after the
irradiation of longer than 100 min. We also plot the change in
the concentration of MO without catalyst and without UV
irradiation, which indicates that the catalyst and light are essen-
tial for photocatalytic degradation. Note that the concentration of
MO is determined according to the characteristic peak at around
464 nm in the UV–vis spectra. It is obvious that ZnO microbundles
exhibit high photocatalytic activity (Fig. 5b).

When semiconductor nanocrystals are irradiated by light with
energy higher or equal to the band gap, an electron in the valence
band can be excited to the conduction band with a hole in the
valence band. The photoelectron can be easily trapped by
adsorbed O2, to further produce a superoxide radical anion,
whereas the photoinduced holes can be easily trapped by OH�

or organic pollutants, to further oxidize organic pollutants [24].
The high performance of photocatalytic activity may be due to the
presence of oxygen vacancy which can effectively inhibit the
recombination of the electron and hole. This result might prompt
the potential applications of the ZnO microbundles in the treat-
ment of oxidized organic pollutants in waste water.
4. Conclusions

In summary, high yield of single crystalline ZnO nanorod
microbundles is acquired in ionic liquid [EMIM]+[BF4]� with an
one-pot, low-temperature approach and exhibit the construction
of 1-D ZnO nanostructures to 3-D hierarchical superstructures by
rationally changing the amount of NaOH. Both the HRTEM images
and photoluminescent results reveal that the products may
contain a large number of structure defects such as oxygen
vacancies at the surface. The high photodegradation of dye
methyl orange (5�10�5 mol/L) within 80 min suggest that the
obtained ZnO microstructures may have valuable potential in the
treatment of oxidized organic pollutants in waste water.
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