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a b s t r a c t

Well-defined Alq3 nanoflowers were fabricated via a facile and fast sonochemical route. X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), field-emission scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) were used to characterize the structure and shape of the as-pre-
pared product. The results showed that the resulting Alq3 was composed of nanobelts with thickness
about 50 nm, average widths of 200 nm, and length up to 10 lm. The Alq3 nanoflowers exhibited good
electrogenerated chemiluminescence behavior.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The formation of ordered superstructures have attracted consid-
erable attention because of their unique properties and potentially
exciting applications [1,2]. Numerous synthetic methods have been
developed for the fabrication. Recently, sonochemical method has
become an important tool in the synthesis of self-assembled super-
structures, such as V2O5 [3], SrMoO4 [4] and BiOCl [5], because of fast
and large-scale preparation. However, most research focused on the
inorganic materials, and only limited kinds of organic materials have
been obtained until now. Therefore, the preparation of ordered
superstructures of organic materials is still a challenge. Recently,
sonochemical method has been extensively used in the synthesis
of various nanomaterials. When liquids are irradiated with ultra-
sonic irradiation, acoustic cavitation produces very high tempera-
ture (5000 K), high pressures (20 MPa) and cooling rates (107 K/s),
which could provide a unique environment for chemical reactions
and novel nanostructures under extreme conditions [6].

Electrogenerated chemiluminescence (ECL) is a useful tech-
nique for both fundamental study and analytical applications [7].
Since the discovery of ECL of silicon semiconductor nanocrystals
in 2002 [8], much progress has been made in ECL research by using
various nanoparticles [9–11]. Recently, the ECL biosensors based
on nanoparticles are becoming an efficient approach for biological
analysis including DNA probe and immunoassay. For example,
CdSe nanoparticles could be used to develop an ECL immunosensor
ll rights reserved.

.

for sensitive detection of human IgG [12]. Although the ECL behav-
ior of semiconductors has been observed, much effort has been di-
rected to develop new class of ECL systems for the improvement of
the sensitivity and efficiency.

8-Hydroxyquinoline aluminum (Alq3) has become one of the
most successful electron transport and emitting material for or-
ganic light-emitting diodes (OLED) devices because of its good
electronic conductivity and strong electroluminescence emission
[13–17]. Because of their excellent optoelectronic properties, most
research has focused on the physical and chemical properties, and
find its potential application in nanodevices [18–26]. Alq3 have a
potential application in ECL system due to not only involving non-
covalent intermolecular interactions such as p–p stacking, but also
involving the interactions between inorganic elements and metal
elements. It is necessary to explore these materials to achieve max-
imum ECL behavior. Recent reports showed that orientated self-
assembled structures could help to enhance performance and no-
vel application [27,28]. However, controlling the assembly of nano-
belts into nanoflowers is still a challenge. Herein, large scale Alq3

nanoflowers composed of the nanobelts were fabricated without
surfactants or templates by a facile sonochemical route. The result-
ing Alq3 nanoflowers exhibited good ECL behavior.
2. Experimental

2.1. Synthesis of Alq3 nanoflowers

All reagents were analytical purity and used without further puri-
fication. In a typical procedure, 10 mmol of 8-hydroxyquinoline and
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10 mmol of AlCl3 were dissolved in 40 mL of ethanol/water solution
(50% v/v, 50 mL), respectively. The solution was mixed and the total
volume of the solution was 80 mL. Then the mixture solution was ex-
posed to high-intensity ultrasound irradiation under ambient air for
1 h. Ultrasound irradiation was accomplished with a high-intensity
ultrasonic probe (Xinzhi Co., China, JY92-2D, 1 cm diameter; Ti-
horn, 20 kHz, 60 W/cm2) immersed directly in the solution at room
temperature. The sonication was conducted without cooling so that
the temperature of the reactant mixture increased gradually. Finally,
the samples were collected by ultrafiltration membrane and charac-
terized by XRD, XPS, TEM and SEM.
Fig. 1. (a) XRD pattern and (b) XPS of Alq3 nanostructures. Inset: high-resolution
XPS in the N 1s (top-left) Al 2p (bottom-left) region.
2.2. Electrogenerated chemiluminescence

A 0.50 wt% chitosan stock solution was prepared by dissolving
chitosan flakes in hot (80–90 �C) aqueous solution with 0.05 M
HCl. After the solution was cooled to room temperature, the pH
was adjusted to 3.5–5.0 with NaOH solution. The chitosan solu-
tions were filtered using a 0.45 lm Millex-HA syringe filter unit
(Millipore) and stored in a refrigerator (4 �C) when not in use.
The chitosan solution was colorless. Carbon nanotubes (CNTs)
were chemically shortened by ultrasonic agitation in a mixture of
sulfuric and nitric acid (3:1) for 4 h. The resulting CNTs were sep-
arated and washed repeatedly with distilled water by centrifuga-
tion until the pH was �7. The purified CNTs were dissolved in
chitosan solutions (0.50 mg mL�1) under sonication for 15 min to
give homogeneous black solution. After 0.0154 g of Alq3 powder
was put into 2 mL CNT-CHIT solution under sonication for
30 min, the Alq3 NCs/CNT-CHIT solution was obtained.

The electrochemical measurements for ECL was carried out on a
CHI 812 electrochemical working station (Shanghai CH Instru-
ments Co., China) using a three-electrode system. The electrodes
were a carbon paste working electrode modified with above com-
posite materials, a saturated calomel reference electrode (SCE), and
a Pt counter electrode. The ECL emission was detected with a Mod-
el MPI-A Electrochemiluminescence Analyzer (Xi’An Remax Elec-
tronic Science & Technology Co., Ltd., Xi’An, China) in pH 7.4
phosphate buffer solution (PBS) containing 0.1 M KCl and 0.1 M
K2S2O8 under cyclic voltammertry scan rate: 100 mV/s.
3. Results and discussion

3.1. Characterization of Alq3 nanoflowers

The crystalline phase of the products was determined by XRD
measurement. Fig. 1a shows the XRD pattern of the product, which
was prepared by the initial concentrations with 10 mmol of 8-
hydroxyquinoline and 10 mmol of AlCl3. The peaks are in agree-
ment with the JCPDS No. 26-1550 and literature report
[13,20,26]. The yield of the nanoflowers by this method is about
70%.

In order to further examine the chemical environment of the
elements in the product, X-ray photoelectron spectroscopy (XPS)
experiment was performed. In the Fig. 1b, the peak at 74 eV may
result from the binding energy of Al 2p; whereas the shoulder peak
located at 399 eV corresponded to the binding energy of N 1s. The
atomic ratio of the Al:N calculated from the peak area was approx-
imately 1:3.3, which was consistent with the given formula for
Alq3 within the experimental errors.

The morphology of the product was studied by SEM and TEM
images. Fig. 2a shows that the typical SEM image. It can be obvi-
ously observed that belt-like nanostructures with width of
200 nm and length up to 2 lm are prepared on a large scale. Mean-
while, the nanobelts combined into the flower-like shape. The
higher-magnification SEM images in Fig. 2b reveal that the Alq3
nanoflower is about 50 nm in thickness, 200 nm in width and sev-
eral micrometers in length. A typical TEM image in Fig. 2c further
confirms that the Alq3 nanoflowers are indeed the self-assembled
Alq3 nanoflowers composed of the nanobelts, and the aspect ratios
can reach up to tens. As shown in Fig. 2d, the width of these nano-
belts is in the range of 50–200 nm and the length is tens of
micrometers. Furthermore, it is found that the nanobelts are highly
flexible.

In order to investigate the growth mechanism of the self-assem-
bled Alq3 nanoflowers superstructures, the evolution of morphol-
ogy in the sonochemical process was studied. Fig. 3 shows the
TEM images taken from the reaction mixture after the solution
was exposed to high-intensity ultrasound irradiation at different
reaction time. When the reaction time was shorter than 5 min, it
was obvious that Alq3 nanoparticles were observed in the initial
reaction mixture as shown in Fig. 3a. As the reaction time was in-
creased to 10 min, nanobelts predominated, and the percentage of
initial nanoparticles was decreased as shown in Fig. 3b. Therefore,
the small nanoparticles could serve as seeds for the growth of Alq3

nanobelts. When the reaction time was prolonged to 20 min, the
Alq3 nanobelts aggregated together to form bundles (Fig. 3c). With
the time increase, the bundles continued to grow and form flower-
like bundles. After 30 min, the Alq3 bundle with flower-like shape
reached a stable state (Fig. 3d), and did not change with the in-
crease of reaction time. When experiment was carried out in vigor-
ous electric stirring for a comparison, irregular particles could be
obtained in final products. The experimental result proved that
high-intensity ultrasonic irradiation played an important role in
the formation of Alq3 nanoflowers.

On the basis of the above observation, a schematic illustration
of the formation mechanism for the self-assembled Alq3 nanoflow-
ers was proposed as shown in Fig. 4. The sonochemical formation
of self-assemble Alq3 bundle might undergo three steps in



Fig. 2. SEM TEM images of the Alq3 nanoflowers: (a) typical SEM image, (b) higher-magnification SEM image, (c) typical TEM image and (d) higher-magnification TEM image.

Fig. 3. TEM images of the sample collected at different reaction time of (a) 5, (b) 10, (c) 20 and (d) 30 min.

Fig. 4. Scheme of the growth mechanism of the Alq3 nanoflowers.
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Fig. 5. ECL emission from the Alq3 nanoflowers in 0.1 M PBS containing 0.1 M KCl
and 0.1 M K2S2O8 under cyclic voltammertry. Scan rate: 100 mV/s.
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sequence: (1) acoustic cavitation formation of Alq3 nanocrystals to
produce primary nanoparticles; (2) under the microjets formed at
the collapse of bubbles, these primary nanoparticles accompanying
oriented attachment to form the nanobelts; and (3) the individual
nanobelts were further attached to assemble into bundles, accom-
panying an Ostwald ripening process.

3.2. The behavior of electrogenerated chemiluminescence

The ECL behavior of the as-prepared Alq3 nanoflowers was stud-
ied. The ECL emission under continuous potential scanning be-
tween 0 and �1.5 V for 10 cycles was shown in Fig. 5. The light
emission of Alq3 nanoflowers was stable and intense, which may
be attributed to the Alq3 nanoflowers and the addition of co-reac-
tant. The results suggested that the Alq3 nanoflowers had great po-
tential applications in ECL biosensors and biolabeling.

ECL is generated by the relaxation of excited-state molecules
that are produced through electron transfer annihilation of electro-
generated anion and cation radicals [8]. In our case, ECL is pro-
duced upon concomitant reduction of Alq3 and S2O2�

8 . Upon the
potential scan with negative direction, the Alq3 nanocrystals were
reduced to anion radicals ðAlq��3 Þ. Simultaneously, S2O2�

8 as a co-
reactant was oxidized to produce a strong oxidant SO��4 , then
Alq��3 can react with SO��4 to emit light in aqueous solution. The pro-
posed ECL mechanism is as follows:

Alq3ðnanoflowersÞ þ ne! nAlq��3 ð1Þ

S2O2�
8 þ e� ! SO2�

4 þ SO��4 ð2Þ

Alq��3 þ SO��4 ! Alq�3 þ SO2�
4 ð3Þ

Alq�3 ! Alq3 þ hm ð4Þ
4. Conclusions

In this paper, large scale 8-hydroxyquinoline aluminum bundles
with nanoflowers were fabricated via a facile sonochemical route.
The Alq3 nanoflower is composed of nanobelts with thickness about
50 nm, average widths of 200 nm, and length up to 10 lm. ECL of the
as-prepared Alq3 nanoflowers was observed. The electrochemical
data indicated that the superstructure had good ECL behavior. In par-
ticular, the relative strong ECL from the nanoflowers will provides
new avenues in analytical systems and ECL biosensors.
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