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Zinc oxide nanomaterials have shown great potential for use
in ultraviolet laser devices!"! and biomedical labels™ as they
are nontoxic and cheap photoluminescent semiconductors.
Since the band gap of ZnO is 3.37 eV at room temperature,
which is much higher than that of the typical quantum dots
CdSe (1.7 eV) and CdTe (1.5 eV),F! the construction of ZnO
nanoparticles with strong and stable visible emission is always
a challenge for chemists. In most cases, the photolumines-
cence (PL) of ZnO nanoparticles has two components. One is
the typical exciton emission, that is, photogenerated electrons
recombine with the holes at the valence band emitting UV
light. The other is defect-based emission in the visible
spectrum, the corresponding mechanism of which is not
fully understood yet."! In general, highly crystalline ZnO
nanoparticles obtained by pyrolysis or solvothermal synthesis
are good UV emitters, but their visible emission is very
weak.”! On the contrary, ZnO nanoparticles with plenty of
defects prepared through simple sol-gel methods at about
room temperature exhibit strong visible fluorescence.

A typical sol-gel route to produce ZnO nanoparticles is
the hydrolysis of a zinc salt in alcohol.”! After the nucleation
stage, the ZnO emission exhibits a continuous red-shift and its
quantum yield (QY) decreases gradually.® Protective organic
groups must be grafted on the ZnO surface to prevent further
growth and aggregation.”) However, by using this method,
one can stabilize ZnO only during its growth, and its
luminescence properties can be influenced by the surround-
ings. As a result, the PL of ligand-grafted ZnO nanoparticles
is easily reduced under experimental conditions such as
heating, drying, dilution, dialysis, ligand exchange, and phase
transfer, which break the nanoparticle-ligand equilibrium. In
order to internally adjust the PL of ZnO, Mg*", Cd*", Fe*',
and Mn** ions have been doped into ZnO nanocrystals, "
which resulted in the ZnO band gap being successfully
adjusted. Unfortunately, the doping processes required a high
temperature and the resulting alloy nanocrystals were mainly
UV emitters. To our knowledge, Mg®" or other metal ion
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doped ZnO nanoparticles with strong visible emission have
not been reported to date.

Herein, we report the intercalation of Mg®" ions into the
lattice of ZnO nanoparticles by using strong sonication of
1000 W cm 2 amplitude at 20 kHz. Sonochemical synthesis is
essentially different from the other conventional methods
because the ultrasonic wave produces cavitation in the liquid
and initiates rapid chemical reactions in cavitation bubbles
under extreme conditions.'!! The transient collapse of the
cavitation bubbles leads to temperatures of about 5000 K,
pressures of about 1000 atm, and heating or cooling rates
above 10'° Ks™! in the cavitation zone, but, for the reaction
solution as a whole, the temperature is only moderately
elevated and the pressure remains at atmospheric level.
Under ultrasonic treatment, Mg®" ions quickly diffuse into the
ZnO lattice, while ZnO crystallization at high temperature is
avoided. As a result, the band gap of the nanoparticles is
tuned from 3.4 eV to 3.8 eV and their emission wavelength
changes from yellow (ca. 540 nm) to blue (ca. 470 nm). These
magnesium(II)-doped ZnO nanoparticles exhibit intense PL
with a QY of above 60 %, which is four times higher than that
of prototypical ZnO nanoparticles. X-ray and electron
diffraction results show that the incorporation of Mg®" ions
decreases the crystallinity of the ZnO without the formation
of MgO and Mg(OH), phases. IR analysis confirms the
presence of Mg-O-Zn bonds in the final product, which
indicates that Mg”" ions are doped into ZnO nanoparticles to
form new amorphous Mg/ZnO alloys.

In the classical sol-gel synthesis of ZnO quantum dots,
Zn(OAc),”2H,0 is dissolved in absolute ethanol, heated at
reflux for 3 h, and then reacted with LiOH-H,O at room
temperature. The products are green-emitting ZnO nano-
particles with acetate surface groups, and their QY is usually
below 10%. Precipitation by addition of a “nonsolvent” is
used to purify the ZnO nanoparticles,'™™ but the purified
colloids are yellow-emitting because the acetate groups are so
small that they cannot hinder particle agglomeration caused
by precipitation. Drying such colloids produces powders with
only weak yellow emission.” However, by employing a new
strategy, we successfully produce the acetate-protected ZnO
nanoparticles that possess stable emission from blue to yellow
both in sols and as powders. This strategy includes three
unreported modifications on the classical sol-gel method.
Firstly, tetracthylene glycol (TEG, boiling point 314°C) was
chosen as the reaction medium. Secondly, Zn(OAc),2H,0
and LiOH-H,O are dissolved together in TEG at room
temperature, without any heating. Thirdly, ultrasonication is
employed to dope Mg*" ions into the ZnO nanoparticles.

The normalized PL spectra of the purified Mg/ZnO
colloids in ethanol are compared in Figure 1. No samples

[7b]

SR, WWILEY R
) InterScience*

Chemie

2765


http://dx.doi.org/10.1002/anie.200805590

Zuschriften

2766

emission

excitation

S ()
0.1
0.2
—04
0.8
il

T T v 1 . T L " T v T v T —
250 300 350 400 450 500 550 600 650
Alnm ——

Figure 1. Photoluminescence excitation and emission spectra of dilute
ethanolic solutions of the purified Mg/ZnO nanoparticles with different
Mg/Zn ratios. For each sample, the excitation spectrum was obtained
by setting the observation wavelength at its emission peak, while the
respective emission spectrum was measured by setting the irradiation
wavelength at its excitation peak.

show the exciton emission at around 370 nm. To study the
effect of Mg®" ions on the properties of the Mg/ZnO
nanoparticles, the synthetic molar ratios of Mg/Zn (desig-
nated as B) were varied from 0 to 1.6. When B =0, sonication
induces a color shift of the ZnO PL from green to yellow,
which is typical for ZnO nanoparticles grown and aggregated
by heating.”) XRD and UV/Vis data confirm that the ZnO
nanoparticles grow from 3.7 nm to about 5 nm. In contrast,
although the solution temperature increases above 180°C
after sonication, the PL spectra for those ZnO samples with
Mg*" ions are significantly blue-shifted, which increases with
higher B values. After purification by precipitation, the QY of
the resulting ethanol solution increases from 16 % (B =0) to
66% (B=0.8), and the dried nanoparticles also show very
strong fluorescence (see Figure 2), with a QY that was not
expected for simple acetate-protected ZnO nanoparticles.
Inductively coupled plasma (ICP) measurements show
that actual molar ratios in the final products are slightly lower
than the B values (Table 1). When the B value increases from
0 to 1.6, the approximate UV/Vis absorption onsets of the Mg/
ZnO colloids shift from 370 nm to 330 nm. The average
diameter of the ZnO nanoparticles can be calculated on the
basis of absorption data by using Meulenkamp’s method, %
these results are in accordance with those obtained by
employing the Debye-Scherer formula.l'””! When B =0, the
particle diameter is increased from 3.7 nm to about 5 nm by
sonication. However, the particle diameter decreases from
3.1 nm (B =0.1) to 2.5 nm (B =1.6) in presence of Mg(OAc),.
Parallel experiments without sonication show that when
adding Mg(OAc), into the equilibrium system Zn(OAc),+
2LiIOH=ZnO +2LiOAc+ H,0, Mg(OAc), reacts with
LiOH to form hydrated MgO. A higher concentration of
the Mg*" ions in solution leads to a smaller size of the ZnO
nanoparticles, thus their PL spectra are blue-shifted. Since
hydrated MgO can protect ZnO nanoparticles, a small
addition of Mg(OAc), increases the PL intensity. The excess
of Mg(OAc), (B=1.6) consumes ZnO nanoparticles, thus
decreasing the emission intensity. These phenomena are
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Figure 2. Images of ethanolic solutions (upper) and dried powder
(lower) of the Mg/ZnO nanoparticles with different Mg/Zn ratios
under UV light.

Table 1: Comparison between Mg/ZnO nanoparticles with different
Mg/Zn ratios (B).

B ICP Size! Size® Band Emission  Quantum
data [nm]  [nm]  gap!  maximum yield
final [eV] [nm]
ratios

0 0 3.7 3.7 3.50 509 16%

nonsonicated

0 0 5.1 4.8 3.41 538 21%

sonicated

0.1 0.057 3.1 3.1 3.63 505 34%

sonicated

0.2 0.17 3.0 2.9 3.68 496 45%

sonicated

0.4 0.35 2.9 2.8 3.7 490 58%

sonicated

0.8 0.71 2.7 2.7 3.75 481 66 %

sonicated

1.6 1.44 2.5 2.5 3.82 470 61%

sonicated

[a] Measured by using XRD. The average particle size was evaluated by
using the Debye—Scherer formula d=0.891/ (8 cos6), where d represents
the average diameter of the particles, 1 the X-ray wavelength
(Cuye,1.5418 A), 0 the Bragg diffraction angle (half of the measured
diffraction angle), and § the peak width in radians at half-height.
[b] Measured by using UV/Vis. Meulenkamp’s empirical formula is
1240/4,,=a+b/D*—c/D, where A, is the wavelength at which the
absorption is half of that at the excitonic peak (or shoulder). When the
ZnO diameter D is within the range 2.5-6.5nm, a, b, and ¢ are
parameters. [c] Measured by using UV/Vis.

observed for both sonicated and nonsonicated samples.
However, the sonicated samples exhibit much stronger PL
enhancement and wider wavelength variation, which suggests
that they have different structures.

A widely accepted model assumes that ZnO visible
emission arises from the transition of shallowly trapped
electrons to the deeply trapped holes.**"! The photogener-
ated electrons are shallowly trapped by ZnO surface defects
(probably Zn*"), while the photogenerated holes are first
trapped by ZnO surface defects (probably O*") and then the
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holes tunnel back into the particle interior (the holes are
deeply trapped by oxygen vacancies) to form emission
centers. Recent results®?” suggest that visible ZnO emission
was dependent on its surface defects, while its internal
crystalline phase was responsible for the UV emission.
Reduction of the ZnO particle size has two effects: one is
the increase of the relative concentration of surface defects
compared to bulk lattice sites, which thus increases the
probability of trapping electrons or holes on the ZnO surface;
the other is the reduction of the distance between shallow
traps and deep traps, which thus facilitates electron or hole
transfer. Hence, the reduction of the ZnO particle size always
resulted in an improvement of the QY. For example, the QY
of 20% for acetate-protected ZnO nanoparticles of about
1.4 nm in 2-propanol decreased gradually to 12 % as the ZnO
diameter grew to about 2 nm.®® However, the sonicated
sample (B =0) has a higher QY than the nonsonicated sample
(B=0) although it is the former that has the larger size
(Table 1). This result can be interpreted by ultrasonic effects
on nanoparticle growth, that is, the sonicated sample has a
disordered structure compared to its counterpart grown under
homogeneous mild conditions, which is because sonication
provides a constantly changing environment for particle
growth. Therefore, increasing the ZnO internal defect
concentration is a more effective method of improving the
QY than controlling only the ZnO particle size.

The TEM images in Figure 3 illustrate that the ZnO
nanoparticle (B =0) diameters are about 5 nm and those of
the Mg/ZnO alloys (B=0.1, 0.2, and 0.4) are about 3 nm,
which are in agreement with the diameters calculated from
the UV/Vis data and XRD patterns. However, for the other
samples with a higher content of Mg*" ions (B =0.8 and 1.6),
the nanoparticles are so small and amorphous that they can
not be seen clearly. Their XRD and electron diffraction
patterns indicate that the crystallinity becomes weaker as the
B value increases. For all samples, only the ZnO wurtzite
phase can be identified in the electron diffraction and XRD
patterns. Therefore, Mg?" ions could form either amorphous
hydrates that show no signals under TEM and XRD measure-
ments, or be doped into ZnO nanoparticles to result in
amorphous Mg/ZnO species but not crystalline Mg,Zn,_.O
alloys.'"”? Bang and co-workers!”® found that deposition of

Figure 3. TEM images and electron diffraction patterns of the Mg/ZnO
nanoparticles with different Mg/Zn ratios. Scale bar: 20 nm.
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MgO (band gap 7.8 eV) onto the ZnO nanoparticles could
enhance green ZnO emission, which was ascribed to the
suppression of nonradiative recombination on the ZnO
surface. Rakshit and Vasudevan!"! prepared ZnO/MgO
core-shell nanoparticles with a QY of 20%. When these
nanoparticles were capped by p-cyclodextrins, they could be
dissolved in water but the QY of the solution was only 7%.
These ZnO/MgO particles derived from sol-gel routes
exhibited no signals for the MgO phase in both XRD and
TEM measurements. Crystalline MgO is generally prepared
by calcination of amorphous hydrated MgO obtained from
the sol-gel method.™ Hydrated MgO is able to protect ZnO,
but the resulting ZnO/MgO species exists as neither crystal-
line ZnO@MgO core-shell nanoparticles nor magnesium(II)-
doped ZnO nanocrystals.

IR spectroscopy was employed to find the exact location
of the Mg?" ions in the Mg/ZnO nanoparticles. If the Mg**
ions are outside the ZnO, the MgO hydrates should exhibit
their characteristic Mg-OH IR vibrations!'® at about
3700 cm™'; both this band and the broad OH absorption at
about 3400 cm ™! should increase with the B value. Otherwise,
Mg-O-Zn bonds should appear, which will influence the
original Zn-O vibration. For both microsized and nanosized
commercial MgO, the IR absorption at about 3700 cm™ is
characteristic for Mg-OH vibrations (see Figure 4 and
Figure S7 in the Supporting Information).™ Hence, if the
final products are ZnO nanoparticles with hydrated MgO
shells, there should be strong IR peaks at about 3700 cm ™', the
intensity of which, as well as that of the OH absorption at
around 3400 cm™!, should increase with the B value. How-
ever, no peaks at around 3700 cm ™' are detected in the Mg/
ZnO samples, and the OH absorption at around 3400 cm™!
remains unchanged. Therefore, the IR analysis rules out the
presence of hydrated MgO in the final products. The most
important information in the IR spectrum is found in the
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Figure 4. FTIR absorbance spectra of the Mg/ZnO powder with differ-
ent Mg/Zn ratios and the pure MgO powder (nanosized and micro-
sized; Aldrich).
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region below 800 cm™!, which is not affected by the water

content and illustrates the presence of internal metal-oxygen
interactions. The Mg—O vibrations for the nanosized MgO
exhibit a broad absorption band with a maximum at 418 cm ™,
while this IR band shifts to higher frequency with its peak at
450 cm™ for the microsized MgO (Figure 4, right). In
addition, for the nanosized ZnO (B =0), the Zn-O vibration
is located at 443 cm™!. The Zn-O absorption band shifts to
higher frequency and its intensity decreases gradually as the
B value increases. Such a blue-shift is ascribed to doping with
the smaller Mg”" ions, which strengthens the metal-oxygen
bonds. Moreover, the appearance of an IR absorption at
around 420 cm ™ for the samples with B =0.4, 0.8, and 1.6 also
indicates the formation of Mg—-O-Zn bonds. The decrease in
intensity of the entire metal-oxygen band is due to the
decrease of both the degree of crystallinaty and the particle
size. The reduction in size of the nanoparticles by the addition
of Mg”* ions renders the increase of both the particle surface
area and the acetate group proportion in the whole samples.
Thus, IR bands in the region of 1700-600 cm™', which
correspond to C=0O, C—O, and C—H vibrations respectively,
increase with the B value." For example, the decrease of the
particle radius by a factor of two (from B=0 to B=1.6)
would cause an increase of the surface area by a factor of four,
which corresponds roughly to the increase of the IR intensity.
According to the above analyses, the IR data prove that Mg?"
ions are doped into the ZnO lattice to form amorphous Mg/
ZnO species.

In summary, Mg*" ions are intercalated into ZnO nano-
particles by strong sonication to form amorphous Mg/ZnO
nanoparticles, which exhibit highly efficient PL both in
colloidal dispersions and in the solid state. Increasing the
proportion of Mg?" ions enables the tuning of the emission
wavelength from yellow to blue. The luminescence properties
of the nanoparticles are very stable during heating, drying,
and storage, which indicates that their luminescence is
independent of the surrounding environment but relies on
their internal structure. In this work, we have made progress
in controlling ZnO luminescence by adjusting the internal
defects of ZnO quantum dots.

Experimental Section

All chemicals were used as received from Sigma-Aldrich. Zn-
(OACc),2H,0 (0.002 mol) and LiOH-H,0O powder (0.003 mol) were
dissolved in TEG (40 mL) and stirred at room temperature until the
solution became luminescent. Mg(OAc),-4H,0O powder was then
added to the solution according to the molar ratio B=Mg/Zn,
followed by sonication at 1000 W cm > 20 kHz using a titanium horn
in a UIP 1000 hd Hielscher ultrasonic processor. Each solution was
sonicated continuously for 2 min, and its final temperature was (180 =
10)°C. The solution was immediately cooled in an ice-water bath.
Parallel experiments were conducted with the same reactants but
without sonication treatment. All samples were kept at room
temperature for one day before PL measurements. An excess of
ethyl acetate was added into each TEG solution as nonsolvent to
precipitate the nanoparticles, which were isolated by centrifugation,
the precipitate was then redispersed in a small amount of absolute
ethanol. Such precipitation-redispersion treatment was repeated in
order to purify the products thoroughly, and the final colloids in
ethanol were used for characterization. TEM images were taken with
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a JEM-2010 transmission electron microscope operating at 200 kV,
UV/Vis absorption spectra were obtained with an Agilent 8453
ultraviolet-visible spectrometer and PL spectra were recorded on a
Horiba Jobin Yvon fluoromax-4 spectrofluorometer. A solution of
Rhodamine 6G in ethanol (QY =95 %) was used as the reference to
evaluate the QY of each product. These ethanol solutions were
vaporized and dried in an oven at 100°C. The obtained powder was
scanned by a Bruker D8 X-ray powder diffractometer and a Bruker
Equinox 55/S Fourier transform infrared spectrometer. To determine
the Zn/Mg molar ratio in each sample, the powder was dissolved in an
aqueous solution of HCl and tested with an Agilent 7500 CS
inductively coupled plasma mass spectrometer.
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