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ABSTRACT The hexagonal faceted ZnO quantum dots (QDs) about 3-4 nm have been prepared via a sol-gel route by using oleic
acid (OA) as the capping agent. It is revealed by electron diffraction patterns and high resolution transmission electron microscopy
lattice images that the profile surfaces of the highly crystalline ZnO QDs are mainly composed of {100} planes, with the Zn-terminated
(001) faces and the opposite (001̄) faces presented as polar planes. Compared with spherical ZnO QDs, the hexagonal faceted ZnO
QDs show enhanced photocatalytic activity for photocatalytic decomposition of methylene blue. A mechanism for the enhanced
photocatalytic activity of the hexagonal faceted ZnO QDs for degradation of methylene blue is proposed. In addition to the large
specific surface areas due to small size and high crystalline, the enhanced photocatalytic activity can mainly be ascribed to the special
hexagonal morphology. The Zn-terminated (001) and O-terminated (001̄) polar faces are facile to adsorb oxygen molecules and OH-

ions, resulting in a greater production rate of H2O2 and OH• radicals, hence promoting the photocatalysis reaction. The synthesized
hexagonal-shaped ZnO QDs with high photocatalytic efficiency will find widespread potential applications in environmental and
biological fields.
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INTRODUCTION

The photocatalyzed degeneration of water pollutants
is one of the important applications due to the
requirements of sustained developments. ZnO, as a

very important kind of II-VI compound semiconductors
with a wide direct bandgap (3.37 eV), has found various
applications in transistors (1), CO gas sensors (2), lasers (3),
solar cells (4), water splitting catalysts (5), and photocatalysts
(6) for decomposition of organic solution because of its
specific electrical and optoelectronic properties. For the
photocatalytic applications, ZnO can catalyze the generation
of hydrogen peroxide effectively under UV irradiation,
whereas hydrogen peroxide can decompose organic pollut-
ants (7).

Because a photocatalytic reaction occurs at the interface
between the catalyst surfaces and organic pollutants, the
morphologies affecting surface atomic arrangements and
coordination can play an important role in determining
catalytic performance properties (8). By passivating the
specific ZnO facets, thereby adjusting the growth velocity
order among the ZnO facets, a variety of nanostructures,
such as pyramids about 25 nm in diameter (9), nanospheri-
cal particles with a diameter of ten micrometers (10), and
ellipsoids (11), have been reported. It is shown that fine-
tuning of the face orientation of ZnO crystals can optimize
their photocatalytic activity for H2O2 generation (8). The

polar planes of wurtzite ZnO are very important for cata-
lyzing N- formylation reactions (10).

ZnO quantum dots (QDs) with several nanometers in
diameter and large surface to volume ratio are becoming
more and more attractive due to their quantum size effect
and therefore unique properties different from the bulk ZnO
materials. However, the relationships between the morphol-
ogy, crystal growth habit, and photocatalytic properties of
the ZnO QDs with several nanometers in diameter, have not
been elucidated. There is almost no report on the photo-
catalytic activities of hexagonal faceted ZnO QDs with only
several diameters. Such speculation gives us the impetus to
explore the relationship between surface orientation of ZnO
QDs and their photocatalytic efficiency. Herein, we report
on the hexagonal faceted ZnO quantum dots about 3-4 nm
in diameter with highly faceted prisms, with high proportion
of Zn-terminated (001) and O-terminated (001̄) polar faces
and high crystallinity for enhanced photocatalytic activity.
Most importantly, the presence of high proportion of polar
surfaces is helpful to adsorb oxygen molecules and OH-

ions, resulting in a greater production rate of H2O2 and OH•

radicals, hence promoting the photocatalysis reaction.

EXPERIMENTAL SECTION
The ZnO QDs synthesis follows a modified sol-gel route. To

obtain hexagonal faceted ZnO QDs, first zinc acetate dihydrate
and a certain proportion of OA (In the experiment, the portion
of Zn/OA is 1/2) were dissolved into ethanol and refluxed for
3 h at 80 °C under constant magnetic stirring. At the end of
the reaction, yellowish solution was obtained. LiOH · H2O with
a molar ratio of [LiOH]/[Zn] ) 3 was dissolved into ethanol with
the help of ultrasonic stirring. Then, the above yellowish solution
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was added into the lithium hydroxide ethanolic solution, and
the whole reacting system was kept at 40 °C for 1 hour under
ultrasonic stirring. ZnO QDs were precipitated from the reaction
system by addition of ethyl acetate or heptane. After that the
products were washed with ethyl acetate and ethanol succes-
sively for several times. Nonfaceted spherical ZnO QDs were
prepared without adding OA under the same experimental
conditions. Hexagonal-faceted ZnO QDs grow slower than
spherical ZnO QDs because of the impact of OA; therefore, to
synthesize the spherical ZnO QDs with the same size, we must
shorten the reaction time of spherical ZnO QDs.

X-ray powder diffraction data for the vacuum-dried ZnO
products were collected on a Rigaku D/max-kA diffractometer
with CuKa radiation (60 kV, 40 mA) at 25. Several drops of ZnO
QDs ethanol solution were dropped onto carbon-coated copper
grids to observe the microstructure. High-resolution electron
microscope (HRTEM) images and electron diffraction patterns
were obtained using a Phillips Tecnai 20U-Twin high-resolution
transmission electron microscope operated at a 200 kV. The
Fourier transform infrared (FTIR) spectrum were recorded on
a Bruker Tensor27 FTIR spectrometer using KBr pellets. UV-vis
absorption spectra were detected using a TU-1901 spectropho-
tometer and the photoluminescence (PL) spectra were mea-
sured using F-280 spectrofluorometer with an excitation wave-
length of 310 nm at room temperature. The photocatalytic
activity of ZnO Quantum Dots (QDs) for the decomposition of
methylene blue (MB) was tested on a XPA-7 photoreactor
equipped a 100 W UV lamp.

RESULTS AND DISCUSSION
Figure 1 depicts a typical X-ray diffraction pattern for the

hexagonal faceted ZnO QDs. All the X-ray diffraction peaks
can be indexed to (100), (002), (101), (102), (110), (103),
and (112) planes of wurtzite ZnO. No other diffraction peaks
related impurities can be observed. The broadening of the
diffraction peaks is due to the very small particle size for the
synthesized ZnO products. A typical HRTEM image is shown
in Figure 2. It is shown that the synthesized ZnO QDs are
highly crystalline with a unique diameter of 3-4 nm. The
inset shows a Fourier transform diffraction pattern from the
[001] zone axis of the single ZnO particle marked as an
arrow in Figure 2a, revealing the single-crystalline nature of
single ZnO QDs, and the surface of the ZnO QDs are mainly
composed of {100} planes. The electron diffraction pattern
in Figure 2b taken from the whole area of Figure 2a, showing
the (100), (002), (101), (102), (110), and (103) diffraction
rings, corresponds well with that of wurtzite ZnO. The results

from the electron diffraction patterns are in good well
agreement with that of the XRD. Images c and d in Figure 2
depict typical HRTEM lattice images of two single ZnO QDs,
indicating clearly the highly crystalline nature for the ZnO
QDs. The ZnO QDs generally display hexagonal-shaped
faceted characteristic. The 0.28 nm as illustrated in images
c and d in Figure 2 corresponds well with that of d-spacing
of {100} planes of wurtzite ZnO. It reveals that the profile
surfaces of the crystalline ZnO QDs are mainly composed
of the {100} plane, whereas the Zn-rich face of the hexago-
nal crystalline ZnO QDs particles is the (001) plane, and the
opposite face is the (001̄) plane. Figure 2e demonstrates the
crystal growth habit model of the hexagonal-like ZnO QDs.
Figure 3 depicts X-ray diffraction pattern and HRTEM lattice
image for the nonfaceted spherical ZnO quantum dots
prepared without adding oleic acid under the same experi-
mental conditions. The ZnO QDs are highly crystalline and
3-4 nm in diameter, but they do not display hexagonal-
shaped characteristic.

The wurtzite ZnO with a polar structure can be described
as hexagonal-close-packed O and Zn atoms in point group
6mm and space group P63mc with Zn atoms in tetrahedral
sites. During ZnO QDs growth process, it is thought that
“Zn4O” tetrahedrons were first formed as “monomers”, and
then the monomers will aggregate to form “magic clusters”
(12). Once it starts, an iterative cluster-cluster aggregation
under continuous ongoing nucleation (forming of “Zn4O”
tetrahedrons and magical clusters) will occur. Because of the
randomness of the aggregation, the final shape of ZnO QDs
is apt to grow into spherical morphology. So, the ZnO QDs
synthesized without OA are spherical. For the hexagonal
faceted ZnO QDs, their growth process is modulated by OA,
thus they display a different morphology. As capping agent,
OA can stop the aggregation of magic clusters and hence

FIGURE 1. XRD pattern of prepared faceted ZnO quantum dots.

FIGURE 2. (a) HRTEM lattice image of the synthesized ZnO QDs. The
left upper inset is a fast fourier transform (FFT) pattern from [001]
zone axis. (b) Electron diffraction pattern from the ZnO particles in
image a. (c, d) HRTEM lattice images of ZnO QDs, the 0.28 nm as
illustrated corresponds well with that of d-spacing of (100) planes
of wurtzite ZnO. (e) Illustration model for the crystal growth habit
of the ZnO QDs.
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slow the growth of ZnO. Because of an intrinsic anisotropy
in the growth rate ν of ZnO, the growth rate perpendicular
to these faces is different: ν [001] . ν [010] > ν [001̄].
Meanwhile, earlier studies show that organic molecules like
OA seem to support the preferential growth of the [001]
direction (13). Hence, the ZnO QDs synthesized with OA are
hexagonal faceted. From TEM analysis in Figure 2 and
crystallographic view, there exist three kinds of common
termination faces for the synthesized ZnO QDs, Zn-termi-
nated (001) face, O-terminated (001̄) face, and {100} faces
containing an equal number of Zn and O atoms (8). The
(001) and (001̄) faces are polar, whereas the (100) face is
nonpolar. Because of the coexistence of the (001), (001̄), and
{100} faces, Zn2+ ions exist on the surfaces of the ZnO QDs.
It is well-known that Zn2+ ions can covalently conjugate with
OH-1 and carboxyl groups tightly.

Figure 4 depicts a typical Fourier transform infrared
(FTIR) spectrum from the faceted ZnO QDs. In the FTIR
spectrum, the peak at around 490 cm-1 is assigned to the
Zn-O stretching (14). A broad band at 3442 cm-1 is also
observed in the FTIR spectrum. The faceted ZnO QDs
possess large surface area of {001} facets, considering the
fact that the hydroxyl groups (OH-1) are apt to attach on
surfaces of {001} facets as discussed above, it is rationally
considered that the broad band at 3442 cm-1 ascribed to
the presence of the O-H stretching mode may be mainly

resulted from the hydroxyl groups attached on surfaces of
{001} facets.

Figure 5a depicts a UV-visible absorption spectrum for
the faceted ZnO QDs. The wavelength of the onset of
absorption is lower than that of ever reported ZnO QDs (15).
It displays a position red-shift to the lower wavelength. In
front of the absorption onset, a weak absorption band is
observed. Figure 5b shows photoluminescence spectra of
the ZnO QDs. Two emission peaks near each other centered
at 454 and 484 nm are observed in the visible range,
respectively. This phenomenon is different from what have
been reported on ZnO QDs (15). Traditionally, there are two
emission peaks emerging in the luminescence spectra of
ZnO, but one emerging in ultraviolet region and the other
emerging at visible region. The origin of the visible emission

FIGURE 3. (A) XRD pattern and (b) HRTEM image of the nonfaceted spherical ZnO quantum dots.

FIGURE 4. Typical Fourier transform infrared (FTIR) spectrum from
the synthesized ZnO QDs.

FIGURE 5. (a) UV-vis absorption spectrum, (b) photoluminescence
spectrum from the faceted ZnO QDs.
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has long been debated. The visible emission is usually
referred to factors such as the size, the defects, the surface,
the component (16). Because of the large surface to volume
ratio of ZnO QDs, most defects may exist on their surface.

Figure 6 demonstrates the photocatalytic activity of
hexagonal faceted ZnO QDs. As a comparison, the photo-
catalytic activities of nonfaceted spherical ZnO QDs and
Degussa P-25 were also tested under the same conditions.
Figure 6a-c displays the time-dependent absorption spectra
of methylene blue (MB) aqueous solution under UV light
irradiation in the presence of the above-mentioned samples.
The characteristic absorption peaks of MB at approximately
660 nm become weaker as the irradiation time increases
for all samples. However, it is clearly shown that the absorp-
tion peak of MB still exists after 50 min for spherical ZnO
QDs, whereas for P-25 and faceted ZnO QDs, the absorption
peak nearly disappears after about 20 min of exposure. To
further compare photocatalytic activities of the samples,
curves of degradation efficiency versus reaction time for all
samples are shown in Figure 6d. The degradation efficiency
is defined as C/C0, where C0 and C are concentration of MB
before and after the photocatalytic reaction, respectively. It
is clearly indicated that the faceted ZnO QDs show the
highest photocatalytic activity.

As can be revealed, the hexagonal faceted ZnO QDs show
better photocatalytic performance even than that of P25.
The better photocatalytic activity of the ZnO QDs can be
explained by three reasons. One is that ZnO QDs possess
small size and thus have large specific surface areas. As
demonstrated by HRTEM and XRD, the synthesized faceted
ZnO QDs are highly crystalline with a diameter of 3-4 nm.
The specific surface area is a key factor influencing the
photocatalytic activity and the accepted view is that the
larger the specific surface area, the better the photocatalytic
activity because the enhancement in specific surface area

might increase the reactant adsorption (17). So, the spherical
ZnO QDs have also much better photocatalytic activity.
Except for their small size, the main point is that the faceted
ZnO QDs display hexagonal prism structure. The most
proportion of their surface are the polar faces, that is, the
Zn-terminated (001) face and O-terminated (001̄) face.
According to earlier reports, (001) face is found to be
responsible for the majority of the photocatalytic activity of
ZnO (18). Because of its unsaturated oxygen coordination
and positive charge, (001) face is facile to adsorb oxygen
molecules and OH- ions (8). This will result in a greater rate
of production of H2O2 and OH• radicals, and hence promote
the photocatalysis reaction because of their high activity to
organic molecules. The third is that ZnO QDs possess more
surface defects such as oxygen vacancies. These defects
benefit the efficient separation of electron-hole pairs and
minimize the radiative recombination of electron and hole,
which produces UV emission (8). It is worth noting that in
the earlier report, Ye et al. also found that the photocatalytic
efficiency of ZnO is surface plane dependent (19). Ye et al.
thought that the improved photocatalytic activity of polar
planes is due to their stronger adsorption of organic dyes
than other nonpolar planes. The photocatalytic mechanism
of ZnO QDs can be generally understand as following. As
ZnO is illuminated by light with energy greater than the band
energy, an exciton pair is generated on the surface of ZnO,
which are conduction band electrons (e-) and valence band
holes (h+), respectively. The photoelectrons can react with
oxygen when they exist on the surface of ZnO QDs, resulting
in the formation of a superoxide radical anion (O2

•-). The
photoinduced hole can react with surface hydroxyl to form
highly reactive hydroxyl radicals (OH•). The superoxides and
hydroxyl radicals can directly oxidize organic pullutants (16).
This can be summarized by the equations.

FIGURE 6. (a-c) Adsorption changes of RhB aqueous in the presence of nonfaceted spherical ZnO QDs, Degussa P-25, and hexagonal faceted
ZnO QDs under irradiation with UV light at different intervals. (d) Degradation efficiency versus reaction time for all samples.
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CONCLUSIONS
In summary, the synthesized hexagonal faceted ZnO QDs

about 3-4 nm in diameter show better photocatalytic
performance even than that of P25. The better photocata-
lytic activity of the ZnO QDs can be explained by three
reasons. One is that ZnO QDs possess small size and thus
have large specific surface areas. The most important point
is that the faceted ZnO QDs display hexagonal prism struc-
ture. The most proportion of their surface are the polar faces,
that is, the Zn-terminated (001) face and O-terminated (001̄)
face. Because of its unsaturated oxygen coordination and
positive charge, (001) face is facile to adsorb oxygen mol-
ecules and OH- ions. This will result in a greater rate of
production of H2O2 and OH• radicals, and hence promote
the photocatalysis reaction because of their high-activity to
organic molecules. The third is that ZnO QDs possess more
surface defects such as oxygen vacancies.
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AM100274D

ZnO + hν f e-+h+ (1)

O2 + e- f O2
•- (2)

OH-1+h+ f OH• (3)
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