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Introduction

ZnO is one of the important wide-band-gap materials
(3.3 eV at 300 K). It is a low cost II-VI semiconductor,
which is environmentally friendly and has superior electron-
ic and optical properties. ZnO is currently in use, or being
considered for use, as phosphors,[1] as component in electro-
optical devices,[2±8] as piezoelectric transducers,[1,9, 10] varis-
tors,[1,11,12] UV and microwave absorbers,[1,10] gas sen-
sors,[1,13, 14,15] and for transparent conducting films.[1,16]

ZnO can be grown by means of a variety of techniques in-
cluding vapor-phase transport,[18,19] sol±gel methods,[19,20] hy-
drothermal growth,[21,22] melt growth,[23] chemical vapor dep-
osition (MOCVD),[24] electrochemical deposition,[25±28] laser
ablation,[29] sputtering,[30] molecular beam epitaxy,[31,32] and
spraying arc-discharge.[33]

However, large-scale use will require the development of
simple, low-cost approaches. One such method is to grow
ZnO from an aqueous solution at temperatures below
100 8C. The mild conditions of this synthesis allow the
growth of ZnO by using surfactants[34±36] and diblock copoly-
mers,[37, 38] as well as the growth of ZnO on self-assembled
monolayers (SAMs).[39,40] It was also found that diblock co-
polymers could play an important role in determining the
morphology of CaCO3

[41,42] and BaSO4.
[43] Vayssieres and co-

workers have also used the method described in referen-

ces [34±40] for growing ZnO on various uncoated surfaces
such as glass, Si wafers, ITO, and so forth.[44]

Crystal engineering by organic molecules mimics natural
processes.[38,45] In natural processes, surfactant-like peptides
and glycopeptides interact with nuclei and growing crys-
tals.[46] This interaction is achieved by a combination of two
factors, one of which is related to the chemical functional
group, and the other to the structure, shape, orientation, and
organization of the surfactants.

Previously, we studied crystal engineering of ZnO by
growing the crystals on SAM of functionalized alkyl
silane.[40] We have found that the monolayers deposited on a
silicon wafer influence the orientation of ZnO crystal
growth. The nature of the substituent and its organization
affect the orientation of the ZnO growth. The current paper
is an extension of previous work in which nanoparticles are
used as seeds for the growth of the ZnO crystals. Nanoparti-
cles of magnetite were selected as the seeds. One of the rea-
sons for choosing the Fe3O4 nanoparticles as seeds is the ex-
istence of a very detailed and easy process for their prepara-
tion as monodispersed particles with narrow size distribu-
tion. In the preparation of the magnetite nanoparticles we
have followed the process reported by Sun and Zeng.[47]

They reported a simple organic-phase synthesis of magnetite
nanoparticles with sizes variable from 3 to 20 nm in diame-
ter. The 4 nm Fe3O4 nanoparticles are made by mixing
[Fe(acac)3] in phenyl ether with 1,2-hexadecanediol, oleic
acid, and oleylamine under nitrogen, and heating the mix-
ture to reflux for 30 min. The product was dissolved in
hexane in the presence of oleic acid and oleylamine, and
reprecipitated with ethanol to give 4 nm Fe3O4 nanoparti-
cles. The long alkyl chain coating prevents agglomeration of
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Abstract: We report herein on the ori-
ented growth of ZnO crystals on mag-
netite nanoparticles. The ZnO crystals
were grown by hydrolyzing a super-
saturated aqueous solution of zinc ni-
trate. The seeds for the growth were
magnetite nanoparticles with a diame-
ter of 5.7 nm and a narrow size distri-
bution. Hollowed ZnO hexagons of
0.15 mm width and 0.5 mm length filled

with Fe3O4 particles were obtained.
HR-TEM (high-resolution transmission
electron microscopy) and selected-area
EDS (energy-dispersive spectroscopy)
show that the nanoparticles are homo-

genously spread in the ZnO tubes.
Zeta potential measurements were em-
ployed to understand the relationship
between the nanoparticles and the ori-
ented growth of the ZnO crystals. The
results show that the surfactants in-
duced the directional growth of the
ZnO crystals.
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the magnetic particles, thus paving the way for obtaining
monodispersed nanoparticles.

From our computer search it appears that the current in-
vestigation is the first attempt to grow oriented crystals on
inorganic nanoparticles as seeds. We are aware that Wegn-
er×s group has grown ZnO crystals on 80±160 nm size latex
particles.[48] The motivation of this study is first to under-
stand the parameters of the nanoparticles that determine
the crystal growth. The second reason, which is related spe-
cifically to magnetite, is the opportunity to expand the func-
tionality of ZnO to magneto-optics as well as to spintronic
devices, and so forth.

Results

Although we synthesized the nanosized Fe3O4 by the above-
mentioned procedure, with the same amount of each of the
precursors, we did not observe X-ray diffraction for the
products. This might be due to either the product being X-
ray amorphous (i.e. , smaller particles were obtained in our
reaction than those in reference [47], or perhaps the temper-
ature was lower than in the Sun report). The selected-area
electron diffraction image (Figure 1) also indicated the

amorphous nature of the product; a diffused ring pattern is
detected. We therefore had to use other methods to charac-
terize the product.

We have applied the spot test suggested by Feigel[49] to
identify the presence of Fe2+ ions. Positive results were ob-
tained when a,a’-phenantroline was added to the solution.
The color was identical to that observed for commercial
Fe3O4.

Mˆssbauer spectroscopy (MS) measurements also con-
firmed that the compound is amorphous. On the other hand,
Fe3O4 crystals were positively identified by MS when the
amorphous crystals were heated to the crystallization tem-
perature determined by the DSC.

HR-TEM pictures of the magnetite nanoparticles are
shown in Figure 2a and b. The size and size distribution

were determined from HR-TEM micrographs by measuring
the diameters of 107 particles. The results of the particles
size were plotted in a histogram, which is depicted in Fig-
ure 2c.

A statistical analysis of this histogram shows that the
mean size of the nanoparticles is 5.7 � 0.1 nm. The histo-
gram reveals a narrow size distribution of particles, which
according to the HR-TEM are monodispersed. The amor-

Figure 1. Electron diffraction pattern of magnetite nanoparticles.

Figure 2. a) TEM micrographs of 5.7 nm Fe3O4 nanoparticles. b) High-
magnification TEM micrograph, î625000. c) Particle-size histogram ob-
tained from the HR-TEM data.
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phous nature is also revealed in HR-TEM in which fringes
are not detected for the as-prepared samples.

The surface area of these particles is less than 1 m2g�1.
This is a very small value for 5.7 nm particles and is attribut-
ed to the dense alkyl groups bonded to the particles× sur-
face, hindering the passage of the nitrogen molecules to the
magnetite surface.

The synthetic method used to grow the ZnO crystals was
hydrolysis of a zinc nitrate solution. The ZnO crystals were
grown on the magnetite nanoparticles by dispersing the par-
ticles in an aqueous solution that contains the zinc precur-
sors. The process is described in greater detail else-
where.[34±40]

HR-SEM (high-resolution scanning electron microscopy)
micrographs of these crystals are shown in Figure 3. These
pictures were compared to SEM pictures of a control

sample, namely, a sample of ZnO crystals that were grown
in the absence of magnetite nanoparticles. This comparison
showed that the size of the ZnO crystals that were grown on
the particles decreased. The length of the crystals decreased
from 3000 nm to 500 nm and the width decreased from
500 nm to 150 nm.

In Figure 3a, white arrows marked the (001) ZnO plane.
A higher resolution picture is depicted in Figure 3b. The pic-

ture shows that the magnetite nanoparticles are encapsulat-
ed inside the ZnO crystal. SEM pictures of the reference
sample showed that the ZnO crystals are not hollow. The
planes of the ZnO crystals in the control experiments were
much flatter than those grown on the magnetite nanoparti-
cles.

Further measurements were employed in order to explore
the homogeneity of the spreading of the nanoparticles in the
hollowed ZnO crystal. This was done by selected-area EDS,
through which we monitored the concentration of iron
along the ZnO crystal. An equal amount of iron was found
by measuring its quantity at three separate points along the
ZnO tube.

By analyzing Figure 4, the embedded particle size was es-
timated to be in the range of 4±6 nm. The images in Fig-
ure 4a and b were measured at the head of the ZnO tube
and those in Figure 4c and d were measured at the middle
of the tube. This analysis shows that the embedded particles
have the same size as the as-prepared magnetite nanoparti-
cles. Second, the size of the embedded particles is uniform
along the ZnO matrix.

The high-resolution TEM picture of a ZnO crystal lying
on the grid perpendicular to the electronic beam and paral-
lel to the horizontal plane of the grid is presented in
Figure 4. Thus, fringes should be obtained only for the ZnO
crystals.

We did not observe fringes in the magnetite nanoparticles
due to their amorphous nature. On the other hand, the
fringes of the ZnO walls are clearly observed in the three
images, Figure 4b±d. The spacing measured between these
fringes is 2. 83 ä. This fits very closely to the d value of the
(100) planes.

The results of these experiments raise the question re-
garding the factors that determine the growth of the ZnO
crystals. It is clear that due to the amorphous nature of the
crystals, the Fe3O4 planes do not play an important role in
determining the direction of the crystal growth. Our hypoth-
esis was, therefore, directed towards the surfactant mole-
cules and their organization as the determining factors of
the growth.

The organization of two molecules with two different
functional groups on a modified surface has been described
previously for fatty acids and fatty amines.[50] Following this
report and other studies about coating iron oxide with vari-
ous surfactants,[51±53] we assume that the surfactant bilayer
structure is as follows: The first layer consists of the oleic
acid monolayer bound to the magnetite nanoparticles
through ionic bonds (the COO� is detected by IR spectros-
copy). The outermost layer consists of an interdigitated
monolayer of an alkylamine/alkylcarboxylic acid. Thus,
acid±base moieties should be exposed in the outermost
shell.

The coated magnetite particles form colloidal solutions in
organic liquids. The as-prepared magnetite nanoparticles
could be dispersed for short times in water as well. Dispers-
ing the particles in an aqueous medium enabled us to con-
duct zeta potential measurements. We tried to follow the
ZnO growth by measuring the zeta potential of particles in

Figure 3. HR-SEM micrographs of the ZnO crystals that were grown on
the magnetite nanoparticles: a) bar=200 nm; b) bar=100 nm. White
arrows in a) show the (001) ZnO plane.

Chem. Eur. J. 2004, 10, 1845 ± 1850 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1847

ZnO Crystal Growth 1845 ± 1850

www.chemeurj.org


the Zn(NO3)2 solution at pH of 5. Exposing the dispersed
magnetite nanoparticles changed the zeta potential from
�16.7�1.7 mv to �2.9� 2.0 mv. The growth of ZnO occurs
only when the pH of the solution is changed from 5 to 6. To
probe whether the change in the zeta potential is due to the
precipitating Zn2+ ions or to the changes in the pH, other
experiments were conducted. We measured the zeta poten-
tial as a function of pH from 3 to 8 in the absence of Zn2+ .
The pH was gradually changed from 3 to 8 by adding
NaOH to the coated magnetite nanoparticles. The zeta po-
tential decreased with the increase of pH in a titration-like
shape. Special attention was dedicated to the pH change
from 5 to 6. Almost no change in the zeta potential was re-
corded while the pH of solution changed from 5 to 6. Thus,
we can conclude that the changes in the zeta potential upon
the precipitation of the ZnO are not due to changes in the
pH, but rather due to the adsorption of Zn2+ ions on the
outer layer functional group of the surfactants. Indeed, the
changes in the zeta potential indicate that the Zn2+ ions and
not the O2� or OH� are first bonded to the surfactant
double layer, and further dictate the directional growth of

the ZnO crystal. It is clear from our HR-SEM pictures that
the ZnO crystal grows along the c axis, a polar axis. Our re-
sults indicate that Zn+2 ions are firstly deposited on the
outer layer of the surfactant and thus lead to the growth of
the crystal along the c axis. The polar Zn surface (001) is
not completed, because it contains magnetite particles at its
center, and in this way supports the growth of the (100)
planes.

Conclusion

HRTEM and zeta potential measurements show that the
monodispersed magnetite nanoparticles function as seeds
for ZnO crystal growth. The ability of these particles to ful-
fill this function is due to the terminated surfactant mole-
cules of oleic acid and oleylamine.

The results of this report are very important, because it is
the first report on the growth of crystals on monodispersed
nanoparticles. Second, synthesizing a composite material of
ZnO and magnetite nanoparticles will pave the way for ex-

Figure 4. HRTEM micrographs of the ZnO grown on the magnetite nanoparticles. a) and b) show the embedded magnetite particles at the edge of the
ZnO tube. c) and d) show the embedded magnetite at the middle of the tube.
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panding the technological uses of ZnO. Further investiga-
tions on the influence of other surfactants on the growth of
ZnO on various nanoprticles are in progress.

Experimental Section

Magnetite nanoparticle preparation : Iron(iii) acetylacetonate (2 mmol)
was mixed in phenyl ether (20 mL) with 1,2-hexadecanediol (10 mmol),
oleic acid (6 mmol), and oleylamine (6 mmol) under nitrogen and heated
to reflux for 30 min. After cooling to room temperature, the dark-brown
mixture was treated with ethanol under air, and a dark-brown material
was precipitated from the solution. The product was dissolved in hexane
in the presence of oleic acid and oleylamine and reprecipitated with etha-
nol.

Crystallization of ZnO on nanoparticles : As-prepared magnetite nano-
particles (1 mg) were dispersed in deionzed water (100 mL). The disper-
sion was heated to 95 8C in a water-jacketed cell of 100 mL capacity. At
this temperature, zinc nitrate (Zn(NO3)2¥6H2O, Aldrich, 0.89 g) was dis-
solved in a very small amount of water and then added to the dispersion.
The final concentration of the zinc nitrate solution was 0.03m. This solu-
tion was heated for several minutes and then hexamethylene tetramine
(Aldrich, HMT, 0.42 g) was dissolved in a very small amount of water.
The final concentration of the HMT solution was 0.03m. The high tem-
perature was chosen in order to prevent the formation of zinc hydroxide,
and lead to the decomposition of HMT to ammonia and formaldehyde.
This caused a shift of the pH of the solution from 5 to around 6, which
was the necessary basicity for the crystallization of ZnO. We stopped the
crystallization after 45 min by cooling the vessel to room temperature.
After the ZnO crystallization, the reaction solution was centrifuged and
washed with water and ethanol several times, and then dried in vacuum
at room temperature overnight.

Apparatus : HR-TEM images were taken using a JEOL 3010 model with
300 kV accelerating voltage. A conventional monochrome CCD camera,
with a resolution of 768î512 pixels, was used to digitize the images. The
digital images were processed with the Digital Micrograph software pack-
age (Gantan, Pleasanton, CA, USA). Samples for TEM were prepared
by placing a drop of the sample suspension on a copper grid (400 mesh,
Electron Microscope Sciences) coated with carbon film.

Selected-area EDS and selected-area electron diffraction measurements
were conducted with the HRTEM instrument, while the size of electron
beam was reduced to 35 nm.

HR-SEM images were taken with a SUPRA 55 VP FEG LEO. Zeta po-
tential measurements were carried out with a Malvern zetasizer 3000
HSA (High Resolution Analysis).
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