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Seaweed-like ZnO sheets consisting of wurtzite-type nano-
plates with a thickness less than 5 nm were grown in an aqueous
solution system containing phosphate anions. The platy crystals
were formed with specific adsorption of phosphate anions on the
(001) plane.

Recently, low-dimensional materials, including nanodots,
nanowires, and nanosheets, have been developed to understand
their novel physical properties and potential applications to
nanotechnologies in the electronic and optoelectronic fields.
Semiconductors were mainly focused in the particular forms of
nanomaterials because of their optical and electrical properties.
Wurtzite-type zinc oxide (ZnO), a wide band gap semiconduc-
tor, is well known as a transparent, conducting, piezoelectric ma-
terial with excellent electrical and optical characteristics. Nano-
scale ZnO has been prepared using various methods including
vapor-phase and solution-phase processes.1–4 Nanowires have
been previously fabricated by vapor-phase transport processes.1

Helical nanorods formed from stacking of nanoplates were pre-
pared in an aqueous solution system containing Zn(NO3)2 and
sodium citrate.2 Stacking nanodisks were also produced by elec-
trodeposition in the presence of organic dyes.3 These 2-D sheets
in single-crystalline form were assembled along the [001] orien-
tation. In the stacked aggregates, however, the (001) surface was
not highly accessible to chemical species and physical probes.

Recently, crystalline ZnO films can be directly grown on
substrates by heterogeneous nucleation and subsequent crystal
growth in aqueous solutions at near-ambient temperature and
pressure.5–13 Manipulation of the microstructure and morpholo-
gy of ZnO crystals would be achieved by the addition of various
coexisting species in the aqueous systems. This paper describes
the preparation of free-standing nanosheets consisting of wurt-
zite ZnO mosaic crystals in an aqueous solution system. The
presence of phosphate anions highly restricted the growth of
the crystalline phase in the aqueous solution. Finally, seaweed-
like nanosheets of ZnO were obtained on a specific substrate.
An easy-to-access form of semiconducting nanomaterials is ap-
plicable to various fields, including sensors, photochemical cells,
and photocatalysts.

On the basis of our previous results,11 the concentration of
the precursors in the solutions was determined for the growth
of wurtzite ZnO crystals on a substrate. An aqueous solution
containing 0.01mol/dm3 zinc sulfate heptahydrate (ZnSO4�
7H2O; Kanto Chemical) as a zinc source and 0.3mol/dm3 am-
monium chloride (NH4Cl; Junsei Chemical) as a complexing
agent was adjusted to pH 11.0 by the addition of 5mol/dm3

NaOH(aq). Trisodium phosphate dodecahydrate (Na3PO4�
12H2O; Wako Pure Chemical) was added to the aqueous solu-
tion as a modifier of the morphology of the grown crystals.
The molar ratio of PO4/Zn (Rp) in the precursor solution was
varied in the range between 0 and 2.0 in order to study the influ-

ence of the phosphate anions on the morphology. Glass slides
previously coated by a ZnO thin film with a thickness of about
50 nm were used as a substrate to promote heterogeneous nucle-
ation on the surface.11 The undercoat was prepared by spinning a
2-methoxyehtanol solution with zinc acetate dihydrate
(Zn(CH3COO)2�2H2O; Kanto Chemical) and monoethanol-
amine (NH2CH2CH2OH; Kanto Chemical) and heating at
400 �C for 10min. The preparation of ZnO crystals was per-
formed in a polystylene vessel maintained at 60 �C for 24 h.
The substrate loaded with the products was withdrawn from
the precursor solutions, rinsed with purified water, and dried at
room temperature.

X-ray diffractometry (XRD) was performed with a Rigaku
RAD-C using CuK� radiation. Microstructures were observed
with a Hitachi S-4700 field-emission scanning electron micro-
scope (FESEM) and a Phillips TECNAI F20 field-emission
transmission microscope (FETEM). The composition was esti-
mated by an energy-dispersive X-ray analyzer (EDX) equipped
with the transmission microscope. Fourier transform infrared
(FTIR) spectra were recorded with a BIO-RAD FTS-60A.

In the absence of phosphate ions, hexagonal rods of wurtzite
ZnO with a diameter of�50 nm were grown with a preferred ori-
entation on a substrate (Figure 1a). The c axis of the rods was
arranged perpendicularly to the substrate. The morphology of
ZnO crystals was drastically changed by the addition of phos-
phate ions into the precursor solution. When the molar ratio Rp

in the precursor solution was 0.1, the presence of phosphate ions
increased the diameter of the hexagonal rods and decreased the
height (Figure 1). The variation means that the anions adsorbed
on the (001) surface restricted the growth along the [001] direc-
tion. A seaweed-like platy morphology was obtained when the
Rp ranged between 0.2 and 1.0 (Figure 2). This noncrystallo-
graphic form was constituted of curved thin sheets with a thick-
ness below 5 nm. Figure 3 shows TEM images of a flake of the
ZnO nanosheets. We observed hexagonal habits on a flake (a)
and a patchwork of small crystallites with the lattice image of
the (100) plane in the flakes (b). These micrographs reveals
the curved sheets were a mosaic of wurtzite-type ZnO crystalli-
tes, of which the c axis was perpendicular to the surface.

The elemental analysis by EDX indicated that the ZnO
nanosheets contained a large amount of phosphate (P/Zn �0.8
in mol) although the exact content was not determined because
of a loss during the washing process. The presence of phosphate
in the products was confirmed by the appearance of broad ab-
sorption bands ranging between 850 and 1150 cm�1 assignable
to the P–O stretching vibrations in the IR spectra. The specific
interaction of phosphate ions was theoretically elucidated with
the Partial Charge Model (PCM),14,15 which predicts the com-
plexation behavior of inorganic anions with Zn2þ on the basis
of the electronegativity equalization principle. These results sug-
gest that phosphate ions were selectively adsorbed on the (001)
surface consisting of Zn2þ and restricted the growth of regular
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hexagonal habits originating from the wurtzite structure. Then,
the height of the hexagonal rods decreased with the specific ad-
sorption. The ultimate suppression of the crystal growth along
the [001] direction induced the formation of nanosheets with a
mosaic structure. The wavy morphology is attributable to the
flexibility of the patchwork of the mosaic with phosphate as a
glue. The phosphate mainly existed on the surface of the ZnO
sheets because the XRD peaks due to the wurtzite structure were
not shifted. Although the prohibition of the regular growth of
ZnO crystals was already demonstrated by the presence of or-
ganic dyes and citrate,2,3 the morphological evolution of the
crystals with the coexistence of phosphate ions was relatively re-
markable. Condensation of the adsorbed phosphates on the sur-
face may promote the strong inhibition of the crystal growth.
The optical band gap of the ZnO sheets was estimated to be
ca. 3.2 eV using diffuse reflectance spectroscopy with a JASCO
V-550. It suggests that the nanosheets have the normal electronic
structure of a wurtzite ZnO crystal regardless of the presence of
phosphate. Since the seaweed-like free-standing sheets were
grown perpendicularly to the substrate, a high accessibility is
achieved for various kinds of molecules and ions. Thus, this nov-
el type of nanoscale morphology for semiconducting materials
would be utilized in electrochemical applications such as sensors

and photoelectrodes.
In conclusion, we successfully prepared a free-standing

nanosheet form of wurtzite ZnO crystal using a strong inhibiting
effect of phosphate ions on the growth of the (001) surface.
Nanosheets with a uniform thickness less than 5 nm exhibited
a phosphate-mediated mosaic texture consisting of platy sub-
units.
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Figure 2. SEM images of seaweed-like sheets of wurtzite ZnO
crystals grown in a solution with Rp ¼ 0:2{1:0; low magnifica-
tion (a) and high magnification (b).

Figure 3. TEM images of a part of seaweed-like sheets of wurt-
zite ZnO crystals grown in a solution with Rp = 1.0.Figure 1. SEM images of hexagonal rods of wurtzite ZnO crys-

tals grown in a solution without (a) and with a small amount of
phosphate ions (Rp ¼ 0:1) (b).
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