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Novel bur-like hierarchical nanostructures of PbTiO3 were prepared by hydrothermal synthesis.
Surfactants containing phenyl-sulfonic groups resulted in self-assembly of nanocrystals. In absence of
the surfactant, monodisperse PbTiO3 microspheres were formed. The microspheres were 1-5 µm in
diameter, and consisted of∼20 nm tetragonal PbTiO3 crystals. The microspheres were formed by primary
nucleation of PbTiO3 nanocrystals followed by aggregation into microspheres. The hierarchical bur-like
nanostructures exhibit a unique geometry consisting of a microsphere core with an outer shell of nanorods.
The nanorods, which grow along the [001] direction, were∼50-100 nm in diameter and from several
hundreds of nanometers up to 2µm in length. A mechanism for the growth of the bur-like nanostructures
was proposed. First, agglomeration of PbTiO3 nanocrystals into microspheres occurs. PbTiO3 mesocrystals
are formed at the surface of the microspheres by self-assembly of cube-shaped or facetted PbTiO3

nanocrystals, and the mesocrystals ripen and grow further into nanorods.

1. Introduction

Among functional ternary oxide materials, lead titanate
(PbTiO3) is an important ferroelectric material with a Curie
temperature,Tc, of 490 °C. PbTiO3-based materials are
widely applied in electronics as multilayer capacitors,
nonvolatile memories, resonators, and ultrasonic transducers,
as a result of a large pyroelectric coefficient and a relatively
low permittivity.1 PbTiO3 particles have successfully been
synthesized using a variety of methods, such as sol-gel
process,2 hydrothermal method,3 and solid-state mixing
method.4 These particles are mostly nonspherical, such as
tabular, plate, and cube shaped. Recently, PbTiO3 micro-
spheres have been prepared by a two step process where
TiO2 microspheres formed in a first step were converted to
PbTiO3 by a hydrothermal reaction in a lead acetate solution.5

In contrast to the multistep approaches, one-step strategies
that combine synthesis with in situ assembly are highly

desired for simplicity and for the robust structures that often
are formed.6

The production of one-dimensional (1D) PbTiO3 nano-
materials has lingered far behind the preparation of particles
and thin films, and to date only a limited number of papers
have been published on 1D nanomaterials, such as nanofi-
bers, nanotubes,7 and nanowires.8 The assembly of 1D
nanomaterials into three-dimensional (3D) hierarchical nano-
structures has only been achieved in a recent communication
from the present group.9 Because the ferroelectric properties
of PbTiO3 depend on size and shape of the materials,10

controlling the particle size, monodispersity, microstructure,
and morphology are important concerns in developing
techniques for synthesizing PbTiO3. Although there are
several well-established methods available for preparation
of nanoparticles and 1D nanomaterials assembly, such as
DNA and biological template,11 polymer-controlled reac-
tion,6,12\ chemical vapor deposition,13 and reverse micro-
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emulsions,14 use of nanoparticle-based transformations as
routes to the formation of high-order PbTiO3 architectures
from aqueous solution are rare. Here we report a simple
synthesis approach to build new complex PbTiO3 struc-
tures: bur-like 3D hierarchical nanostructures and micro-
spheres, obtained by in situ self-assembly of PbTiO3

nanoparticles under hydrothermal conditions using sodium
dodecylbenzene sulfonate (SDBS) or poly(sodium 4-styre-
nesulfonate) (PSS) surfactant. We show how the sol-gel
approach combined with hydrothermal treatment can be
applied to grow complex nanostructures. Complex multi-
metal oxide nanostructures prepared by this mechanism have
the potential as components for functional nanostructures and
are also potentially interesting for electronic studies and
applications.

2. Experimental Section

2.1. Synthesis.2.1.1. Precursor Synthesis.Titanium citrate
solution was formed by dissolution of titanium(IV) isopropoxide
(8.6 mL, 98%, Acros Organic, U.S.A.) in a 5.26 M aqueous solution
of citric acid (CA; BDH Laboratory supplies, U.K.) at 60°C and
pH ≈ 5 (CA to metal molar ratio equal to 3). Stoichiometric
amounts of lead acetate (10.70 g, 99%, Research Chemical, Ltd.,
U.S.A.) dissolved in 45 mL of CO2-free deionized water was then
added to the Ti-citrate solution. Ethylene glycol (EG; CA to EG
molar ratio equal to 0.44) was added as polymerization agent, and
then the mixture was kept under slow stirring until a clear Pb-
Ti-citrate sol was obtained. Upon continued heating at∼90 °C to
remove the water, the Pb-Ti-citrate sol became more viscous,
without any visible phase separation. After about 6 h, a polymeric
dried gel was obtained.

2.1.2. Hydrothermal Synthesis Using Pb-Ti-Citrate Sol as
Precursor.The Pb-Ti-citrate sol was used as the precursor for
further hydrothermal synthesis. The mineralization reagent potas-
sium hydroxide was added to adjust the pH from 9 to above 14.
Concentrations of 0.1, 0.2, or 0.3 M of one of the following
surfactants was used: SDBS, cetyltrimethyl ammonium bromide
(CTAB), PSS, naphthyl phosphate potassium (NPP), crysteamine
s-phosphate sodium (CSS; all Merck Schuchardt OHG, Germany),
or sodium dodecyl sulfate (SDS; Sigma-Aldrich, Inc., U.S.A.). After
stirring for 30 min, the reaction mixture (about 30 mL) was sealed
in a Teflon lined stainless steel autoclave (4748 Large Capacity
Autoclave, 125 mL, Parr Instrument Company, IL) and heated to
a temperature in the range 90-200 °C under the auto-generated
pressure for 4-48 h. After cooling to room temperature, the

products were washed several times with distilled water and ethanol,
and the product was dried at 80°C for 12 h.

2.1.3. Hydrothermal Synthesis Using Dried Gel as Precursor.
The dried gel obtained from the Pb-Ti-citrate sol was also used
as a precursor for hydrothermal synthesis. The dried gel precursor
(0.01 mol) was added to 5 M KOH (20 mL) aqueous solution
containing 0.2 M of the surfactant SDBS or CTAB. After stirring
for 30 min, the reaction mixture (about 30 mL) was sealed in a
Teflon lined stainless steel autoclave and heated to a temperature
in the range 100-150°C under the auto-generated pressure for 24
h. After cooling to room temperature, the product was washed
several times with distilled water and ethanol and dried at 80°C
for 12 h.

2.2. Characterization. The products were analyzed by X-ray
diffraction (XRD), in a 2θ range from 20° to 80°, using Cu KR
radiation (Philips PW 1730/10). The surface area of the samples
was determined by nitrogen adsorption (Micrometrics ASAP 2000)
using the five-point BET isotherm. The morphology of the prepared
PbTiO3 was studied by scanning electron microscopy (SEM, Hitachi
S-3500N), field emission scanning electron microscopy (FESEM,
Hitachi S-4300SE), and field emission transmission electron
microscopy (TEM, JEOL-2010F, 200 kV) with an energy-dispersive
X-ray spectrometer (EDS, OXFORD, Link ISIS) and an electron
energy loss spectrometer (EELS, Gatan Imaging Filter). The
powders were dispersed in ethanol using ultrasonic vibration. The
samples for microscopy studies were prepared by deposition of
dispersions of the powder in ethanol directly on the SEM stubs or
holey carbon for TEM examination. The cross-section TEM samples
were made by embedding the particles in epoxy resin and thereafter
sliced by a microtome to a thickness of about 50 nm. The thin
slices were put on a TEM copper grid.

3. Results

3.1. Synthesis and Assembly of Spherical Aggregates
of PbTiO3 Nanoparticles. XRD patterns of the products
synthesized by hydrothermal treatment of the Pb-Ti-citrate
sol without surfactant for 24 h at different reaction temper-
atures are shown in Figure 1a. At 90°C, an amorphous
product was formed, while above 100°C the product became
crystalline PbTiO3 consistent with literature (JCPDS No. 06-
0452). Significant peak broadening was observed for the
materials prepared at lower temperatures. From the Scherrer
equation, the crystallite size at 100, 110, 130, 150, and
180 °C was calculated to be 15, 16, 18, 19, and 20 nm,
respectively.

SEM images of the products obtained after 24 h at various
reaction temperatures are shown in Figure 2. The product
transformed from individual particles to microspheres with
increasing reaction temperature. The products obtained at
90 °C and 100°C (Figure 2a,b) were almost only nanopar-
ticles, but a few microspheres were also present. TEM
examination of the products at 100°C (inset of Figure 2b)
showed the primary particle size of∼5 nm. The reaction
product at 110°C (Figure 2c) consisted of microspheres
(diameter from 1µm to 4.5µm) and a limited number of
nanoparticles. At 130°C, the product was only microspheres
(Figure 2d), and the size became more uniform (∼ 1.5 µm)
with increasing reaction temperature to 150°C (Figure 2e).
The microspheres consisted of aggregated nanoparticles; see
inset in Figure 2e. The PbTiO3 nanoparticles constituting the
microspheres were∼22 nm in diameter calculated from
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surface area (SBET ) 35 m2/g) assuming spherical particles.
The diameter of the microspheres increased to∼4 µm at
180 °C as shown in Figure 2f.

To further study the kinetics of the microsphere formation,
experiments were performed at 100°C for different reaction
times. XRD results evidenced that the degree of crystallinity
of the reaction product is increasing with increasing reaction
time (6, 12, 24, and 48 h) at 100°C (Figure 1b). The
amorphous material prepared after 6 h exhibited a fine
particulate structure. The crystalline nanoparticles formed
after more than 12 h were increasingly assembled into
microspheres with diameter from 1.5µm to 2µm (increasing
with reaction time). After 48 h at 100°C there were still
a large number of individual nanoparticles present (Figure
3). The evolution of the morphology and crystallinity of
the products formed as a function of reaction time is
similar to the evolution of products obtained using different
reaction temperatures. By increasing the reaction temperature
to 150°C, only microspheres similar to the ones shown in
Figure 2e were achieved even with only 4 h of reaction time.

Addition of EG at pH g 14 was necessary for the
formation of tetragonal perovskite PbTiO3. Otherwise, cubic
Pb2Ti2O6 and PbCO3 were formed. Apparently, EG is
important for assembling the nanoparticles into spherical

aggregates. By using the PbTiO3 dried gel instead of the sol
as precursor, only tetragonal perovskite nanoparticles without
microspheres were formed and no aggregation into micro-
spheres occurred.

3.2. Bur-like PbTiO3 Structures. XRD revealed that
crystalline tetragonal PbTiO3 was obtained during hydro-
thermal synthesis for 48 h at 180°C with addition of the
surfactant SDBS (concentration of 0.1, 0.2, and 0.3 M) to
the Pb-Ti-citrate sol. The corresponding morphology of
the products is shown in Figure 4a-d, where enlarged parts
of the nanostructures are provided as insets. Using 0.1 M
SDBS, nanoparticles, microspheres, and bur-like nanostruc-
tures were observed. The microspheres consisted of nano-
particles (Figure 4a) and the bur-like nanostructures (Figure
4b) showed clearly a core-shell structure. The core consisted
of a microsphere of nanoparticles while the shell consisted
of nanorods growing from the core in the radial direction as
shown in the inset of Figure 4b. Perfect bur-like nanostruc-
tures with diameters from 2.5µm to 5 µm were formed by
increasing the SDBS concentration to 0.2 M. A single bur-
like nanostructure, as shown in Figure 4c, is composed of
uniform prismatic nanorods with diameter of∼100 nm and
length up to 1µm as shown in the inset in Figure 4c.
Increasing the SDBS concentration to 0.3 M, bur-like PbTiO3

nanostructures (Figure 4d) were formed with nanorods
(diameters∼ 70 nm, length∼ 2 µm, inset in Figure 4d)
having a prismatic tetragonal shape and a well-faceted tip.
Without the addition of surfactant, only microspheres with
a diameter∼ 4.5 µm were formed after 48 h at 180°C as
shown in Figure 4e. The presence of SDBS is therefore a
prerequisite for the growth of nanorods.

Experiments with 0.2 M SDBS for 48 h at 150°C and
200°C were carried out to investigate the effect of reaction
temperature. At 150°C, the products had a bur-like nano-
structure where short nanorods were adhered to the surface
of a microsphere as shown in Figure 4f. However, increasing
the temperature to 200°C lead to the formation of bur-like
nanostructures composed of needle-like PbTiO3 nanorods as
shown in Figure 4g. These nanorods with sharp ends (inset
in Figure 4g) had diameters of∼80 nm and length of∼1.5
µm. All nanorods taper from the bottom to the tip.

We also studied the effect on morphology by varying the
reaction time, type of surfactant, and precursor. Experiments
were performed at 180°C with 0.2 M SDBS for 6, 12, and
24 h. XRD revealed that the degree of crystallinity of the
reaction product was increasing with increasing reaction time.
The amorphous material prepared after 6 h exhibited a fine
particulate structure. Increasing the reaction time to 12 h,
both crystalline nanoparticles and some microspheres were
formed. A further extension of the reaction time to 24 h
resulted in the appearance of bur-like nanostructures. The
evolution of the morphology of the products formed as a
function of reaction time is similar to the evolution of
products obtained with different SDBS concentrations. When
the surfactant SDBS was replaced by SDS, PSS, NPP, or
CSS, only the products using the surfactant PSS consisted
of the bur-like nanostructures (Figure 4h), while the products
using the other surfactants were nanoparticles or micro-
spheres. The cationic surfactant CTAB (0.2 M) resulted in

Figure 1. XRD patterns of the products prepared by the hydrothermal
method from Pb-Ti-citrate sol without surfactant: (a) at different reaction
temperatures for 24 h and (b) at 100°C for different reaction times.
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an amorphous product after 24 h at 150°C. By increasing
the reaction time to 48 h, PbTiO3 microspheres with uniform
size of 1-2 µm were obtained. Increasing the CTAB
concentration to 0.4 M, PbCO3 was obtained after 24 h at
180 °C. However, using the dried gel instead of sol as the
precursor, a mixture of tetragonal PbTiO3 and cubic Pb2-
Ti2O6 were formed. The morphology of the products was
nanoparticles, and no microspheres or bur-like nanostructures
were observed. The synthesis conditions and morphology
of the produced bur-like nanostructures prepared by using
the surfactant SDBS or PSS are summarized in Table 1.

The nanorods could be broken off the core microspheres
by grinding by hand for about 3 min using a mortar or by
ultrasound treatment in ethanol. This indicates that the bur-
like PbTiO3 nanostructure contains a core-shell structure
with areas of structural weaknesses between the core and
the shell. The separated nanorods could be further broken
down into smaller particles by increasing the grinding time,
showing that the as-prepared nanorods had low mechanical
strength.

The microstructure of the bur-like PbTiO3 nanostructures
synthesized after 48 h at 180°C using 0.2 M SDBS was
further investigated by TEM. The low-magnification TEM
image of the typical bur-like PbTiO3 nanostructures (Figure
5a) confirmed that the diameter of the microsphere sur-
rounded by nanorods is∼ 2 µm. The nanorods, where a
typical one is shown in Figure 5b, had a diameter of 30-
100 nm and a length up to 1µm. The corresponding selected
area electron diffraction (SAED) pattern (inset in Figure 5b)
demonstrated that the nanorods grow along the [001]
direction. A high-resolution TEM (HRTEM) image of the
outer tip of the nanorod (Figure 5c) shows lattice spacings
of 0.41 nm in the length direction of the rod, which
corresponds to the distance between two (001) PbTiO3 crystal
planes, confirming the [001] growth direction. The shape of
the rods tapers from the bottom to the top. The nanorods
are covered by a∼4 nm amorphous organic layer, which is
proposed to be a layer of the surfactant. The surfactant layer
is important for the growth mechanism as discussed further
below. EDS analysis of a nanorod confirmed that the rod

Figure 2. SEM images of PbTiO3 products prepared by the hydrothermal method from Pb-Ti-citrate sol without surfactant at (a) 90°C, (b) 100°C, (c)
110 °C, (d) 130°C, (e) 150°C, and (f) 180°C for 24 h. Insets in parts b and e correspond to the detailed view of the sample with the TEM and FESEM
image, respectively.
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was composed of Pb, Ti, and O (Figure 5d).
Cross-section samples of the bur-like nanostructures were

investigated to study the internal structure of the bur-like
nanostructures. A typical TEM image is shown in Figure 6a
and revealed that the core microspheres were porous and
composed of PbTiO3 nanocrystals (see SAED pattern inset)
while the PbTiO3 nanorods grew outward from the surface
of the porous core. Figure 6b confirms that the microspheres
are indeed porous clusters of nanoparticles and indicates that
there might be two types of microspheres, one with a uniform
distribution of nanoparticles (shown by the arrow) and the
other with regions of different particle densities. Nanorods
were not found at the microspheres that have a uniform
distribution of the nanoparticles, while the microspheres
containing regions with clustered nanoparticles formed bur-
like nanostructures. In some of the bur-like nanostructures
a uniform distribution of nanoparticles was found in the
interior of the microsphere, while the outer part of the
microsphere consisted of areas with varying particle density.
The polycrystallites in the microspheres seem to have
preferred orientations. A low magnification TEM image that
shows the cross-section of many nanorods is given in Figure
6c. The cross-section of these nanorods is rectangular. Near
the microspheres, the nanorods have irregular outer surfaces
and pores inside (Figure 6d). However, toward the tip, the
structure is regular and defect free as shown in Figure 6e.
Defects observed in the nanorods close to the microsphere
suggest that they originate from oriented self-assembly of
cube-shaped or facetted nanocrystals.14a,15 The HRTEM
image in Figure 6f reveals that the nanorods are built up by

nearly rectangular nanocrystals (∼10 × 10 nm2) as the
building blocks. These assembled nanocrystals form mesoc-
rystals.15

4. Discussion

4.1. Growth Mechanism of PbTiO3 Microspheres.Upon
hydrothermal synthesis of the PbTiO3 microspheres, crystal-
line PbTiO3 nanoparticles (about 5 nm) were formed for
reaction times longer than 6 h and temperatures higher than
90 °C (Figure 1-3). At lower temperatures and for shorter
reaction times, only amorphous particles were obtained
(Figure 1). When the reaction temperature is increased
(>90 °C) or the reaction time is prolonged, the primary
nanoparticles grow and aggregate to PbTiO3 microspheres,
which become more uniform with increasing reaction tem-
perature. From these observations, the most plausible mech-
anism for the growth of the monodisperse microspheres is
that nanoparticles nucleate, grow, and aggregate. Growth
of the nanoparticles may obey the classical model for
growth;16 however, aggregation into larger units follows
other growth kinetics like the Smoluchowski’s equation.17

For the aggregates to form perfect spheres, there must be
sufficient short-range repulsion due to surface charge in the
highly basic environment between them to allow the particles
to settle into the microspheres in addition to high concentra-
tion of primary particles. For nanoparticles that carry a
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Chemistry of Sol-Gel Processing; Academic: London, 1990; pp 331-
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Figure 3. SEM images of PbTiO3 products prepared by the hydrothermal method from Pb-Ti-citrate sol without surfactant at 100°C for (a) 6 h, (b) 12
h, (c) 24 h, and (d) 48 h.
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surface charge, small clusters of nanoparticles aggregate
more quickly with large aggregates than they do with
themselves. Consequently, during the reaction, the first
nanoparticles aggregate to form microspheres. These
microspheres then sweep through the solution, picking up
freshly formed nanoparticles. Monodisperse microspheres
of the final precipitate are achieved. Presence of EG
in the Pb-Ti-citrate sol precursor was shown to be
necessary for the aggregation leading to the formation of

microspheres. EG is expected to bind the nanoparticles
together through ester bond formation after the aggregation
has taken place.

4.2. Growth Mechanism of Bur-like PbTiO3 Nano-
structures. The mechanism for the formation of the PbTiO3

bur-like nanostructures is proposed to involve different
growth processes during the hydrothermal synthesis as
schematically illustrated in Figure 7: (i) initial nucleation
and (ii) growth of PbTiO3 nanoparticles, (iii) formation of

Figure 4. SEM images of PbTiO3 nanostructures prepared by the hydrothermal method from Pb-Ti-citrate sol for 48 h. (a-d) With different
SDBS concentrations at 180°C: (a, b) 0.1 M, (c) 0.2 M, and (d) 0.3 M. (e) Without surfactant at 180°C. (f, g) with 0.2 M SDBS concentration
at different temperatures, (f) 150°C and (g) 200°C. (h) 0.2 M PSS concentration at 180°C. Insets in images are selected parts imaged at higher
magnification.
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the core of the bur-like PbTiO3 nanostructures by aggregation
of the primary PbTiO3 nanoparticles into microspheres, (iv)
ripening of the nanoparticles to nonspherical building blocks
or continued nucleation of nanoparticles with facetted or cube
shape, and (v) self-assembly of the PbTiO3 building blocks
onto the microsphere surface to mesocrystals which further
(vi) ripen to nanorods. The microspheres, hence, act as
substrates for the growth of the nanorods.

In step iii, PbTiO3 nanoparticles aggregate into the
microspheres, which act as substrates for nanorod growth
and become the core of the bur-like nanostructures. The

growth process of the core is similar to that of microspheres
formed in the absence of the surfactant, which can be seen
by comparing parts a and e of Figure 4. The partly destroyed
bur-like nanostructure shown in Figure 4b confirms that the
nucleation of the nanorods is taking place on the surface of
the microsphere with radial growth of the nanorods (inset
of Figure 4b).

Further, mesocrystals of PbTiO3 were formed by self-
assembly of the cube-shaped or facetted nanocrystals onto
the microsphere substrate, step v. The evolution of size and
shape of the nanocrystals dispersed in the reaction mixture

Figure 5. (a) TEM image of the bur-like nanostructures. (b) PbTiO3 nanorod and SAED pattern (inset). (c) HRTEM image of the tip of the rod in part b.
(d) EDS spectrum of this nanorod showing the Pb, Ti, and O peaks; the Cu signal originates from the TEM grid.

Table 1. Summary of Results from the Synthesis of Bur-like PbTiO3 Nanostructures during Hydrothermal Synthesis for 48 h at pH g 14 Using
a Pb-Ti-Citrate Sol as Precursor with Surfactant.

results

synthesis conditions size of nanorod

temperature
(°C)

surfactant
type/concentration

(M) morphology
diameter

(nm)
length
(µm)

150 SDBS/0.2 bur-like nanostructures with nanorods of different lengths several hundred <1
180 SDBS/0.1 bur-like nanostructures and microspheres 30-100 <1.5
180 SDBS/0.2 bur-like nanostructures with uniform nanorods 30-100 ∼1
180 SDBS/0.3 bur-like nanostructure with prismatic tetragonal nanorods ∼70 ∼2
200 SDBS/0.2 bur-like nanostructures with needle-like nanorods ∼80 ∼1.5
180 PSS/0.2 bur-like nanostructure with prismatic tetragonal nanorods ∼240 ∼1
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is further discussed below. Figure 6f indicates parallel
crystallographic orientations between primary building block
neighbors. As tetragonal PbTiO3 is ferroelectric and has a
dipole moment along thec-axis, the anionic surfactant can
be selectively adsorbed onto the charged (001) face of a
PbTiO3 nanocrystal. This dipole moment leads to the
observed stacking of nanocrystals into mesocrystals. The
driving force for the self-assembly is proposed to be the
entropy gain (increase in free volume) by the release of

adsorbed surfactants and decrease in surface energy. Defects
observed in the nanorods close to the microsphere core
confirm that the nanorods originate from oriented self-
assembly of cube-shaped or facetted nanocrystals (Figure
6d).3a,15,18Continuous growth of the mesocrystal followed
by ripening gives rise to the final crystalline nanorods

(18) (a) Song, Q.; Zhang, Z. J.J. Am. Chem. Soc.2004, 126, 6164-6168.
(b) Jun, Y. W.; Choi, J. S.; Cheon, J. W.Angew. Chem., Int. Ed.2006,
45, 3414-3439.

Figure 6. TEM images of a cross-section: (a) a bur-like nanostructure with SAED (inset), (b) microspheres with or without nanorods, (c) a number of
nanorods, (d) a rod cut close to the microsphere, and (e) a rod near the tip. (f) HRTEM image of the edge of a rod in cross section, showing the nanocrystals.
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growing out from the microspheres. The above findings are
in agreement with the observation made by other researchers
in growing metal oxalate hierarchical structures, where a
multiple-stage process has also been proposed.19

It is interesting to note that the building blocks of the
microspheres were irregular or spherical nanoparticles, while
the building blocks of the nanorods are cube-shaped or
facetted nanocrystals. We therefore conclude that there
occurred an evolution of the shape and size of nanoparticles
in the solution over time. The morphology and size of these
nanoparticles might become more regular as a result of
ripening, for example by change in saturation level of the
solution giving cube-shaped or facetted nanoparticles over
time. Alternatively the nucleation of new particles/crystals
occurs continuously through of the synthesis and the nucle-
ated particles become more and more cube-shaped or facetted
with time as a result of the decreasing super-saturation. A
change in viscosity in the solution might also influence on
the size and morphology of the nucleated nanocrystals.15,18

According to the polar crystal growth theory of Hartman and
Bennema,20 {100} planes in PbTiO3 are considered to be
the slowest growing planes; thus, the particles tend to grow
into an anisotropic shape, resulting in the cube-like particles.3a

Selective adsorption of the surfactant onto the nanocrystal
surface is probably dependent on nanocrystals with well-
defined crystallographic planes, for example, for cube-shaped
or facetted nanocrystals. At least for the surfactant to aid in
the self-assembly of the nanocrystals into mesocrystals, a
well-defined shape of the nanocrystals is necessary. Only
PbTiO3 microspheres were formed under hydrothermal

conditions without surfactant at 180°C for 48 h (Figure 4e)
showing that the presence of surfactants SDBS or PSS was
necessary to form the bur-like nanostructures. These two
surfactants have the same phenyl-sulfonic groups. The use
of anionic and cationic surfactants CTAB, SDS, NPP, or
CSS, which do not have the phenyl-sulfonic groups, did not
result in formation of nanorods. Only a selective choice of
surfactant is aiding the nanorod and bur-like nanostructure
formation.

The nanorods have perfect prismatic tetragonal shape using
high SDBS concentration (see Figure 4d). This might be
attributed to the fact that the viscosity of the solution becomes
larger with increasing the surfactant concentration. This
increased viscosity might slow down the nanoparticle move-
ment, giving more time for the particles to diffuse on the
surface and adjust before being incorporated into the lattice.
Nanorods with the needle-like shape were found (see Figure
4g) at high temperature, which might be due to different
growth rates of the various faces. All nanorods have the
characteristic shape tapering from the bottom to the top,
which should be attributed to the gradual exhaustion of solute
and the decreasing rate of PbTiO3 nanoparticle nucleation.
It is evident that the nanorods can be modulated by the
surfactant concentration and reaction temperature.

4. Conclusion

We have demonstrated the formation of novel hierarchical
bur-like PbTiO3 nanostructures formed by self-assembly of
nanocrystals by using the surfactants SDBS or PSS under
hydrothermal conditions. In the absence of these surfactants,
1-4 µm monodisperse microspheres, consisting of∼20 nm
PbTiO3 nanoparticles, were formed. It was shown that EG
was necessary for the formation of the microspheres. The
microspheres worked as substrates for growth of single-
crystalline PbTiO3 nanorods resuting in novel hierarchical
bur-like nanostructures. The PbTiO3 nanorods were shown
to grow out from microspheres along the [001] direction. A
two-step process is proposed for the growth mechansim: The
first step is agglomeration of PbTiO3 nanoparticles into
microspheres. The second step is self-assembly of nanosized
cube-shaped or facetted building blocks into PbTiO3 me-
socrystals which continuously grow into nanorods. A pre-
requisite for the self-assembly of the nanoparticles into
nanorods was the presence of the surfactant SDBS or PSS
containing phenyl-sulfonic groups. This facile method offers
the possibility for the production of complex, dipolar ternary
oxide 1D nanostructures. Such structures have the potential
to be building components for functional nanostructures and
are also potentially interesting for 1D property studies at the
nanometer scale.
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Figure 7. Schematic drawing illustrating the mechanism for the bur-like
nanostructure growth.
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