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Abstract
A series of nanostructured titanium oxide particles were synthesized by a simple wet chemical
method and characterized by means of small-angle x-ray scattering (SAXS)/wide-angle x-ray
scattering (WAXS), atomic force microscope (AFM), scanning electron microscope (SEM),
transmission electron microscope (TEM), thermal analysis, and rheometry. Tetrabutyl titanate
(TBT) and ethylene glycol (EG) can be combined to form either TiOx nanowires or smooth
nanorods, and the molar ratio of TBT:EG determines which of these is obtained. Therefore,
TiOx nanorods with a highly rough surface can be obtained by hydrolysis of TBT with the
addition of cetyl-trimethyl-ammonium bromide (CTAB) as surfactant in an EG solution.
Furthermore, TiOx nanorods with two sharp ends can be obtained by hydrolysis of TBT with
the addition of salt (LiCl) in an EG solution. The AFM results show that the TiOx nanorods
with rough surfaces are formed by the self-assembly of TiOx nanospheres. The
electrorheological (ER) effect was investigated using a suspension of titanium oxide
nanowires or nanorods dispersed in silicone oil. Oil suspensions of titanium oxide nanowires
or nanorods exhibit a dramatic reorganization when submitted to a strong DC electric field and
the particles aggregate to form chain-like structures along the direction of applied electric
field. Two-dimensional SAXS images from chains of anisotropically shaped particles exhibit a
marked asymmetry in the SAXS patterns, reflecting the preferential self-assembly of the
particles in the field. The suspension of rough TiOx nanorods shows stronger ER properties
than that of the other nanostructured TiOx particles. We find that the particle surface roughness
plays an important role in modification of the dielectric properties and in the enhancement of
the ER effect.
S Online supplementary data available from stacks.iop.org/Nano/23/075706/mmedia
(Some figures may appear in colour only in the online journal)

1. Introduction

bandgap semiconductor material (band gap = 3.2 eV, anatase
phase). There is considerable interest in the development of
these structures due to their demonstrated potential in fields
such as photocatalysis, photovoltaic devices, electrochromic
devices, biological coatings, sensors, ultraviolet blockers,
smart surface coatings, etc. Moreover, these nanostructures
have the potential to exhibit novel properties and offer the

One-dimensional titanium dioxide (TiO2 )-related materials
with distinct morphologies, such as nanotubes, nanorods,
nanowires, nanoribbons and nanofibers, etc have attracted
particular interest because of their unique nanostructure and
promising applications [1–8]. Titania is an n-type wide
0957-4484/12/075706+11$33.00
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opportunity to investigate physical and chemical processes in
size-confined systems [9–13]. There is considerable interest
in decreasing the particle size and increasing the surfaceto-volume ratio of anatase particles, and the technological
potential of titania is expected to be significantly extended
if a fine-tuning of the particle morphology can be achieved.
Nanorods may be regarded as less versatile host particles
than, e.g., nanotubes because they lack an accessible
inner volume, but they have other advantages, such as
an enhanced thermal stability. If the goal of producing
hollow anisotropic nanostructures is sacrificed, then a wide
range of synthetic routes opens up to deliver structures
such as nanobelts, nanowires, and nanorods with almost
any desired dimensions and aspect ratios [13–15]. TiO2
nanorods or nanofibers can be exploited in, for example, solar
cells, ion exchange or photocatalysis, where surface-charge
recombination is a problem. Nanorods may be regarded
as solid structures featuring a dominant one-dimensional
nature but being shorter than nanowires and fibers. They can
exhibit unique electronic, optical, and mechanical properties
that appeal to a range of applications in areas such
as electronics, sensors, optical components and displays,
polymer composites, and actuator devices. However, for
TiO2 nanorods and nanofibers, the behavior in an external
field has not been much studied. An electrorheological fluid
(ERF) is a suspension of polarized dielectric particles in
a non-conducting and low dielectric liquid that can exhibit
drastic changes in its rheological properties under an electric
field, including a large increase in apparent viscosity and the
formation of reversible suspended microstructures [16–24].
Microscopically, a chain-like structure can be formed along
the electric field direction within a few milliseconds and these
structures are generally not maintained when the electric field
is turned off. The shape and surface properties of the particles
can play an important role with respect to the assembly
of this kind of chain-like structure [25–30]. For instance,
anisotropically shaped quasi-1D nanostructured TiOx , with
large aspect ratio and surface–volume ratio, can respond very
strongly to an electric field. In the present work we explore
the properties of a series of TiOx particles synthesized in
our laboratory, and show how the electrorheological behavior
can be strongly modified by changing the type of particles
employed in the suspension.

because it is relatively non-polar and non-conductive, with a
DC conductivity of the order of magnitude of 10−12 S m−1 .
2.2. Preparation of different nanostructured TiOx particles
and ER suspensions
2.2.1. TiOx nanowires.
Nanostructured TiOx was synthesized by colloidal chemistry routes with emphasis on the
control of size and shape. Titanium glycolate nanowires
with uniform diameters were first synthesized by heating a
solution of TBT in EG at 180 ◦ C for 2.5 h. In a typical
synthesis, 0.1 ml of titanium butoxide was added to a
100 ml flask that contained 50 ml of EG. The solution
was stirred for 1 h and subsequently heated to 180 ◦ C
using an oil bath under magnetic stirring for 2.5 h. After
cooling down to room temperature, the solution was stirred
for 12 h. Finally, the white flocculate was harvested using
centrifugation (4000 rpm), followed by washing with a large
amount of ethanol and deionized water several times to
remove excess EG from the sample. The precipitate was
finally dried in a vacuum oven at 100 ◦ C for 12 h and used
for further characterization.
2.2.2. TiOx smooth nanorods.
Titanium glycolate smooth
nanorods were synthesized by heating a solution of TBT in
EG at 180 ◦ C for 1.5 h at a high concentration of the precursor
solution. Here, 0.6 ml of titanium butoxide was added to a
100 ml flask that contained 50 ml of EG. The solution was
stirred for 3 h and then heated to 180 ◦ C using an oil bath
under magnetic stirring for 1.5 h. After cooling down to room
temperature, the subsequent procedure was identical to that
for the TiOx nanowires, i.e. stirring, centrifugation, washing,
and drying, as described above.
2.2.3. TiOx sharp nanorods. TiOx nanorods with sharp ends
were synthesized by heating a solution of TBT in EG with the
addition of salt (LiCl). Here, 0.2 ml of 0.1 M LiCl was added
to a 100 ml flask that contained 50 ml of EG and stirred for 3 h.
Subsequently, 0.6 ml of titanium butoxide was added into the
solution and stirred for 3 h at room temperature. The solution
was then heated to 180 ◦ C using an oil bath under magnetic
stirring for 1.5 h. After cooling down to room temperature, the
subsequent procedure for obtaining the TiOx sharp nanorods
was identical to that described for the nanowires and smooth
nanorods.

2. Materials and characterization
2.1. Materials
Titanium butoxide (TBT, Ti[O(CH2 )3 CH3 ]4 , 97%, SigmaAldrich Chemie GmbH, Germany), lithium chloride (LiCl,
Merck kGaA, Germany) and ethylene glycol (EG, HOCH2
CH2 OH, Merck kGaA, Germany) were used as received. The surfactant (cetyl-trimethyl-ammonium bromide,
[CH3 (CH2 )15 ]NBr(CH3 )3 , CTAB, Merck kGaA, Germany)
used was of analytical grade chemical reagents. A silicone oil
(a Newtonian liquid) Dow Corning 200/100 Fluid (dielectric
constant of 2.5, viscosity of 100 mPa s and specific density
of 0.973 g cm−3 at 25 ◦ C) was used as a suspending liquid

2.2.4. TiOx rough nanorods.
TiOx nanorods with rough
surfaces were synthesized by heating a solution of TBT in
EG with the addition of CTAB. Here, 1.5 g of CTAB was
added to a 100 ml flask that contained 50 ml of EG and stirred
for 3 h. Subsequently, 0.6 ml of titanium butoxide was added
into the solution and stirred for 3 h at room temperature. The
solution was then heated to 180 ◦ C using an oil bath under
magnetic stirring for 1.5 h. The solution was subsequently
cooled down to room temperature and treated identically to
the other samples.
2
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2.2.5. ER suspensions. The ER suspensions of nanostructured TiOx in silicone oil were prepared using the following
steps: the TiOx powder and the silicone oil were first
heated at 110 ◦ C for 24 h to remove moisture. The heated
nanostructured TiOx powder and silicone oil were then mixed
in glass tubes, to a concentration of 10 wt% of TiOx , and
the tubes were then sealed and left to cool down to room
temperature. The glass tubes were subsequently vigorously
shaken for ∼3 h using a Vibramax 100 shaker (Heidolph
Instruments, Germany), placed in an ultrasonic bath for 1 h
and again vigorously shaken for 3 h, followed by heating to
110 ◦ C for 24 h before the rheological measurements.

scattering (WAXS) experiments with the same equipment.
The sample-to-detector distance was calibrated using a silver
behenate standard, and the scattering data were azimuthally
averaged over the detector area. The SAXS experiments were
performed on the ER suspensions in a custom-made scattering
cell. This cell has a body of insulating plastic material,
whose top part is open, while both the front and back sides
as well as the bottom part are closed with a kapton film.
Two parallel and identical 0.5 mm thick copper electrodes
separated by a gap of 1 mm are inserted from the top of the
sample cell. The sample to be studied (<0.5 ml) is inserted
between the electrodes from the top. After application of
an electric potential difference (typically 2 kV) between the
copper electrodes, the suspended particles can be observed to
form chain-like structures parallel to the applied electric field.
The rheological properties of our nanostructured TiOx
suspensions were measured under direct current (DC) electric
fields using a Physica MCR 300 rotational rheometer
equipped with the coaxial cylindrical cell Physica CC27/ERD,
specially designed for ER measurements. The cell has an
outer cylinder diameter of 14.5 mm and an inner cylinder
diameter of 13.3 mm. The immersion length of the inner
cylinder is 40 mm, and the corresponding sample volume is
19.4 ml. Two grounding brushes connected to the internal
cylinder’s axis induce a minor (∼1 Pa) yield stress in all data,
but this value is negligible compared to all the yield stress
values addressed here. All the rheological measurements were
carried out at constant temperature (25 ◦ C). Two types of ER
measurements were performed: controlled shear rate (CSR)
tests for measuring shear stress and controlled shear stress
(CSS) tests for measuring the static yield stress. Before
reading the shear stress in CSR measurements, we initially
applied the electric field to the suspension for 300 s and then
sheared it from 0.01 to 1000 s−1 . To determine the static
yield stress via CSS measurements, a linearly increasing shear
stress (in steps of 2 Pa) was imposed on the suspensions after
they had been subjected to the external electric field for 300 s.
The dielectric properties were measured on particles
contained in suspension. Since particle ordering induced by
an external electric field may affect the dielectric properties,
we here kept the ER suspensions randomly dispersed, thus
not disturbed by the bias field of 2 V mm−1 . The capacitance
C and dielectric loss tangent (tan δ) of the suspensions were
measured by an automatic Agilent 4263B LCR meter (Agilent
Technologies, Malaysia) with a 16089E test fixture at room
temperature and frequencies of 100 Hz, 120 Hz, 1 kHz,
10 kHz and 100 kHz. The dielectric constant was derived
from the measured C according to the conventional relation
ε = Cd/(ε0 S), where ε0 is the dielectric constant of vacuum,
i.e., 8.85×10−12 F m−1 , d is the thickness of the gap between
the electrodes, and S is the contact area of the electrodes.

2.3. Characterization
Electron micrographs were acquired using a field emission
scanning electron microscope (Zeiss Ultra, 55 Limited
Edition, accelerated voltage 15 kV) and a transmission
electron microscope (TEM) (JEOL JEM 2010, operated at
200 kV). For the TEM measurements, a suspension of a small
amount of sample in ethanol was given an ultrasonic treatment
for 5 min and then dropped onto a copper grid covered by a
hollow carbon film.
Thermal gravimetric analysis (TGA) was performed on
an SDTA851e TGA instrument (Mettler Toledo AS) under
N2 flow (30 ml min−1 ) with a heating rate of 10 ◦ C min−1 .
The furnace temperature and time were adjusted using the
software STARe .
The atomic force microscope (AFM) images were
collected using a MultiModeTM atomic force microscope
(Nanoscope IV, Veeco Instruments., Germany), operating
at ambient conditions. Small samples originating from
the different nanostructured TiOx aqueous solutions were
deposited onto cleanly cleaved mica surfaces. To prepare a
sample, a freshly cleaved piece of mica was fastened on top
of a 1 cm radius metal disk. Using a micropipette, a 10 µl
drop of the solution was placed onto the mica surface. The
drop was dispersed over the available area, and was then left
to air dry for at least an hour, leaving a dehydrated rough
film covering the mica surface. These surfaces were imaged
using a DI atomic force microscope multimodeTM scanning
probe microscope (MM-SPM)—the multimode is a dual
function instrument with atomic force microscope (AFM) and
scanning tunneling microscope (STM) capabilities—with a
nanoscope V controller, NP series probes (model NP-20) and
a J scanner in contact mode. The irregularities in the surface
texture can be found utilizing the roughness analysis tool of
the AFM. The surface roughness is taken as the peak-to-valley
difference in height values within the analyzed region. Here,
each sample must have at least five replicates.
The x-ray scattering experiment was carried out at
room temperature utilizing NanoSTAR, a small-angle x-ray
scattering (SAXS) system from Bruker AXS, combined with
a sealed-tube Cu Kα source with a wavelength of 1.54 Å.
The beam size on the sample was 0.4 mm, and the scattered
intensity was collected using a two-dimensional detector.
The possibility of varying the sample-to-detector distance
makes it feasible to perform both SAXS and wide-angle x-ray

3. Results and discussion
In this work, a series of nanostructured titanium oxide
particles were synthesized by a simple wet chemical method
in an ethylene glycol (EG) solution. Briefly, a tetrabutyl
3
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Figure 1. FESEM and AFM images of smooth TiOx nanowires (a), (b), (e) and nanorods (c), (d), and (f).

titanate (TBT) precursor was added to EG and heated to form
either TiOx nanowires or smooth nanorods by tuning the molar
ratio of TBT:EG. Using a low concentration of the precursor
solution (TBT < 0.01 M), TiOx nanowires can be formed,
as shown in figures 1(a) and (b). From the field emission
scanning electron microscope (FESEM) images, we can see
that the length of uniform TiOx nanowires can be up to 20 µm
and the diameter is between 400 and 500 nm. The aspect ratio
(length/diameter) is thus large, typically above 20.
Smooth TiOx nanorods, on the other hand, can be
obtained using a high concentration of the precursor solution
(>0.02 M) with the subsequent procedure similar to that for

the wires. As shown in figures 1(c) and (d), their length is
3–5 µm and the diameter is typically 200–400 nm, resulting in
an aspect ratio (length/diameter) of around 10. Their surface
is also smooth and similar to that of the nanowires.
Furthermore, TiOx nanorods with two sharp ends were
obtained by the hydrolysis of TBT with the addition of salt
(LiCl) in an EG solution. By using salt (LiCl, NaCl, KCl, etc),
the ions can lower the surface energies of the polar surfaces
by preferential adsorption due to electrostatic interactions,
and thus block the growth along the surfaces. AFM images
collected on these particles (figure 2) show that the addition
of LiCl modifies the termination of the particles and induces
4
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Figure 2. Deflection AFM topography images of TiOx sharp nanorods. Bottom image: a 3D line surface image of a sharp nanorod clearly
shows the sharp end.

the formation of sharp ends. This can be observed also from
the FESEM images in figure 3.
Finally, TiOx nanorods with highly rough surfaces can
be obtained by hydrolysis of TBT with the addition of
cetyl-trimethyl-ammonium bromide (CTAB) as surfactant in
an EG solution. The rough surface structure is illustrated
in the AFM data (figure 4). The FESEM images (figure 5),
as well as the TEM and HRTEM images (figure 6
and figure S2 available at stacks.iop.org/Nano/23/075706/
mmedia), indicate that rough TiOx nanorods are formed and
their surface be roughened, which is useful for enhancement
of the ER effect [28]. Figure S3 (available at stacks.iop.
org/Nano/23/075706/mmedia) shows WAXS data for a TiOx
rough nanorod, in which amorphous structure is shown.
The amorphous structure can be changed by a simple heat
treatment such as 550 ◦ C for 2 h to obtain anatase phase
nanostructured TiO2 . In recent research, it has been found that
the amorphous structure, especially amorphous nanostructure,
is suitable for enhancement of the ER effect [22, 27, 38,
43], which may be caused by the large dielectric mismatch
of the amorphous nanostructure. So, in this research, the
nanostructured TiOx as prepared mainly have amorphous
structure so that the size and shape of the nanostructured TiOx
can play a significant role in the influence of the ER effect.

The WAXS data of three other kinds of nanostructured TiOx s
(nanowires, smooth nanorods and sharp nanorods, not shown
here) were also measured and their curves are similar to that
of rough nanorods.
Nanostructured TiOx s can be synthesized by adding
the alkoxide precursor to ethylene glycol upon heating.
Strong complexing agents such as polyols (e.g. ethanol
glycol) have been examined to lower the hydrolysis rates of
transition metal alkoxides. Glycols could serve as a ligand
to form chain-like coordination complexes with Ti (IV),
etc cations upon heating. Normally, metal alkoxides (e.g.,
Ti and In) are highly susceptible to moisture, while white
precipitate is immediately formed when they are exposed to
air [14]. However, the glycolate complexes formed in EG are
more resistant to hydrolysis and this makes the controllable
syntheses of differently nanostructured TiOx become possible
via the addition of salt or surfactant. Shape and size play an
important role in nanotechnology. Aimed at enhancement of
the ER effect, different nanostructured TiOx are prepared via
the controllable syntheses. Other groups have also shown that
a hierarchical structure with highly roughened surface would
be helpful for increasing the ER behavior [28, 36]. The more
morphologically rough TiOx may have a good ER effect.
The thermal decomposition temperatures and the
stabilities of different nanostructured TiOx particles can be
5
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Figure 3. FESEM images of TiOx sharp nanorods.

obtained from a suspension of TiOx rough nanorod particles
prior to the application of a DC electric field.
These nanorods are randomly oriented in the suspension
without the electric field present, therefore the SAXS image
is isotropic and the intensity is also low due the low
particle concentration within the scattering volume. The other
nanostructured TiOx particles in suspension produce similar
SAXS patterns without the application of a DC electric
field. If the electric field exceeds a certain threshold, the
TiOx particles attract each other and assemble into chains
and columns that are aligned along the field direction. The
chain or column structures are formed under the combined
effects of applied field and inter-particle repulsions [31–33].
Under the presence of an electric field E = 2 kV mm−1
(figures 7(b)–(e)), the pattern becomes anisotropic due to
particle orientation in the field, and the intensity of the
SAXS pattern is increased due to the aggregation and chain
formation of particles in the scattering volume. Furthermore,
for the different nanorod samples, the elliptical shape of the
pattern is also modified. The SAXS pattern for the rough
nanorods under an electric field is stronger than those of the
other samples, indicating a more dominant chain structure
and higher ER effect. Figure 8 shows how the intensities of
circular scattering rings such as those presented in figure 7
evolve as a function of the azimuthal angle 8, between 0◦ and
360◦ .
The results clearly show the variation of anisotropic
behavior between the different nanostructured TiOx systems.

obtained by TGA/DTG measurement. Thermal gravimetrical
analysis (TGA) indicates a clear mass loss before 500 ◦ C.
From room temperature to 1000 ◦ C, the complete weight
losses for different nanostructured TiOx particles, such as
TiOx smooth nanowires, TiOx smooth nanorods and TiOx
rough nanorods, are all about 12.8%. However, for TiOx rough
nanorods, the weight loss is much larger and over 18%, which
indicates a larger surface area and more adsorbed organic
material on the surface. The differential thermogravimetric
analysis (DTG) patterns of different nanostructured TiOx
particles are shown in figure S1(b) (available at stacks.
iop.org/Nano/23/075706/mmedia). DTG is particularly useful
to judge the state of transformation. For the synthesized
nanostructured TiOx particles, four DTG peaks are observed,
at about 85, 170, 280 and 380–400 ◦ C, which are attributed
to desorption of physically adsorbed water, desorption of
physically adsorbed EG, degradation of organic groups
bonded to TiOx , and transformation from the amorphous to
the anatase phase, respectively. Between the temperatures of
500–1000 ◦ C, no other changes are observed, which means
that the rutile phase is not formed in the course of the thermal
treatment.
SAXS measurements are very sensitive to the size
and shape of the nanoparticles. Figure 7 shows different
two-dimensional SAXS patterns of nanostructured TiOx
particles dispersed in silicone oil before and after the
application of a DC electric field. The pattern in figure 7(a) is
6
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Figure 4. Height AFM topography images of TiOx rough nanorods. The 3D line surface image of TiOx rough nanorods clearly shows the
rough surface of these TiOx nanorods.

For E = 0, the intensities are independent of 8 and the
two-dimensional scattering pattern is isotropic. For E =
2 kV mm−1 , the azimuthal positions of the maxima along the
plots in figure 8 demonstrate that the preferred orientation of
the TiOx particles is with the rod or wire direction parallel to
the direction of the electric field. The intensities of the maxima
are also increased with increase in surface roughness.
The shear stress of an ER fluid made of TiOx rough
nanorods (10 wt% in silicone oil, CSR mode) as a function
of shear rate under various electric fields is shown in figure 9.
In the absence of a DC electric field, the ER fluid behaves like
a Newtonian fluid, with a shear stress that increases linearly
with shear rate and a slope near 1. When a DC electric field is
applied, the sample shows a typical Bingham fluid behavior,
which is the rheological characteristic of an ER fluid [33–37].

The large dynamic yield stress, obtained approximately as the
plateau stress at low shear rate, indicates that the suspension
is strongly solidified by an applied electric field.
The ER efficiency ((τE − τ0 )/τ0 , where τ0 is the shear
stress without electric field and τE is the shear stress with
electric field) is here about 110 at a shear rate of 10 s−1 for
the TiOx rough nanorod ER suspension (at 4 kV mm−1 ). It
is known that the rheological behavior of an ER suspension
is the result of organization into fiber-like structures. This
structural change is mainly dominated by the electric-fieldinduced electrostatic interaction and the shear-field-induced
hydrodynamic forces. The large polarizability of the ER
particles is important to produce strong and fast electrostatic
interaction that can maintain the fibrous structures and thus
keep the rheological properties stable under shear flow.
7
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Figure 5. FESEM images of TiOx rough nanorods.

Figure 6. TEM images of rough TiOx nanorods.

Figure 10 shows the yield stress of an ER fluid containing
TiOx rough nanorods as a function of electric field strength
using the CSS mode. One of the most common ways of
measuring the yield stress of an ER fluid is to apply an
increasing shear stress to the sample initially at rest, and

observe at what stress the fluid starts to flow. The yield stress
of a TiOx rough nanorod ER fluid measured by the CSS
mode is 407 Pa at E = 4 kV mm−1 (10 wt% system). The
yield points of the fluid are shown by arrows in the graph for
different electric field strengths.
8
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Figure 7. Two-dimensional SAXS images of the electrorheological samples without and with E-field applied. (a) Suspension of rough
nanorods at E ∼ 0. (b) Suspension of nanowires for E ∼ 2 kV mm−1 . (c) Suspension of smooth nanorods for E ∼ 2 kV mm−1 .
(d) Suspension of sharp nanorods for E ∼ 2 kV mm−1 . (e) Suspension of rough nanorods for E ∼ 2 kV mm−1 .

Figure 8. Angular dependence of the intensities of circular
scattering rings for different samples at the same imposed electric
field (2 kV mm−1 ).

Figure 9. Shear stress of an ER fluid of rough TiOx nanorods
(10 wt% in silicone oil) as a function of shear rate under various
electric fields.

Figure 11 shows a summary of the yield stresses at
varying electric field strengths for ERFs composed of the
different nanostructured TiOx synthesized in our work. It can
be seen that the ER effect varies drastically depending on
the particle roughness. The goal of the surface modification
is to increase the particle–particle attractive forces upon
application of a DC electric field and also to make the
nanoparticles more compatible with the host oil. Higher
surface roughness means an increased surface area, and thus
an increase in the contact area with the silicone oil. Finally,
increased roughness may also change the polarizability,
particularly with respect to the interfacial polarization, which
is favorable for enhancement of the ER effect.

As shown below, we also measured the dielectric
properties of different TiOx ER fluids, which verified
the improved dielectric properties of these nanostructured
TiOx fluids. The dielectric properties, such as dielectric
constant (ε), conductivity (σ ) and dielectric loss (tan δ),
play important roles in the performance of ER materials.
Generally, a high dielectric constant and dielectric loss, and
matched conductivity are desirable for obtaining an optimum
electrorheological effect. In this work, by investigating the
dielectric properties of a series of nanostructured TiOx ER
suspensions, we find a significant influence of size, shape and
roughness on the dielectric properties. Figure 12 shows the
9
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Figure 10. The yield stress of the rough nanorod ERF as a function of the electric field strength; the yield points are shown by arrows. The
yield stress measurement was made in controlled shear stress (CSS) mode.

roughness of nanostructured TiOx ER suspensions, similar to
what was seen with respect to the rheological properties.
According to the theory of dielectric mismatch for ER
fluids, the static force between particles is in direct proportion
to the dielectric mismatch coefficient β:
β = (εp − εf )/(εp + 2εf ) = (0 − 1)/(0 + 2)

(1)

where εp and εf are the bulk dielectric constants of the particle
and oil respectively, and the dielectric constant ratio 0 =
εp /εf . Therefore, a large β or 0 value is required to enhance
the mechanical strength of the ER fluid. A large increase of
ε and an enhancement of the dielectric loss were observed
as the frequency decreased (1ε = ε100 − ε100 k ), which
reflects the increase of slow polarization, more specifically the
interfacial polarization. This is expected to induce strong ER
activity according to the presently accepted ER mechanisms.
It is believed that not only high dielectric constant, but also
suitable loss factor or loss tangent (tan δ > 0.1 at 103 Hz)
or conductivity (10−7 –10−8 S m−1 ) is important for the ER
effect [38–43]. By comparing the dielectric properties with
the rheological properties, we suggest that the improvement
of the dielectric properties due to the change in roughness

Figure 11. The yield stresses of different nanostructured TiOx ER
fluids (10 wt% in silicone oil) under varying electric field strengths.

measured dielectric constants and loss tangents of a series
of nanostructured TiOx ER suspensions at five frequencies:
100 Hz, 120 Hz, 1 kHz, 10 kHz and 100 kHz. It is found
that the ER fluid containing rough TiOx nanorods not only
has higher dielectric loss but also higher dielectric constant
at low frequencies. Interestingly, there is a regular change in
the dielectric constant and loss tangent with the change in

Figure 12. Dielectric properties of different ER fluids at five frequencies.
10
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is responsible for the enhancement of the ER activity of
nanostructured TiOx ER fluids.

[11] Tokudome H and Miyauchi M 2005 Angew. Chem. Int. Edn
44 1974–7
[12] Kuchibhatla S V N T et al 2007 Prog. Mater. Sci. 52 699–913
[13] Wang Y L, Jiang X C and Xia Y N 2003 J. Am. Chem. Soc.
125 16176–7
[14] Jiang X C, Wang Y L, Herricks T and Xia Y N 2004 J. Mater.
Chem. 14 695–703
[15] Ostermann R, Li D, Yin Y D, McCann J T and Xia Y N 2006
Nano Lett. 6 1297–302
[16] Halsay T C 1992 Science 258 761–6
[17] Block H and Kelly J P 1988 J. Phys. D: Appl. Phys.
21 1661–77
[18] Tao R and Sun J M 1991 Phys. Rev. Lett. 67 398–401
[19] Gamota D and Filisko F E 1991 J. Rheol. 35 399–415
[20] Parthasarathy M and Klingenberg D J 1996 Mater. Sci. Eng. R
17 57–103
[21] Hao T 2001 Adv. Mater. 13 1847–57
[22] Wen W J, Huang X X, Yang S H, Lu K Q and Sheng P 2003
Nature Mater. 2 727–30
[23] Sim I S, Kim J W, Choi H J, Kim C A and Jhon M S 2001
Chem. Mater. 13 1243–7
[24] Zhang J W, Gong X Q, Liu C, Wen W J and Sheng P 2008
Phys. Rev. Lett. 101 194503
[25] Hong C H, Choi H J and Jhon M S 2006 Chem. Mater.
18 2771–2
Jin H J, Choi H J, Yoon S H, Myung S J and Shim S E 2005
Chem. Mater. 17 4034–7
Hyun Y H, Lim S T, Choi H J and Jhon M S 2001
Macromolecules 34 8084–93
[26] Cao J G, Huang J P and Zhou L W 2006 J. Phys. Chem. B
110 11635–9
[27] Wen W J, Huang X X and Sheng P 2008 Soft Matter 4 200–10
[28] Wang B X and Zhao X P 2005 Adv. Funct. Mater. 15 1815–20
[29] Lengalova A, Pavlinek V, Saha P, Quadrat O, Kitano T and
Steiskal J 2003 Eur. Polym. J. 39 641–5
[30] Espin M J, Delgado A V and Plocharski J 2005 Langmuir
21 4896–903
[31] Wang B X, Zhou M, Rozynek Z and Fossum J O 2009
J. Mater. Chem. 19 1816–28
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4. Conclusions
Titanium oxide nanowires and nanorods can be synthesized
by a simple wet chemical method. TiOx nanorods with
highly rough surfaces were obtained by hydrolysis of TBT
with the addition of CTAB as surfactant in an EG solution.
Suspensions of titanium oxide nanowires or nanorods exhibit
a dramatic structuring when submitted to a strong DC electric
field and the particles aggregate to form chain-like structures
along the direction of the applied field. Two-dimensional
SAXS images from chains of anisotropically shaped particles
exhibit a marked asymmetry in the patterns, reflecting the
preferential guided assembly of the particles in the electric
field. The size and shape of the particles play an important
role in the ER activity, therefore controlled modification
of surface roughness may provide a new path for effective
improvement of the ER effect. Guided assembly of specially
shaped nanoparticles, such as rods, tubes, triangles, etc, under
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structures, which have the potential to show a range of
interesting applications.

Acknowledgments
This work was supported by the Research Council of Norway
(RCN) through the NANOMAT Program and the FRINAT
Program. B Wang also gratefully acknowledges financial
support from the Shandong Distinguished Middle-aged and
Young Scientist Encourage and Reward Foundation in China
(2011 BS2011CL016).

References
[1] Goldberger J, Fan R and Yang P D 2006 Acc. Chem. Res.
39 239–48
[2] Armstrong A R et al 2004 Angew. Chem. Int. Edn 43 2286–8
[3] Xia Y N et al 2003 Adv. Mater. 15 353–89
[4] Ma R Z, Sasaki T and Bando Y 2004 J. Am. Chem. Soc.
126 10382–8
[5] Giannakopoulos I G et al 2005 Adv. Funct. Mater. 15 1165–70
[6] Saponjic Z V, Dimitrijevic N M, Tiede D M, Goshe A, Zuo X,
Chen L X, Barnard A S, Zapol P, Curtiss L and
Rajh T 2005 Adv. Mater. 17 965–71
[7] Zhang S et al 2003 Phys. Rev. Lett. 91 256103
[8] Casavola M, Grillo V, Carlino E, Giannini C, Gozzo F,
Pinel E F, Garcia M A, Manna L, Cingolani R and
Cozzoli P D 2007 Nano Lett. 7 1386–95
[9] Cozzoli P D et al 2006 Nano Lett. 6 1966–73
[10] Bavykin D V, Friedrich J M and Walsh F C 2006 Adv. Mater.
18 2807–24

11

