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ABSTRACT: This paper concerns the preparation of novel
electrorheological (ER) materials using microwave-assisted
synthesis as well as utilizing a suitable shell-providing system
with enhanced ER performance. Lithium titanate nanoparticles
were successfully synthesized, and their composition was
confirmed via X-ray diffraction. Rheological properties were
investigated in the absence as well as in the presence of an
external electric field. Dielectric properties clarified the
response of the particles to the application of an electric
field. The urea-coated lithium titanate nanoparticle-based
suspension exhibits higher ER performance in comparison to
suspensions based on bare particles.
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1. INTRODUCTION

Electrorheological (ER) suspensions are generally two-phase
systems consisting of polarizable particles suspended in an
insulating carrier liquid, mostly silicone oil. Such particles are
able to create induced dipoles and to form internal chainlike
structures after the application of an external electric field. Such
structure development results in the transition from a liquid to
solid-like state connected to a viscosity increase of several
orders of magnitude.1−8 Hence, ER suspensions have been
increasingly applied to the smart control of intelligent as well as
conventional devices, such as shock absorbers, clutches, and
other applications.9−11

Commonly, the dispersed phase is represented by conduct-
ing polymers12−18 or inorganic particles.19−23 In the case of
inorganic particles, many researchers have focused on the
synthesis and ER investigation of titanate-based ER suspen-
sions.24−27 Titanates are preferred due to their high relative
permittivity and nanoparticle size contributing to enhanced ER
efficiency and substantially improved sedimentation stabil-
ity.27,28

Titanates are mostly prepared by solvothermal synthesis
using strong solvents, and reaction times are in the order of
hours or days.24,26 Such procedures are considerably time-
consuming and harmful to the environment. On the other
hand, molten-salt microwave-assisted synthesis provides a
possible way to prepare suitable particles for ER suspensions
due to the short reaction times and solvent-free and thus
environmentally friendly procedure.29,30 It has been demon-
strated that, by using a molten-salt synthesis, the particle size
depends on the temperature and reaction time.31,32 Usually, the

particle size increases with prolonging synthesis time and
increasing synthesis temperature.
Hence, this study is focused on the synthesis of lithium

titanate (Li-titanate) nanoparticles from titanium dioxide (TiO2
anatase) nanoparticles via molten-salt microwave-assisted
synthesis. The synthesis time was chosen to prepare nano-
particles, since nanoparticles exhibit higher sedimentation
stability than micron-sized particles. Moreover, the prepared
particles were coated with urea to improve ER performance.
Then the rheological properties of the anatase, Li-titanate, and
urea-coated Li-titanate-based ER suspensions were investigated
in the absence and presence of an external electric field. The
interfacial polarization mostly responsible for the ER effect was
then evaluated through a dielectric property examination.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Lithium Titanate Nanoparticles. Li-titanate

particles were prepared by molten-salt synthesis without the use of any
solvent. A mixture of reactants, that is, 1 g of TiO2 anatase, 2.47 g of
lithium chloride, and 1.53 g of lithium carbonate (all purchased from
Sigma-Aldrich, USA), was homogenized in a mortar and inserted into
a corundum crucible. The filled crucible was placed into a special
ceramic kiln, the inner walls of which were coated with graphite. Then
the kiln was put into a common domestic microwave oven working at
frequency 2.45 GHz and a maximum power of 750 W. The reacting
mixture was treated for 20 min at maximum power and then allowed
to cool to room temperature inside the closed ceramic kiln. Then, the
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obtained compact solid product was rinsed with demineralized water,
removed by filtration, and then washed with demineralized water
again. The product was labeled as Sample 1 (S1) and then dried in an
oven under vacuum at 60 °C to a constant weight.
2.2. Treatment of S1 Particles in Urea Solution. The prepared

S1 particles (1.5 g) were immersed in 50 mL of demineralized water at
45 °C. After 1 h, 1.5 mL of 10 wt % aqueous solution of urea (Sigma-
Aldrich, USA) was added. The mixture was stirred for another 16 h.
Subsequently, the suspension was filtered and rinsed with deminer-
alized water. The obtained particles were dried in a vacuum oven at 60
°C to a constant weight. These particles were then labeled as Sample 2
(S2).
2.3. Characterization of Prepared Nanoparticles. The

morphology and dimensions of the particles were observed using
transmission electron microscopy (TEM; Tesla 500, Czech Republic).
The chemical composition of the prepared titanate particles was
characterized with the use of X-ray diffraction (XRD) analysis. The
diffraction pattern of the prepared material was examined using an X-
pert PRO (Phillips, The Netherlands) diffractometer with a Cu Kα1
radiation (λ = 0.154 nm) and a scanning rate of 4 min−1 in an angle
range of 10−95° 2θ. To confirm the presence of urea in the S2 and to
determine its amount, Fourier transform infrared spectra were
measured via the ATR method with a diamond crystal in a range of
4000−500 cm−1 on a Nicolet 6700 (Nicolet, USA). A thermogravi-
metric analysis (TGA; TGA Q500; TA Instruments, USA) was also
made. The TGA measurement was performed at a heating rate of 5 °C
min−1 from 25 to 400 °C under a nitrogen atmosphere.
TEM images (Figure 1a−c) show agglomerates of (a) the precursor

material TiO2 anatase, (b) the prepared S1, and (c) the prepared S2.
The particles possess a spherical shape with a diameter in the range
between tens of nanometres to 150 nm indicating that samples S1 and
S2 belong to the group of nanoparticles. It can be seen that the
prepared S1 and S2 particles have similar dimensions to those of the
TiO2 anatase particles.
On the basis of a comparison with the ICDD PDF-2 database, the

prevailing crystallographic phase present in the sample was identified
as Li2TiO3 (Figure 2). The compound Li2TiO3 crystallizes in three
structural modifications, cubic α-Li2TiO3 (space group Fm3̅m), which

is metastable and above 300 °C transforms irreversibly into the
monoclinic β-Li2TiO3 (space group C2/c). The monoclinic phase is
stable in a wide temperature range up to 1150 °C, after which cubic γ-
Li2TiO3 (space group Fm3̅m) occurs. The diffraction patterns of the
monoclinic and cubic crystallographic phases contain several peaks
presented in the same position; however, the complex character of the
diffraction pattern of S1 presented in Figure 2 contains diffraction
peaks in the range of 2θ angles from 20 to 24°, which are specific just
for the monoclinic phase and thus indicate the presence of this phase
in the prepared material. This can also be supported by the fact that
the temperature of synthesis is assumed to be in the range of ∼600−
800 °C, in which the monoclinic phase is stable.

In Figure 3, the FTIR spectra of the bare S1 particles and also the
particles after urea coating can be seen. The particles before coating

(S1) exhibit typical stretching vibrations for −OH groups at 3200
cm−1 and typical vibrations at 1421 and 858 cm−1 and lower for TiO3
bands.33 Further, in the case of urea-modified particles (S2), the
typical N−C−N asymmetric and symmetric stretching vibrations at
1421 and 1021 cm−1 are presented, respectively. Also the CO
stretching and N−H bending appear at 1670 and 1570 cm−1.34 The
broad band at 3192 cm−1 can be attributed to the N−H stretching
and/or O−H stretching in adsorbed water. The broadening of this
peak can be also assigned to the enhanced interaction of the S1 with
urea by hydrogen bonding, as was also observed by Cheng et al.35

The presence of urea on the surface of S1 after its treatment was
also confirmed by TGA. The TGA curve for S2 (Figure 4) exhibits a
similar shape to the curve obtained for pure urea.36 The highest mass
loss was observed in the temperature region of ∼150−260 °C. By
TGA analysis, it was confirmed that the amount of urea present in S2
was 1.86%. The first step may be attributed to the partial
decomposition of urea to isocyanic acid and ammonia. The less-
developed peak in differential TGA and the low loss of mass above the
temperature 260 °C represents residual byproducts of urea
decomposition like ammelide or cyanuric acid. The further decrease

Figure 1. TEM images for (a) TiO2 anatase, (b) S1, and (c) S2 particles.

Figure 2. Powder XRD pattern of synthesized S1 particles.

Figure 3. FTIR spectra for S1 (a) and S2 (b).
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in mass represents the decomposition of cyanuric acid.36 It is also seen
that bare S1 particles are stable up to 400 °C, and the mass change is
significantly smaller in comparison with S2.
2.4. Preparation of Electrorheological Suspensions. The

prepared particles were dried in a vacuum oven at 60 °C for 24 h.
Subsequently, ER suspensions of concentration 5, 10, and 15 wt %
were prepared by mixing the dried particles with silicone oil (Lukosiol
M200, Chemical Works Koliń, Czech Republic, viscosity ηc = 194 mPa
s, conductivity σc ≈ 10−11 S cm−1), which were then dried under the
same conditions. The suspensions were stirred manually for 5 min and
then sonicated for 1 min before each measurement.
2.5. Electrorheological Measurements. Steady shear measure-

ments in controlled shear rate mode were carried out using a Bohlin
Gemini rotational rheometer (Malvern Instruments, U.K.) with
parallel plate geometry 40 mm in diameter and a gap of 0.5 mm. A
DC TREK 668B high-voltage source (TREK, USA) was used for the
generation of external electric fields of strength 0−3 kV mm−1. Before
each measurement, and the suspension was sheared for 60 s at a shear
rate of 40 s−1 to destroy residual chainlike structures. In the case of
measurements in the presence of an electric field, the electric field was
applied for 60 s before shearing to provide enough time for particles to
create organized structures within the suspensions.
2.6. Dielectric Properties. Dielectric properties of prepared

suspensions were measured with an impedance analyzer (4294A,
Agilent Technologies, Japan) connected to a cell for liquid materials
(16482A, Agilent Technologies, Japan). Dielectric properties such as
relative permittivity, ε′, and dielectric loss factor, ε″, were investigated
in a frequency range from 60 Hz to 2 MHz. Dielectric spectra were
analyzed using the Havriliak−Negami (H−N) model37

ε ω ε ε
ω

* = ′ + Δ ′
+ ·∞ i t

( )
(1 ( ) )a bHN

rel (1)

where Δε′ = ε′s − ε′∞ is the dielectric relaxation strength, ε′s and ε′∞
are the relative permittivities at zero and infinite frequency f,
respectively, ω is the angular frequency (=2πf), trel is the relaxation
time, and a and b are shape parameters describing the asymmetry of
the dielectric function.
2.7. Optical Microscopy. Suspensions consisting of 1 wt % of

particles in silicone oil were placed between two copper electrodes
deposited on a glass (gap of 1 mm) connected to a DC high-voltage
source (Keithley 2400, USA). The formation of ER structures was
observed with the help of an optical microscope (N 400M, China)
linked to a digital camera.

3. RESULTS AND DISCUSSION
3.1. Electrorheological Properties. The ER performance

of 5 wt % suspensions based on TiO2 anatase and S1 was

investigated in the absence and in the presence of an electric
field. As can be seen in Figure 5, the suspensions exhibit

Newtonian behavior in the absence of an electric field, and their
field-off viscosity is similar. However, in the presence of an
electric field of a strength of 3 kV mm−1, the S1-based
suspension shows a higher yield stress than the anatase-based
suspension due to the increased polarizability of the S1
particles. At shear rates above 10 s−1, the shear stress of both
suspensions started to exhibit values regardless of whether the
external electric field is applied or not (Figure 5). The values of
shear stress of ER suspensions in the presence of external
electric field are determined by the ratio of electrostatic and
hydrodynamic forces. Since the loading of the suspensions is
only 5 wt %, the electrostatic forces are weak, and
hydrodynamic ones start to dominate over them at quite low
shear rates. Similar values of shear stress were then obtained
due to similar particle size of both suspensions. Very similar
behavior has been observed with an ER suspension based on
particles of low conductivity.38,39

Because of the increased yield stress, the S1 sample seems to
be a more promising material for a highly effective ER fluid in
comparison with the TiO2 anatase. These findings were also
confirmed via observation of the structure development under
the application of an external electric field (see Section 3.3,
Structure Development under DC Electric Field). The S1
particles were therefore further treated in urea solution to
improve the ER performance of their silicone oil suspensions.
Figure 6 shows the ER performance of suspensions

containing various concentrations of S2 particles. The
suspension containing 5 wt % particles behaves as a Newtonian
fluid in the absence of an electric field and exhibits higher yield
stress at the same electric field strength than the suspension
based on S1 particles in Figure 5. Thus, the introduction of a
polar layer on the surface of S1 led to an increase in the ER
effect of the suspension. The suspensions based on 10 and 15
wt % particles behave rather like pseudoplastic fluids than
Newtonian ones in the absence of an electric field. However,
upon the application of an external electric field strength of 3
kV mm−1, both begin to act as Bingham fluids exhibiting
considerable high-yield stresses. The higher particle concen-
tration in the suspensions led to a significant increase in the ER
effect of these suspensions; the particles were able to create

Figure 4. TGA analysis of S1 (dashed line) and S2 (solid line)
samples. Figure 5. Dependence of shear stress τ on shear rate γ ̇ for 5 wt % ER

suspensions based on TiO2 anatase and S1 particles in the absence (○,
△) and in the presence (●, ▲) of an external electric field of a
strength of 3 kV mm−1.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am508471f
ACS Appl. Mater. Interfaces 2015, 7, 3725−3731

3727

http://dx.doi.org/10.1021/am508471f


stiffer and tougher chainlike structures than in the case of
suspensions with a low loading of the particles.

It was proposed that the log−log dependence of the yield
stress on the electric field strength (Figure 7) obeys the power
law

τ = × αq E (2)

where q represents the rigidity of the internal structures created
upon the application of the electric field, and the value of
parameter α should be within the range of 1.5−2 for well-
developed structures.40,41 However, since it is complicated to
exactly determine the yield stress, the values of shear stress at a
very low shear rate of 0.1 s−1 were taken for this evaluation. In
the case of suspensions based on 15 and 10 wt % S2 particles,
their α parameters possess values of 1.87 and 1.70, respectively.
This indicates better-developed structures upon application of
the external electric field for the higher-loaded suspension.
Thus, the increased amount of polarizable particles leads to the
creation of a stiffer system exhibiting a higher ER effect. For the
suspension based on 5 wt % S2 particles, the α parameter is

only 1.15, which corresponds well with the low ER effect of this
suspension.
From the application point of view, the difference between

viscosity in the presence of an external electric field ηE and
viscosity in the absence of an electric field η0 is of high
importance. This difference is embodied in the formula of ER
efficiency e, where

η η η= −e ( )/E 0 0 (3)

Figure 8 shows the dependence of ER efficiency on the shear
rate for the S2 sample suspensions. Despite the highest field-off

viscosity, the suspension based on 15 wt % S2 particles exhibits
the highest ER efficiency together with the suspension based on
10 wt % S2 particles. However, it can be seen that at higher
shear rates than 10−1 s, a higher efficiency for the suspension
based on 15 wt % S2 particles is observed. This is a
consequence of the changes in the field-off viscosity with
increasing shear rates. The higher-loaded suspension behaves
more like a pseudoplastic fluid; thus, its viscosity is significantly
higher than the viscosity of the suspension containing 10 wt %
S2 particles. However, at shear rates higher than 10−1 s, the
difference significantly decreases and is similar for both
suspensions, which leads to the higher efficiency of the
suspension based on 15 wt % S2 particles due to its higher
ER effect. The suspension based on 5 wt % S2 particles, which
possesses the lowest field-off viscosity, exhibits also the lowest
ER efficiency. This corresponds well with its ER effect (lower
by more than 1 order of magnitude) in comparison with both
higher-loaded suspensions. It can also be assumed that a further
increase in the concentration of S2 particles in the suspensions
would not lead to an ER fluid with higher ER efficiency owing
to the high increase of field-off viscosity.

3.2. Dielectric Properties. Generally, interfacial polar-
ization is mostly responsible for the formation of the internal
structures in the ER suspensions.42−45 In the dielectric spectra
(Figure 9), the presence of the relaxation peaks of both S1 and
S2 5 wt %-based suspensions can be clearly seen. From an
investigation of these spectra by an H−N model fit, the
suitability of the synthesized S1 and S2 nanoparticles as
dispersed phases in ER suspensions can be evaluated. The
parameters of H−N model fits are shown in Table 1. Relaxation
time trel and dielectric relaxation strength Δε′ are the most
important. Here the relaxation time reflects the rate of the

Figure 6. Dependence of shear stress τ on shear rate γ ̇ for the ER
suspensions based on the various concentrations of S2 in the absence
(△, □, ▽) and in the presence (▲, ■, ▼) of an external electric field
of a strength of 3 kV mm−1.

Figure 7. Values of the shear stress obtained at the shear rate 0.1 s−1 vs
the electric field strength for the ER suspensions based on various
concentrations of S2.

Figure 8. Dependence of the ER efficiency e on the shear rate γ ̇ for the
ER suspensions based on the various concentrations of S2.
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interfacial polarization, which is on the same level for both
investigated systems. However, dielectric relaxation strength as
a measure of the electrostatic interactions between particles is
two times higher for the S2-based suspension. Hence, the
introduction of polar urea groups on the surface of S1 provides
particles with higher polarizability, and their suspensions exhibit
enhanced ER performance.
3.3. Structure Development under Direct Current

Electric Field. To properly investigate the internal structure
formation under the presence of an external electric field, the

micrographs of structures (Figures 10 and 11) were analyzed.
Since the small particles with high surface areas possess high
surface energy, they tend to join together in bigger
agglomerates; therefore, it was possible to investigate their
structure by optical microscopy. The small amount of the
original TiO2 anatase agglomerates is randomly dispersed in the
absence of an external electric field (Figure 10a). After the
application of the external electric field of 1.5 kV mm−1, the
TiO2 anatase agglomerates are concentrated around the
electrodes, and only large agglomerates developing defective
structures are partially oriented (Figure 10b). On the other
hand, S1 small agglomerates randomly dispersed in silicone oil
in the absence of an external field (Figure 11a) are able to
create considerably better-developed internal structures after
the application of the same electric field strength (Figure 11b).
Created agglomerates form visible chainlike internal structures
and consequently provide enhanced ER activity well-reflected
in the rheological behavior. The highest ER activity was
observed for the suspension based on S2. The particles are also
randomly dispersed in the silicone oil in the absence of an
external electric field (Figure 12a). However, after its
application the particles undergo a transition to highly
organized, oriented, chainlike structures in the direction of
the applied electric field (Figure 12b). The resulting structures
are obviously better formed than in the previous cases due to
their enhanced dielectric relaxation strength. Therefore, the
suspension based on S2 exhibits the highest ER effect among
these suspensions.

■ CONCLUSIONS
In this paper the simple and fast preparation of lithium titanate
nanoparticles via microwave-assisted molten-salt synthesis was
presented. To improve the behavior of the bare lithium titanate
nanoparticles under applied external electric field, these
particles were coated with urea. It was observed that a
suspension based on urea-coated particles exhibits a higher
yield stress in 2 orders of magnitude in comparison to the bare
ones. With higher particle concentration in the suspensions,
higher ER effect was exhibited. While the relaxation times of the
suspensions were nearly the same for both, the dielectric
relaxation strength was 2 times higher for the suspension based
on urea-coated particles than for the suspension based on the
bare ones. This explains the increased ER effect of the
suspension based on urea-coated particles. Optical microscopy
observation provides images well-corresponding with the
previous ER findings and consequently shows the suitability
of the presented method for the preparation of electrically

Figure 9. Frequency dependence of relative permittivity ε′ (a) and
dielectric loss factor ε″ (b) for 5 wt % silicone oil ER suspensions.
Solid lines represent the Havriliak−Negami model fit.

Table 1. Parameters of the Havriliak−Negami Model Fit for
the 5 wt % Suspensions of S1 and S2 Nanoparticles

sample name ε′s ε″∞ Δε′ trel [s] a b

S1 3.01 2.91 0.10 1.15 × 10−3 0.66 0.59
S2 3.11 2.91 0.20 1.49 × 10−3 0.61 0.68

Figure 10. Optical microscopy of a 1 wt % silicone oil suspension of TiO2 anatase nanoparticles under various electric field strengths E (kV mm−1):
(a) 0, (b) 1.5.
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polarizable particles from TiO2 anatase nanoparticles for novel
ER suspension.
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