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Abstract In this paper, a novel nanoporous barium tita-
nate (BaTiO;) crystalline powder was synthesized by using
triblock poly(ethylene oxide) (PEO) and poly(propylene
oxide) (PPO) based systems (P-123) as the soft template
via a sol-gel method and their structure-dependent electro
rheological property was studied. The pore diameter and
specific surface area of BaTiO; were precisely controlled
by varing the calcined temperature. The chemical compo-
sition, structure and surface morphology of BaTiO; were
characterized by X-ray diffraction (XRD), thermo gravi-
metric analysis (TGA), and nitrogen adsorption—desorption
method, scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). The result revealed
that the pore volume and specific surface area of BaTiO;
decreased with the increment of calcined temperature. The
electro rheological fluids (ERFs) were obtained by dis-
persing BaTiOj crystallites in silicon oil and three kinds
ERFs were fabricated by using three kinds of BaTiOj;
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which were prepared under different calcined temperature
(550, 600 and 900 °C) as the precursors. The behaviors of
the ERFs were evaluated via a rotational rheometer fixed
with electric field generator. The results showed that
electro rheological effect was related to the pore volume
and specific surface area of BaTiO;. Due to the distinct
advantage of sol-gel method for preparing nanoporous
BaTiO; without contamination of the materials, the
markedly low current destiny of the ERFs was obtained.
The yield stress of ERFs with large specific surface area of
BaTiOj; reached the maximum of 3 kPa, which is higher
than that of ERFs using traditional pure BaTiOj; crystallites
(lower than 1 kPa).
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1 Introduction

Barium titanate (BaTiO3) with excellent dielectric, ferro-
electric and piezoelectric properties have been widely used
in modern electronic devices, such as transducers, dense
ferroelectrics, thin-film electronic components and multi-
layer ceramic capacitor [1-3]. Over the past decade, lots of
works have been reported about the synthesis of BaTiO3
crystalline with different morphologies as: nanotubes,
nanorods, nanowires and nanofibers [4-7]. Mesoporous and
porous materials have important characteristics that they
have possession of large surface areas and nanosize porous
structure [8]. These characteristics make these materials
widely used in photoelectronics, catalystic reactions,
semiconductors, and so on [9, 10]. Thus, much attention
has been focused on the preparation of mesoporous BaTiO3
and studied on their structure-dependent property.
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Up to now, various methods have been developed for
the preparation of mesoporous and porous materials,
including solid-liquid method [11], microwave-assisted
esterification route [12], ultrasound-assisted method [13],
microwave-hydrothermal route [14], polymeric precursor
method [15], hydrothermal method [16], hydrothermal-
electrochemical method [17], a soft-template approach
[18], and sol-precipitation method. However, the reported
preparation routes of porous BaTiO5; were very seldom. For
example, mesoporous BaTiO; was prepared by Hou’s
group using sol-precipitation method [19]. This synthetic
way was very complicated and time-consuming which
limited practical application. Therefore, more methods
should be developed to synthesis BaTiOj3 crystalline
powder with mesoporous nanostructure.

Sol—gel approach, as a classical method, has a lot of
inherent merits with better homogeneity, higher purity, and
lower temperature of preparation. A number of materials,
such as silica, alumina, carbons, TiO, and other metal
oxides [20-23] with mesoporous nanostructure have been
successfully fabricated by using this method. In this work,
considering its various advantages, sol-gel method was
employed to synthesize mesoporous BaTiO; crystalline
powder by using P-123 as a block copolymer template, for
its attractive advantage of lower cost, lower toxicity, and
ease of template removal [24]. To the best of our knowl-
edge, this is the first report about the preparation of mes-
oporous BaTiO5 by using P-123 as a template.

Additionally, BaTiO; has a high dielectric property,
which is suitable for fabrication of electrorheological flu-
ids (ERFs). ERFs are composed of dielectric particles
from nano-sized to micro-sized suspended in insulating
medium. The typical feature of ERFs is that apparent
viscosity can be experienced a rapid, reversible change by
applying an external electric field. That can be defined by
using the formula as follows: ng = 1y + Anp =5y + t8/7
(ng is the apparent viscosity with applying an external
electric field, 5, is the apparent viscosity in the absence of
electric field strength, Az is the viscosity which caused by
applying external electric field, tg is the shear stress, y is
shear rate), As a result of the ability to control the
apparent viscosity electrically, ERFs are considered to
have many potential applications in the field of industry,
such as: clutches, dampers, valves, seismic resistance and
so on [25-27]. Consequently, more work should be done
on the synthesis of BaTiO; material with high dielectric
property for they are considered as a potential candidate of
the new high-performance ER material. In this study,
besides obtaining a novel type of nanoporous BaTiOj
material, we also investigated the properties of ERFs
based on nanoporous BaTiO; crystallites with different
morphology structure.

2 Experimental
2.1 Materials

Tetrabutyl titanate (TBT, >98%), acetic acid (CH;COOH),
barium acetate (Ba(Ac),), silicone oil were purchased from
Sinopharm Chemical Reagent Company (Shanghai,
China). Poly(ethylene glycol)-block-poly(propylene gly-
col)-block-poly(ethylene glycol) (P-123) was obtained
from Sigma-Aldrich incorporation (St. Louis, USA). All
chemicals were of analytical grade and used without fur-
ther purification. Doubly deionized water was used through
all the processes.

2.2 Synthesis of nanoporous BaTiO;

Mesoporous BaTiOj; particles were synthesized by sol-gel
process using P-123 as a template. In a typical synthesis,
Ti(OBu), (0.05 mol) was firstly dissolved in glacial acetic
acid (10 mL) at room temperature 25 °C as solution 1.
Then, Ba(Ac), (0.05 mol), ethyl alcohol (10 mL) and H,O
(2 mL) were dissolved in glacial acetic acid (30 mL) as
solution 2. These two solutions were mixed together to
prepare the precursor of BaTiO3 under magnetic stirring for
1 h, the temperature was increased to 80 °C while a gel-
like product was obtained. Finally, BaTiO; powders were
successfully achieved by treating the gel-like product under
550, 600, and 900 °C for 2 h, respectively.

2.3 Preparation of nanoporous BaTiO; ER suspensions

Prior to the preparation of ER suspensions, the silicone oil
(dielectric constant (¢r) = 2.60-2.80, density = 0.975 g/cm3,
viscosity = 500cPs, temperature = 25 °C) was first dried at
100 °C to remove the H,O 2 h, then as-prepared BaTiO; at
different calcined temperature (550, 600 and 900 °C) were
dispersed in silicone oil by ball milling, respectively. The
milling process was sustained for 24 h. Finally, three kinds
of white ER suspensions under different calcined tempera-
ture’s BaTiOj; particles (550, 600 and 900 °C), with the same
volume fraction of 30% were collected for further
characterization.

2.4 Characterization

Thermal behavior of the gel (BaTiO3) was examined by
thermogravimetric analysis (DTG-60H, Japan) under air
atmosphere. The heating rate and flow rate is 5 °C/min and
50 mL/min, respectively. The nitrogen (N,) adsorption/
desorption isotherms at about 77 k were studied dispending
Micromeritics, ASAP 2020 M system. In the first step, the
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particles must be degassed at 350 °C under vacuum for 5 h,
and then, the specific surface area was calculated by Bru-
nauer-Emmett-Teller (BET) method and the range of a
P/P is changed from 0.06 to 0.20. X-ray diffraction (XRD)
patterns were obtained by a Rigaku diffactometer
(MXPAHF, Japan) with CuK,radiation (4 = 0.15406 nm).
The scanning rate of the diffactometer is 8°/min. The
measurement was carried out by a generator with a voltage
of 40 kV and a current of 100 mA. The morphology of the
powders was observed with a scanning electron micros-
copy (SEM, Sirion 200, Holland) operating at 5 kV. The
microstructure of the particles was investigated by a
transmission electron microscopy (TEM, JEM-2100F,
Japan). A rotational rheometer (Physica, MCR 301, Anton
Paar, Austria, the gap between the outer barrel and the
inner probe was 0.42 mm) with the ER HVS/ERD180 and
CC10-E accessory were used to measure the rheological
characteristics of the ERF, where the ERF was placed into
the barrel in between the two concentric circles. The
rotational rheometer equipped with a temperature control
accessory Physica VT2 was used to measure the tempera-
ture dependence of shear stress.

3 Results and discussion

3.1 Synthesis and characterization of nanoporous
BaTiO3

In our system, porous BaTiO3; material was synthesized by
using an improved sol-gel approach. Figure 1 shows the
TGA-DTA curve of the BaTiO3 wet gel and Fig. 2 shows
the XRD patterns of the BaTiOj; crystalline powder syn-
thesized at diffrent calcinations temperature respectively.
As is shown in Fig. 1, within the range of 40-160 °C, the
weight loss was approximately 41.73% in the TGA curve,
in the meanwhile, two endothermic peaks at 79 °C and
139 °C in the DTA curve can also be found because of the
dehydration and evaporation of ethanol, acetic acid and
water [28]. The weight loss at 160-320 °C was about
21.62% in the TGA curve related to an exothermic peak at
272 °C in the DTA curve. It can be explained by the oxi-
dizing combustion of butoxy in the gel [3, 29], with the
range of 320-450 °C, the weight loss was about 8.83% in
the TGA curve, as well as an exothermic peak at 368 °C in
the DTA curve is attributed to the decomposition of P-123
block [30]. The XRD results were well agreed with the
above analysis. The XRD curves in Fig. 2 show that the
TiO, and BaCOj; phases are appeared and the broad peak of
P-123 block is disappeared at 450 °C. In the TGA curve,
the weight loss at 450-650 °C is about 2.09%, owing to the
formation of BaTiOj; and the release of CO, by the reaction
between BaCOj3 and TiO, [31]. Corresponding to the XRD
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Fig. 1 TGA and DTA curves of BaTiO; gel

curves at 550 and 600 °C, the presence of diffraction peaks
can be used to evaluate the structural order at long rang
[32]. BaTiO; phase was confirmed by comparing XRD
patterns with the respective Joint Committee on Powder
Diffraction Standards (JCPDS) card No. 05-0626. All the
diffraction peaks are related with tetragonal structure,
although, a small BaCO; phase can also be found. After
650 °C, no weight loss is found in Fig. 1 related to XRD
patterns at 900 °C, which indicated that the well-crystal-
lized and pure BaTiO; phase is formed.

Figure 3 shows the nitrogen adsorption/desorption iso-
therms and BJH pore size distributions (inset) of nano-
porous BaTiO; samples calcined at 550, 600 and 900 °C,
respectively. All three curves show a single and narrow
hysteresis loop. These may be because of the special one-
end open shape of the pore structure creating the similar
initial pressure of evaporation and capillary condensation.
The similar experimental results were found in reference
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Fig. 3 The nitrogen adsorption/desorption isotherms and BJH pore
size distributions (inset) of nanoporous BaTiO; samples under
different calcined temperature

Table 1 Porosity and grain size of BaTiO; prepared under different
calcined temperature

T (°C) Sggr (mz/g) Vi (cm3/g) Pore size (nm) Grain size (nm)

550 18.8 0.10 29.2 83
600 17.1 0.04 >50 134
900 5.60 0.02 >50 200

[19]. The BET specific surface areas and total pore vol-
umes are calculated using Brunauer-Emmett-Teller (BET)
equation, however, the pore diameters which were calcu-
late using Barrett-Joyner-Halenda (BJH) method from
desorption branches of isotherms. Furthermore, the BET
specific surface areas (Sggr), total pore volumes (V,), and
the pore diameters of the porous BaTiOj; at different cal-
cined temperature are summarized in Table 1. We can
conclude from table 1 that with the rising of the tempera-
ture, the BET specific surface areas are declined from 18.8
to 5.6 m*/g and the total pore volumes are reduced from
0.10 to 0.02 cm®g. When the calcined temperature is
550 °C, the pore size is pecked at 29.2 nm which is less
than 50 nm corresponding to the inset in Fig. 3. Thus, we
can conclude that the BaTiO5 sample calcined at 550 °C is
a mesoporous material and the mesoporous structures can
be observed (arrows point to) from Fig. 5a. However, when
the calcined temperature are at 600 and 900 °C, the pore
diameters are both higher than 50 nm (inset in Fig. 3) and
the porous structures can not be noticed apparently from
Fig. 5b, c. This may be due to the aggregation of the par-
ticles resulting from the forming of compact aperture.

Fig. 4 The surface morphology of nanoporous BaTiO; under differ-p

ent calcined temperature (a 550 °C, b 600 °C, ¢ 900 °C) viewed by
SEM, respectively
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«Fig. 5 The microstructure of nanoporous BaTiO; under different
calcined temperature (a 550 °C, b 600 °C, ¢ 900 °C) viewed by TEM,
respectively

The morphologies and microstructures of nanoporous
BaTiOj; particles were further characterized by SEM and
TEM images, respectively (Figs. 4, 5). From Fig. 4a—c, we
can find that all the particles present an agglomerate nature.
Furthermore, the particles growth was suppressed with the
temperature decreased. The reason probably can be
explained that the agglomerate nature of the particles can
be related to the residual organic compounds during the
pyrolysis process [33]. Figure 5 shows the high resolution
TEM image of the BaTiOj particles which were synthe-
sized by different temperature and the grain sizes of
as-prepared BaTiO; were also summarized in Table 1. It
can be seen from Fig. Sa—c that the grain sizes are
increased from 83 to 200 nm with the calcined temperature
increases, which are consistent with the SEM analysis.

3.2 Electrorheolegical properties of as-prepared
nanoporous BaTiO;

The Electrorheolegical properties of as-prepared porous
BaTiO; samples were also investigated in this study. The
flow curves of the yield stress versus electric field strength
for 30 vol% ER fluids containing different particles (cal-
cined at 550, 600, and 900 °C, respectively.) are shown in
Fig. 6. The related current densities are shown in the small
inset. We can manifest from the results that with the cal-
cined temperature of particles increases, the electrorhe-
ological effect is increased. Thus, the ER fluid exhibited
the highest ER effect at 550 °C, while the lowest ER effect
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Fig. 6 The yield stress measured as a function of electric field
strength for 30 vol% ER fluids containing different particles:
nanoporous BaTiO3 550 °C (a), 600 °C (b), 900 °C (c). The current
densities related to those samples are shown in the small inset
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Fig. 7 Flow curves of the shear stress a and viscosity b versus shear
rate for 30 vol% ER fluids containing different particles (calcined at
550, 600, and 900 °C, respectively.) at the same electric fields with
2 kV/mm

at 900 °C. At the electric field of E = 2.5 kV/mm, the
yield stress was up to about 3 kPa. The effect of the tem-
perature on the ER effect may be due to the particles with
the larger surface area at low calcined temperature. The
oleophilic of particles with silicone oil is improved. It can
be concluded that larger surface area induces larger wet-
tability resulting in higher ER activity [34]. The inset also
indicates that the related current densities are very low,
which implies that low current densities are very critical for
electrorheological fluid [29]. The lower the current densi-
ties, the better the ER activity.

Figure 7 shows the flow curves of the shear stress (a) and
viscosity (b) versus shear rate for 30vol% ER fluids con-
taining different particles (calcined at 550, 600, and 900 °C,
respectively.) at the same electric fields with 2 kV/mm. As
is shown in Fig. 7a, the shear stress decreases distinctly in
the low shear rate region. The shear stress of the suspension
increases with the shear rate in the high shear rate region
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Fig. 8 The dynamic yield stress versus electric field strength for
30 vol% ER fluids containing particles calcined at different
temperature

(>1 s7"). It can be seen in Fig. 7b that the shear viscosity of
the ER fluids containing particles calcined at 550 °C is
higher than that of other ER fluids in the entire shear rate
range. Furthermore, when the shear rate is above 1/s, i.e.,
7> 1 s~!. ER fluids exhibit shear thinning behavior, sim-
ilar to common ER suspensions [34, 35].

For further characterizing ER effect, a Bingham model
was used to find the electric field-dependence of dynamic
yield stress. Figure 8 is the variation of the dynamic yield
stress (ty) with the external electric field (E). Three plots
reveal that the relationship between dynamic yield stress
and the electric field strength can be described as 7, oc E*.
The o values of the ER fluids containing particles calcined
at 550, 600, and 900 °C are 0.35, 0.16, 0.29, respectively,
which is different from electrostatic polarization model
[36]. This may be due to the irregular particle shape and the
broad particle size distribution, which can be observed
through SEM, TEM, in Figs. 4 and 5.

4 Conclusion

In this study, a novel nanoporous BaTiO3 with crystalline
structure was obtained by sol-gel method. Nitrogen
adsorption—desorption method, SEM and TEM indicated
that the particles possess a porous structure with a specific
surface area. And the TGA-DTA curve demonstrated
the formation temperature of the particles. Furthermore, the
electrorheological activities of these were studied and the
influence of special surface area on the electrorheological
effect was also discussed. The results of the study showed
that the ER suspension exhibited better ER properties with
low current density and the electrorheological effect were
improved with the special surface area increasing. The ER
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effect of the ERFs with nanoporous BaTiOj calcined at
550 °C was several times higher than that of ERFs with
particles calcined at 900 °C. The increasing of the ER
effect was attributed to the better wettability and thus the
study can help for designing new high-performance ER
materials.
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