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Abstract

The effect of dispersant on deposition mechanism of TiO, nanoparticles at 1 Hz under non-uniform AC fields was investigated. It was found that
by adding Dolapix to suspension, deposition pattern is drastically changed enabling particles to enter the gap leaving the electrodes intact. Using
low frequency AC electrophoretic deposition technique in the presence of dispersant, we succeeded in fabricating gas sensor in less than 2 min. Gas
sensing measurements were performed in the temperature range of 450-550 °C. The results explained that the sensor has good stability in time and
repeatability performance toward high response. The maximum sensitivity of about 180 for the TiO, nanoparticles sensor is observed with 47 ppm
NO, gas and the response and recovery times is about 60-150 s. The optimum temperature of the gas sensor was obtained in 450 °C where sensor
showed a linear trend up to 50 ppm of NO, gas. This sensing behavior in un-doped TiO, as NO, sensor can be mainly ascribed to the porous

structure of the sensing film and its good contacts to the substrate and electrode assembly.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Detection of toxic and pollutant gases generated by factories
and cars such as NOy, CO, H, and CH, is a considerable subject
for monitoring and controlling industrial processes and
environmental applications [1]. Semiconductor gas sensors
based on metal oxides in comparison to other chemical gas
sensors are more attractive due to their high sensitivity to toxic
gas and less price [2]. Among the wide variety of metal oxides
such as ZnO, In,03, SnO, and WO3;, TiO, is a good choice for
the fabrication of high temperature gas sensors. TiO; is an n-
type metal oxide semiconductor with a band gap of about
32eV [3]. It is chemically and thermally stable at high
temperatures [4].

The origin of gas sensing is based on the interaction of
sensing material with gas molecule and changes of electrical
resistivity of material due to chemisorptions of gas molecules
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on the sensing material surface [5]. Therefore, according to this
sensing mechanism, the surface of the material would play a
key role. In this regard, the different sensor fabrication methods
are used to achieve higher surface area and consequently gas
sensors with better performance.

Among the wide variety of sensor fabrication methods, low
frequency AC electrophoretic deposition (LFACEPD) [6-9] is a
method with high potential for controlled deposition of
nanomaterials and meanwhile a simple reproducible way for
the manipulation of ceramic nanoparticles. While in DC non-
uniform electric fields particles move along the electric field
lines in one direction towards the opposite electrode, AC fields
offer a chance for the reversal of particles direction in each
cycle [10].

While at high frequencies the dielectrophoresis force caused
by the electric field gradient is responsible for particles
movement, at low frequencies oscillatory columbic force is the
dominant force acting on the charged particles making them
migrate along the electric field lines in each cycle [11].
However, at low frequencies such as 1 Hz, contrary to what is
expected, the net movement of particles is not zero and they
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have been observed to deposit on both electrodes and finally
filling the inter-electrode gap. Hence, the deposition rate as well
as the obtained layer microstructure is expected to be highly
dependent on the ability of the medium to bear charge on the
surface of the particles.

Dolapix CE 64 is an electrostric polyelectrolyte dispersant
which has been used to successfully disperse the ceramic
particles such as alumina [12], zirconia [13], silicon nitride
suspensions [14] and cordierite-based glass ceramics [15] in
aqueous media. In this study, we investigated the effect of
Dolapix CE 64 addition to an organic media (acetone) on the
deposition behavior of TiO, nanoparticles at 1 Hz. Subse-
quently, using the LFACEPD method a TiO, gas sensor was
fabricated in a short time interval and its response in the
presence of NO, gas was studied.

2. Experimental
2.1. Materials and characterization

The TiO, nanopowder which was used in the present
research was P25 purchased from Deggusa Company. Powder
morphology was investigated by SEM (SEM, Cambridge-
S360) and its crystal structure was determined by XRD
(PHILIPS-PW3710, Bragg—Brentano geometry, Cu K,; X-ray
source, wavelength 1.5406 A, 20-85°). This powder was used
for electric-field assisted deposition after preparation of a stable
suspension which is suitable for ACEPD. A commercial
polyelectrolyte Dolapix CE 64 purchased from Zschimmer and
Schwarz GmbH Co., Germany, was used as dispersant. For this
purpose, 12 g/l solution of Dolapix CE 64 in distilled water was
prepared. A 0.3 g/l TiO, suspension in pure acetone (Merck
Art. #12) was prepared and three drops of the diluted Dolapix
solution was added to the suspension. At the next step, the
suspension was ultrasonicated for 15 min to break up the
agglomerates. For comparison, a dispersant free TiO, suspen-
sion was prepared using the same procedure. Both suspensions
were characterized by measuring the Zeta potential of TiO,
nanoparticles by Malvern Zetasizer (3000 HAS). Also, the
conductivity of the prepared suspensions was measured using a
WTW-inolab conductivity meter.

2.2. AC electrophoretic deposition

Deposition of TiO, nanoparticles was done using an
electrophoretic setup consisting of a function generator (RIGOL
DG 1022) to generate sinusoidal AC electric fields. The peak-to-
peak voltage of the applied sinusoid wave for all experiments was
chosen to be 5 V. A voltage amplifier (hp 6826 A) was employed
to increase the output voltage to 30 V. Deposition of TiO,
nanoparticles from the prepared suspension was performed at
1 Hz on coplanar gold electrodes. The coplanar gold electrodes
were fabricated on a borosilicate glass using commercial gold
paste (Degussa Inc., GZ117). The gold layer was dried and
stabilized by firing at 610 °C for 1 h. Then, using laser beam, a
notch was created on the gold layer separating it into two planar
parallel electrodes with gap width of about 180 pm.

Each ACEPD experiment was performed twice, one time
from a dispersant-free suspension of TiO, and the next time
using the suspension prepared through the addition of Dolapix
as the dispersing agent. Optical microscopy (Olympus DP72,
Tokyo, Japan) was employed to study the deposition pattern at
different conditions.

2.3. Sensor fabrication and sensor response measurement

Sensor fabrication was performed on interdigitated platinum
electrodes from a 0.3 g/l TiO, suspension containing three drops
of Dolapix as dispersant. Deposition of TiO, nanoparticles from
the prepared suspension was accomplished at 1 Hz and applied
voltage of 30 V. The interdigitated platinum electrodes were
designed on an alumina sheet equipped with a heater on the
backside in order to reach the desired working temperature.
Response of the sensor toward various concentration of NO, gas
at different temperatures was measured and recorded in a fully
automated dynamic gas sensor testing setup whose equivalent
circuit is schematically illustrated by Fig. 1. The testing sensor
(R,) and sampling resistor (R, = 1.62 M()) were in a series loop.
Under a constant voltage source of 20 V, the voltage changes of
the sampling resistor (R;) reflects the resistivity change of the
testing sensor. What is recorded by the gas sensing setup is the
variable voltage that is inversely proportional to the resistance of
the testing sensor. The sensor was stabilized by exposing to N,
gas for 1 h before each sensing test. The target gas (NO,) was
diluted to reach pre-designed concentrations by mixing the gas
with N, (base gas) using a digital flow controller. The gaseous
mixture was then flown through the sensor chamber.

3. Results and discussion
3.1. AC electric field-assisted deposition at 1 Hz

Fig. 2 illustrates the XRD pattern corresponding to TiO,
nanoparticles which is composed of a mixture of anatase (as a
dominant phase) and rutile. The SEM image of particles shown in
Fig. 3 reveals that the particles are below 100 nm in diameter and
their morphology is spherical in shape. Suspension conductivity
in the absence of dispersant was about 0.2 wS/cm and after the
addition of dispersant was increased to 1.3 wS/cm. This is adirect
result of the presence of ions of the dispersant in the suspension.
The results of zeta potential analyses performed on prepared
suspensions with/without dispersant obviously confirm that the
presence of dispersant in the system will increase zeta potential
value from 23.5 to 66.26 mV. Based on the chemical structure of
Dolapix [13], it can be inferred that an electrostatic attraction
between negatively charged groups of Dolapix and TiO, surface
(positively charged) occurs and leads to more negative zeta
potential values for TiO, nanoparticles in the systems containing
Dolapix.

The zeta-potential results depicted by Fig. 4 as a function of
Dolapix concentration clearly show that the surface charge of
particles is increased as a result of the presence of dispersant
within the medium. These results are in accordance with
sedimentation tests (Fig. 5) for 10 and 24 h aging time durations
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Fig. 1. Schematic of gas sensor setup with equivalent circuit.

where suspensions containing Dolapix were observed to
preserve their stability for a longer period. It shows that the
suspended particles in the colloidal suspension containing
dispersant have acquired enough surface charge to repel the
adjacent particles to avoid agglomeration. Hence, the suspen-
sion with Dolapix has lower settling rate.
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Fig. 2. XRD pattern of sensing material.

According to Fig. 4, the maximum zeta potential is obtained
for 3 drops of Dolapix based on which we expect to obtain the
maximum deposition yield for the mentioned suspension. This
fact is confirmed by the deposition yield variation as a function
of Dolapix quantity depicted by Fig. 6, carried out on parallel
planar gold electrodes at DC potential of 30 V. It clearly shows

Fig. 3. Scanning electron micrograph of TiO, nanopowders.
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Fig. 4. Zeta potential variation as function of dispersant values (Dolapix CE64).

that the highest deposited weight has been achieved for the
suspension prepared by 3 drops of Dolapix.

Fig. 7 illustrates the deposition patterns of TiO, nanopar-
ticles at 1 Hz from the suspension prepared without Dolapix
(Fig. 7a) and the one prepared by adding 3 drops of the
dispersant (Fig. 7b). As shown by optical microscopy images, a
large fraction of TiO, particles have accumulated on both
electrode surfaces and only a small fraction are observed to be
trapped within the electrode gap. However, by adding Dolapix
to the system, the deposition pattern was strongly changed
where particles tended to massively fill the inter-electrode gap
leaving the surface uncovered (Fig. 7b).

The above observations can be explained by the enhance-
ment in mobility of particles due to increased surface charge
density in presence of dispersant (as it is reflected in zeta-
potential values). The electrophoretic mobility of the
suspended particles is calculated by the Henry equation (1)
as [16]:

_ 2 €0&r8
3

f(kr) (1)

where ¢q is the permittivity of vacuum, ¢, is the relative
permittivity of the solvent, n is the solvent viscosity, ¢ is the
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Fig. 6. Deposition yield variation versus Dolapix quantity.

zeta potential and f(kr) is the Henry coefficient. In this equa-
tion, electrophoretic mobility of suspended particles depends
linearly on the zeta potential and relative permittivity of the
fluid and is inversely proportional to fluid viscosity.

While at 1 Hz the net movement of particles for symmetric
wave in each cycle is expected to be zero, the ultimate
deposition of nanoparticles on electrodes rejects this hypoth-
esis. Two mechanisms may be considered for the deposition of
suspended particles in the gap between electrodes. The first one
is related to the non-steady state fluid flow. The origin of this
flow is the electric field direction changes. When the electric
field is turned on, in the first half-cycle, suspended particles and
ions in the system start to move towards the electrode edges
with opposite charge where the electric field strength is
remarkably high. In the next half-cycle where direction of the
electric field is reversed, the movement of particles and ions is
changed. The occurrence of this alternating trend of ions/
particles migration results in an unsteady state fluid flow near
the electrode edges forcing the adjacent particles towards the
inter-electrode gap [17]. The second factor responsible for
particles deposition into the gap is the non-conductive substrate
surface potential which was numerically simulated recently
[18]. Based on this idea, the presence of this charged layer on

Fig. 5. Sedimentation test images in the presence and absence of Dolapix.
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Fig. 7. Optical images of TiO, nanoparticles deposition pattern on gold co-planar electrodes: (a) in absence of Dolapix; (b) in presence of Dolapix.

the surface of the substrate will deviate the electric field lines
from the electrode edges toward the gap. This will be able to
conduct particles toward the gap letting them deposit there by
columbic force.

The addition of Dolapix also improves the conductivity (the
ionic strength) of the suspension. In this case, since the fluid
flow is a result of ion migration toward the high electric field
regions, it is expected that the fluid flow near the edges be
enhanced at higher ionic strengths. Under such conditions, and
in agreement with optical microscopy images, the possibility of
fluid flow-assisted deposition of TiO, nanoparticles inside the
gap can rise notably.

Considering the higher zeta potential of the suspension with
Dolapix than suspension without dispersant and Eq. (1), it is
expected that the suspended particles in the TiO,/acetone
system dispersed by Dolapix have high mobility and move
toward high intensity electric field regions very fast. Because of
high velocity of particles, they do not have enough time to
select the most stable position for deposition which leads to the
formation of severe cracks across the layer that is obviously
presented by the optical microscope image of Fig. 7b. This
phenomenon was attributed to the deposition rate of particles
which hinders their assembly into a sufficiently packed
structure and leads to the formation of cracks during the
drying step [10]. In fact, at high deposition rates, resulted from
high zeta potential, the possibility that the fluid is trapped
within the layer is enhanced. This fluid tends to move upward
the surface through the capillary effect during the drying step
giving rise to substantial shrinkage across the film [19]. Thus,
we used this technique for fast fabrication of TiO, gas sensors
in about 1 min.

Generally, the results of obtained depositions from suspen-
sion with Dolapix in comparison with suspensions without
dispersant can be explained by the above discussion. However,
the disappearance of TiO, particles from the electrode surface
is still a challenging result.

3.2. Sensor characterization and measurement
The optical image of deposition pattern of TiO, nanopar-

ticles on interdigitated platinum electrode is depicted by Fig. 8.
As it is seen, the sensing material has filled the gap between

electrodes as well as the electrode surface. In fact, the isolated
material left on the electrode surface has no contribution in the
sensing phenomenon. Deposition of the particles on the surface
of the electrodes which is different from coplanar gold
electrodes can be attributed to the complexity of electric field
lines in the interdigitated electrodes compared to co-planar gold
electrodes as well as higher velocity of nanoparticles in
suspension containing Dolapix. The sensing layer which is
deposited on the sensor base plate is shown in SEM image
(Fig. 9). These images present highly porous layer which can
provide high-diffusivity path for target gas for maximized
surface reactions.

For metal oxide semiconductor gas sensor, target gases
diffuse into sensing layer through pores and react with sensing
material. In this regard, the role of sensing film porosity on
sensor response is more notable, especially for target gas with
large molecular size. Sensor response to different NO,
concentration operating in the temperature range of 450-
550 °C is plotted in Fig. 10. The sensor response is calculated
by (Rgas/Rn2) Where Ry, and Ry are the resistance of sensor
exposed to base gas (N,) and NO, as target gas, respectively. At
each operating temperature, the sensor response followed a
rising trend with increasing NO, concentration. Also, the high
values of sensitivity obtained by TiO, nanoparticles based gas
sensor loaded with un-doped material is about 180 which have
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Fig. 8. Optical microscopy image of sensing interdigitated electrode.
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Fig. 9. SEM images of deposited sensing materials with different magnifications.

not been reported before this work since the TiO, in pure form
has high resistance and consequently needs to be modified with
the addition of dopants.

In comparison to other researches, Lin et al. [20] reported
the maximum sensitivity of about 14 for the gas sensor based on
TiO, nanocrystallites with 100 ppm NO, gas and the response
time is about 1-3 min. Ruiz et al. [21] declared that the Cr-
doped TiO, gas sensor has a response value of about 1.5 for
50 ppm of NO, gas at 500 °C. In another work, Carotta et al.
[22] have evaluated thick films of nanostructured TiO, and
niobium-doped TiO, prepared by screen-printing technology.
They explained the electrical response for nanostructured TiO,
gas sensor at 450 °C for 10 ppm of NO, gas to be about 2. The

200
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Fig. 10. Response values of sensor to different NO, concentrations at the
temperature range of 450-550 °C.

optimum operating temperature giving the highest sensitivity
has been determined about 450 °C for all tested sensors under
different concentrations of NO, where sensor follows a linear
trend up to 50 ppm of NO, gas. At elevated temperatures the
desorption rate of gas species is too high in comparison with
adsorption of gas targets so that the reversibility of the process
is largely lost which will decrease the response value. The
dynamic sensing plots showing the change in sensor resistance
for various NO, concentrations operated at 450-550 °C are
shown in Fig. 11. NO, gas molecules interact with the free
electrons according to Eqgs. (2) and (3) reducing the
conductivity of the sensing layer.

NO; +e~ — NO, 2)
or
NO, +0;” +2¢= — NO, +20~ 3)

The sensor showed a stable baseline resistance, guaranteeing
long term application in high temperatures. The sharp and non-
regular increase in the sensor resistance in the R curves as
shown in Fig. 11 reflects the overshooting in the gas
concentration as a result of a competition between diffusion
and reaction of gas molecules which have entered from the
surface of the sensing film [23]. The other specific feature of the
plot is the short response and recovery times. The time taken by
the sensor to achieve 90% of the total resistance change in the
presence of NO, and N, was defined as the response and
recovery time, respectively. The calculated response and
recovery times for 47 ppm NO, gas at 450 °C was about 60—
150 s. Fig. 12 illustrates the cyclic response of sensor at the
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Fig. 11. Dynamic response of sensor exposed to NO, gas at the different temperatures.
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Fig. 12. Resistance changes versus time upon introduction and removal of
15 ppm NO, at temperature of 450 °C.

operating temperature with the highest response for 15 ppm
NO, gas. It is clearly observed that the sensor has a repeatable
and reliable behavior which is a good feature for gas sensing
properties.

Originally, in the case of the sensors presented here, the
suitable sensing properties is the result of the presence of high
volume of sensing material exposed to the target gas due to the
porous structure of the layer made by ACEPD method
presented in Fig. 9.

4. Conclusion
The addition of Dolapix as dispersant to the TiO,/acetone

system resulted in an increase in the suspended particles’
surface charge as well as the conductivity of the system. Also,

the deposition behavior of TiO, nanoparticles under AC electric
field at 1 Hz showed that by adding dispersant the deposition
pattern was strongly changed. NO, gas sensor based on un-
doped TiO, nanoparticles was fabricated using AC electro-
phoretic deposition from suspensions containing dispersant.
The sensing behavior of the fabricated sensor was studied in
presence of NO, gas in the temperature range of 450-550 °C.
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