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a b s t r a c t

Films of Ce0.8Sm0.2O1.9 (SDC) were electrophoretically deposited on non-conducting NiO-SDC ceramics
using the suspension of nanocrystalline SDC in acetone. The effect of iodine addition on suspension
stability was investigated by measuring the zeta potential of SDC particle and pH of the suspension. The
highest zeta potential was 42.1 mV with the addition of 2 mg iodine at pH 5.7 indicating formation of
vailable online 9 May 2010

eywords:
eramic
hin film
anofabrications

relatively stable suspension. The particle size distribution reveals the agglomerate size of SDC in acetone
with iodine addition was of the order of 222 nm. The surface morphology and sintering effect on grain
growth of the deposited films were investigated by scanning electron microscope (SEM). The structural
investigation of the sintered film was done by X-ray diffraction (XRD) technique and it revealed phase pure
SDC with cubic structure. Impedance study of sintered SDC/NiO-SDC hetero-structure showed decrease

creas
lectronic properties
canning electron microscopy

in total resistance with in

. Introduction

One of the main challenges in today’s solid oxide fuel cell (SOFC)
echnology is the reduction of their operating temperature. Thus
ew types of oxygen ion conducting materials are currently under

nvestigation to overcome the problems which SOFC faces at high
emperatures. Among ceria based solid electrolytes, Ce0.8Sm0.2O1.8
SDC) electrolyte has highest ionic conductivity as well as high-
st stability against reduction, commonly used for the application
n intermediate solid oxide fuel cells (IT-SOFCs) [1–6]. The ionic
onductors in thin film electrolyte form are of great interest for
T-SOFCs [7–10] due to ohmic loss of the electrolyte and its perfor-

ance was found to increase in thin film form [11–13]. To reduce
he cost of fabrication of SOFCs, formation of thin electrolyte film
n electrode substrate is important. A suitable anode for SDC based
OFCs is generally suggested to be Ni-SDC ceramic, because of good
lectrochemical activity to oxidize fuels, high electronic conduc-

ivity, proper porosity at the micro-structural level and thermal
ompatibility with other components of the cell [7,14,15].

Recently, electrophoretic deposition (EPD) is gaining more
nterest as a ceramic processing technique for variety of techni-
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cal applications like ceramic composites, electrodes and coating for
electronics, catalytic and electrochemical applications [16].

Electrophoretic deposition is a colloidal deposition process and
it easily controlled by applied electric field. The EPD is especially
attractive in solid oxide fuel cells (SOFCs) fabrication due to its sim-
ple, low cost equipment and ease of deposition of films of controlled
thickness even on substrates with complex shapes. Therefore, EPD
is expected to be the best alternative for preparation of thin film
electrolytes with size-controlled particles, which are highly desir-
able for fuel cell to operate at reduced temperature with higher
efficiency [17,18]. The mechanism of EPD involves deposition of
charged particles in the suspension on to an electrode under the
influence of applied electric field. Different parameters considered
for characterizing the nature of suspension are physiochemical
behavior of both suspended particles and liquid medium, surface
properties of the particle and influence of concentration of addi-
tives. For achieving best EPD process, these parameters are to be
well understood and optimized. The EPD of YSZ solid electrolyte is
extensively studied in the literature [19–22]. But detailed studies
of different EPD parameters for stable suspension of SDC powder
on ceramic substrates are few to date. In the present work, syn-

thesis of SDC thin film on NiO-SDC substrates in acetone medium
by EPD and their characterization has been reported. The work is
in continuation with our earlier report of SDC film formation on
stainless steel substrate [23]. Acetone medium is chosen for the
formation of SDC colloidal suspension due to low viscosity and

dx.doi.org/10.1016/j.jallcom.2010.05.013
http://www.sciencedirect.com/science/journal/09258388
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onsiderable dielectric constant, since it is useful for intermediate
pplied voltage for EPD on ceramic substrates [24]. The suspen-
ion media should not be too volatile in order to prevent formation
f pores and cracks during shrinkage of deposit. The EPD param-
ters such as zeta potential, particle size distribution in acetone
edium with and without addition of iodine and corresponding pH

alues of the suspension is studied in detail. The optimal content
f solid iodine for well-dispersed suspension is determined from
eta potential measurement. Effect of sintering on grain growth of
lectrophoretically deposited film is studied. The electrical prop-
rty of the formed hetero-structure is determined from impedance
easurement in the temperature range of 473–791 K.

. Experimental details

.1. Materials and substrate preparation

The nanocrystalline SDC and NiO powders used for electrophoretic deposition
nd in anode preparation respectively were synthesized by solution combus-
ion method using polyvinyl alcohol (PVA) as a fuel [25]. The starting materials
ere Sm2O3 (purity ∼99.99%), Ce (NO3)2·6H2O (purity 99.95%), Ni (NO3)2 (purity
99.99%), PVA (–C2H4O)n from Loba chemicals, India. The detailed synthesis of SDC
anopowder is reported elsewhere [23]. Acetone (electronic grade, 99.99% pure)
s solvent and solid iodine as an additive were used for the preparation of SDC
uspension.

The substrates used for electrophoretic deposition of SDC were prepared by
ixing the composition of NiO and SDC powder in the ratio of 75:25 wt% with addi-

ion of PVA binder [26]. The nanocrystalline powders of NiO and SDC with PVA
inder were mixed using agate mortar and pestle up to 8 h. The homogenized mixer
as isostatically pressed into the pellets under the pressure of 10 tons up to 5 min
aving dimensions of ∼1.4 cm diameter and 0.15 cm thickness. The pellets were sin-
ered at about 1273 K for 4 h to burn off the binder leaving behind porous substrate.
he porosity of the sintered pellets was close to ∼34% as measured by Archimedes
ethod using water.

.2. Suspension preparation

The first step in EPD is to prepare a stable suspension of ceramic particles in a
olvent suitable for development of adequate surface charge on the particles in order
o enhance deposition rate and produce uniform and homogeneous deposition. The
table suspension of SDC was prepared by dispersing known weight of powder in a
olvent with addition of iodine as an additive. The suspension bath was sonicated in
high intensity ultrasonic bath, in order to deagglomerate the particles and it was
quilibrated up to 6 h and again sonicated before EPD.

In EPD, addition of solid iodine in acetone bath is responsible for charging the
article surface and it found to be best in terms of stability of suspension and depo-
ition quality [27]. The SDC particles in acetone bath added with solid iodine acquire
ositive charge and it migrates towards an oppositely charged electrode during the
PD. The optimized concentration of SDC in acetone was 30 mg/30 ml, confirmed by
ptical method. The detailed experiment is reported in our earlier work [23].

Zeta potential and corresponding pH values of the suspension were measured
y using Zetasizer (Malvern Instruments Ltd.) and pH meter (waterproof pH scan-2,
utech Instrument), respectively. The optimal content of iodine in the suspension
orresponding to maximum zeta potential was used in EPD experiments. The par-
icle size distribution of SDC nanocrystallites in acetone medium with and without
ddition of iodine was analyzed by CONTIN method using dynamic light scattering
DLS) technique. The chemical character of SDC solid surface in acetone was also
nvestigated by changing the pH level of the solution with addition of 0.1 mM of HCl
nd NaOH solution.

.3. Deposition procedure

The experimental set up used in EPD consists of two electrodes of stainless
teel fixed in a holder made up of bakelite. A graphite circular disc of diameter
.5 cm and 0.1 mm thickness was fixed on a stainless steel electrode. The NiO-SDC
orous substrate was mounted on a graphite disc and it acts as deposition electrode.
istance between the deposition and counter electrode was kept constant at about
.5 cm. The area of electrode exposed for deposition in EPD bath was maintained
onstant at 2.25 cm2. The EPD experiments were carried out at room temperature
nder constant D.C. voltage of 100 V using high voltage D.C. power supply unit (Aplab
igh voltage D.C. power supply, H1003) with deposition time 7 min.
.4. Characterization of film

The deposited SDC films on ceramic substrate were sintered at 1423 K and 1523 K
or 6 h, respectively and 1623 K for 12 h. They were named as sample 1, 2 and 3,
espectively. The morphology of the as-deposited film and effect of sintering on
rain growth of the deposited films on the substrate were investigated by scanning
Fig. 1. Variation of the zeta potential of SDC nanocrystallite with different pH level
of the suspension by addition of 0.1 mM HCl and NaOH solution.

electron microscope (SEM, model JEOL JSM 6360). The XRD pattern of sample 3 was
recorded by X-ray diffractometer (Philips-3710), with Cu K� radiation (� = 1.5418 Å)
in the 2� range from 20◦ to 80◦ . The patterns were evaluated by X’ pert high score
software and compared with JCPDS data (card no.75-0158). For impedance measure-
ment, platinum paste was painted on the opposite faces of sample 3. The sample was
dried and then heated in an electric oven at 473 K up to 6 h before the measurements
to ensure good bonding. A.C. conductivity measurements were carried out in air by
parallel plate capacitor geometry with an applied r.m.s. voltage of 100 mV (Solatron
1260, frequency response analyzer) at frequencies ranging from 1 Hz to 1 MHz over
temperature range 473–791 K.

3. Results and discussion

3.1. Chemical behavior of SDC nanoparticles

The chemical nature of the ceramic solid surface can be under-
stood by inducing surface charge on ceramic particles by the
addition of acid or base [21]. Recording the corresponding pH and
zeta potential can provides a valuable guideline for the suspension
preparation. Zeta potential measurements only give an indication
about the nature of surface charge and potential which are adequate
for stability of the suspension. It measures the potential difference
between the particle surface and shear layer plane formed by the
adsorbed ions.

Herein, the nanocrystalline SDC powder is suspended in acetone
bath and the pH level of the suspension was modulated from acidic
to alkaline by addition of 0.1 mM HCl (pH < 7) and 0.1 mM of NaOH
(pH > 7), respectively. Fig. 1 demonstrates the zeta potential varia-
tion of SDC nanocrystallites at different pH levels of the suspension.
It revealed that, with addition of alkali to the suspension bath, SDC
particles tend to acquire negative charge due to OH− capsulation
and it results in negative zeta potential. On the other hand, with
addition of acid to the suspension, SDC particle surface acquires a
neutral charge for pH 7. Further addition of acid causes a build-up
of positive charge due to adsorption of H+ ions on solid surface and
it acquires positive zeta potential. Thus, variation of zeta potential
with pH level shows positive zeta potential at acidic pH and it is
highest for pH 6. The zeta potential is negative at basic pH and it is
found to be less. The plot passes through zero zeta potential known
as isoelectric point (IEP) for pH 7, where the agglomeration is more
likely to occur and colloidal system becomes unstable [28].

3.2. Effect of iodine addition on pH and zeta potential
The variation of zeta potential depends on many factors such as
steric effect between particle surface and the concentration of addi-
tives and type of ions in the solution etc. [28]. The absolute value
of zeta potential should be high in order to create a stable colloidal
dispersion. Commonly ±30 mV is accepted as the threshold for sta-
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ig. 2. Variation of zeta potential with addition of solid iodine content (mg) and pH.

ility in many colloidal systems. It is reported that, an appropriate
ddition of iodine in the suspension bath enhances concentration
f H+, hence the pH. These H+ ions get adsorbed on the surface of
articles in the suspension [29].

Fig. 2 shows the effect of iodine addition on pH of the suspension
nd corresponding zeta potential of SDC particle. It revealed that,
ithout addition of iodine in the suspension, zeta potential is neg-

tive for pH 7.3 and it is nearer to the isoelectric point as seen from
ig. 1. Thus, it predicted that suspension with lower negative zeta
otential is more unstable. As iodine concentration increases from
mg to 10 mg, the concentration of the H+ ions in the suspension

ncreases and hence pH of the suspension decreases from 5.7 to 5.
he reaction between acetone and iodine is expected to release H+

ons according to following reaction [30],

H3–CO–CH3 + 2I2 ↔ ICH2–CO–CH2I + 2H+ + 2I− (I)

As iodine content in the suspension increases, the positive zeta
otential of the SDC particle decreases and then remains nearly
ame at higher concentration. The maximum zeta potential is found
o be 42.1 mV for 2 mg of iodine of pH 5.7. This is attributed due
o the fact that, adsorption of H+ ions onto the particle surface
hich enhances strong electrostatic repulsive force, that prevents

he particle agglomeration and thus it increases the stability of the
uspension. At higher content of iodine, the pH of the suspension is
ot much affected. This is due to increased adsorption of H+ ion on
article surface which saturates and corresponding zeta potential
ecomes lower. This is because of reduction of double layer thick-
ess; which will decrease the repulsive force between the particles.
hus, due to existence of much weaker and potentially reversible
dhesion between the particles, zeta potential reduces at higher
oncentration of iodine.

.3. Effect of iodine addition on pH and particle size distribution

Fig. 3a and b shows the particle size distribution of SDC
anocrystallites in acetone with and without addition of iodine.
efore addition of iodine, the size distribution peak of SDC revealed
wo different agglomerate distributions. According to Derjaguin,
andu, Verway and Overbeck (DLVO) theory [31], the main reason
or agglomeration in the suspension is electrostatic attractive force,
hich is larger than repulsive force from double layer between

he particles. The average agglomerate size of SDC without iodine

as found to be 692 nm for pH 7.3 and corresponding zeta poten-

ial observed from Fig. 2 is −4.82 mV. Thus, it confirmed that for
ower negative zeta potential at pH 7.3, the electrostatic repulsive
orce is not strong enough to overcome the attractive van der Waal
orce between the particles, causing destruction of colloidal stabil-
Fig. 3. Particle size distribution of SDC nanocrystallites (a) without iodine and (b)
with iodine.

ity. Fig. 3b shows single size distribution peak for addition of 2 mg
iodine in the suspension and it revealed the agglomerate size of
SDC to be 222 nm at pH 5.7, with maximum zeta potential. Thus,
addition of small content of iodine in the suspension reduces the
pH and helps to reduce the agglomerate size of SDC; it is least at
pH 5.7 with highest zeta potential suitable for stable suspension.

3.4. Characterization of films

Fig. 4a and b shows surface and cross-sectional SEM of the as-
deposited film on NiO-SDC substrate prepared from 30 mg/30 ml
solid loaded acetone-based suspension added with 2 mg iodine
under constant applied potential of 100 V for 7 min. Fig. 4a depicts
that the film formation is smooth and uniform. The thickness of
as-deposited film shown in Fig. 4b is found to be more than 10 �m.
Further for well adherence of film with substrate and improving
packing density of particles, the samples are sintered at differ-
ent temperature with different sintering time. Fig. 5a–c shows
the effect of sintering temperature on the resulting grain growth
of electrophoretically deposited SDC films of sample 1, 2 and 3,

respectively. It revealed that as sintering temperature increased,
the microstructure of the deposited films is modified significantly.
The sample 3 sintered at 1623 K for prolonged time (12 h) is found
to form well-compact film surface with good grain connectivity
suitable for electrolyte material.
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F
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a
c

size of SDC is attributed due to granular structure of the film at
higher temperature for prolonged sintering time compared to other
ig. 4. (a) Surface morphology and, (b) cross-sectional view of as-deposited SDC
hin film on NiO-SDC substrate.

Fig. 6 shows XRD pattern of SDC film on NiO-SDC, sintered at

623 K for 12 h (sample 3). The reflection peaks observed in Fig. 6
re labeled according to the JCPDS file (card no.75-0158), which
onfirmed the phase pure SDC film with cubic structure. The crys-

Fig. 5. Surface morphology of SDC thin film on NiO-SDC substrate sin
Fig. 6. XRD pattern of the SDC/NiO-SDC hetero-structure sintered at 1623 K for 12 h.

tallite size is calculated by using Debye–Scherrer formula as:

D = 0.9�

ˇ cos �B
(1)

where D – crystallite size in nm, � – incident X-ray wavelength in
Å, ˇ – full width at half maxima (FWHM) in radian corresponding
to maximum intensity (angular width in 2�) and �B is Bragg angle.
The crystallite size of SDC, of samples 1 and 3 using Eq. (1) are
found to be 43 nm and 70 nm, respectively. The increased crystallite
samples.
A.C. impedance methods are widely used for investigating the

electrical behavior of the material over wide range of frequency

tered at, (a) 1423 K for 6 h, (b) 1523 K for 6 h (c) 1623 K for 12 h.
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ig. 7. Cole–Cole plot for SDC/NiO-SDC hetero-structure sintered at 1623 K for 12 h
n the temperature range of 473–593 K.

nd temperature, which helps to separate the real and imaginary
omponents of the electrical parameters and hence provide a bet-
er understanding of material properties. Fig. 7 shows complex
mpedance spectrum i.e. Cole–Cole plots of sample 3 under inves-
igation, measured at different temperatures ranging from 473 K to
93 K. The intercept of each semicircle arc with real axis Z′ gives
ulk resistance of the half-cell formed by SDC coating on NiO-SDC
ubstrate and it decreases with increase in temperature.

The bulk conductivity was found to follow Arrhenius nature
iven by:

= �o

T
exp

(−Ea

KT

)
(2)

here Ea – activation energy for conduction, T – absolute tem-
erature, K – the Boltzmann constant and �o – pre-exponential
actor.

The typical plot of ln(�T) vs. 1000/T for sample 3 is shown in
ig. 8. The total resistance of the half-cell drops drastically above
93 K. Fig. 9 shows the reduction in half-cell resistance for the
emperature range 725–791 K. It revealed that as, temperature
ncreases, the electrode resistance (which is the resistance on real
xis from origin to the high frequency impedance intercept) also

ecreases. The response shifts towards origin with increasing tem-
erature drastically. This indicates that the on-set temperature for
ell operation pins above 593 K. This on-set temperature is less than
he earlier reported value for the same hetero-structure [32].

ig. 8. Arrhenius plot for SDC/NiO-SDC hetero-structure sintered at 1623 K for 12 h
n the temperature range of 473–593 K.
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Fig. 9. Cole–Cole plot for SDC/NiO-SDC hetero-structure sintered at 1623 K for 12 h
in the temperature range of 725–791 K.

4. Conclusions

The electrophoretic deposition technique is shown to be an easy
and cost-effective method for the production of densely grained
SDC film on circular shaped non-conducting porous NiO-SDC sub-
strates. The study showed that acetone with iodine additive could
effectively form relatively stable and well-dispersed SDC colloidal
suspension suitable for EPD. The zeta potential of SDC particle in
acetone was found to be optimum for 2 mg iodine for pH 5.7 and
corresponding agglomerate size obtained from analysis of particle
size distribution is 222 nm. The sintering of the hetero-structure
at temperature about 1623 K for 12 h improved the grain structure
of SDC film. Impedance studies showed that the bulk resistance of
the half-cell decreases with increase in temperature and has lesser
bulk resistance at higher temperature.
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