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Abstract

A dip-coating method was used to obtain 8YSZ thin films formed from nanoparticles on anode support for SOFC applications. 8YSZ

nanopowder was obtained via a modified sol–gel method using sucrose and pectin as organic precursors. The nanoparticles were suspended in

ethanol using phosphate ester (PE) and polyvinyl butyral (PVB) as dispersant and binder, respectively. The microstructure of the sintered films

were analyzed with SEM. The suspension preparation conditions were tuned in order to achieve high initial green density of the 8YSZ films

subsequently determining the final sintered microstructure. In addition, the effect of the linear shrinkage of the anode substrate on the 8YSZ film

microstructure was studied.
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1. Introduction

Yttria-stabilized zirconia (YSZ) is the most common

electrolyte used in solid oxide fuel cells (SOFCs) [1]. Zirconia

doped with 8 mol% of yttria (8YSZ) with cubic structure is

found to have the highest ionic conductivity in the group of

yttria-stabilized zirconia electrolytes [2].

There are still many challenges that need to be solved before a

wide commercialization of fuel cell technology can take place.

The high operating temperature (800–1000 8C) limits the choice

of suitable materials and the current trend is to lower the

operating temperature to 600–800 8C [1]. However, at these

temperatures the oxide ion conductivity of the electrolyte drops

drastically [2]. The resistivity of the electrolyte can be decreased

by reducing its thickness. Because of the low mechanical

strength of thin electrolyte films made of 8YSZ, the reduction of

thickness is difficult to achieve in the electrolyte-supported

configuration [3]. The electrode-supported configuration can be

used in this case with the anode-supported cell being favoured

over cathode-supported cell due to the high sintering temperature

of the 8YSZ. At the typical sintering temperature of the 8YSZ the
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cathode might become too dense and/or highly resistant reaction

products form at the interface between the cathode and the

electrolyte in the co-sintering process [1,4–6].

Thin electrolyte layers can be manufactured in many ways

including physical vapor deposition (PVD), such as sputtering

[7], chemical vapor deposition (CVD) [8], plasma technologies

[9] and electrophoretic deposition (EPD) [4–6,10–12]. Dip-

coating is a cost-effective wet-chemical method which has been

used widely in the literature to obtain thin layers [13–22]. In

dip-coating a porous substrate is immersed in a liquid in which

the particles to be deposited are suspended. Due to the capillary

action of the pores, the liquid fills the pores leaving a coating on

the substrate surface [13].

Reducing the particle size to nanoscale of the precursor

powder for SOFC components may be advantageous. Using

nanopowders as precursors for the manufacture of SOFC

electrodes have been demonstrated to enhance the triple phase

boundary and thereby improving the performance of anode-

supported cells [16,21]. Sintering of nanograined particles may

take place at lower temperatures [10,22–24], which is

interesting for both the electrolyte and the electrode-supported

configurations. In addition to processing considerations,

lowering the sintering temperature decreases the grain size

of the particles. Smaller grain size is claimed by some to lead to

the formation of narrower grain boundaries. There are

indications that narrower grain boundaries result in higher
d.
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Table 1

The starting compounds.

ZrCl4 (g) Y(NO3)3�6H2O (g) Sugar (g) Pectin (g) H2O (ml)

8.1557 2.3314 50 5 400

Fig. 1. Schematic presentation of obtaining the 8YSZ nanopowder.
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ionic conductivity [25]. A study by Wang et al. on dip-coating

of commercial YSZ particles on anode-supported cell indicated

that the smaller grain size of YSZ induced by a lowering in

the sintering temperature enhanced the conductivity of the

YSZ electrolyte [20]. In the same study, the measured

electrochemical characteristics of the cell implied that a

low-temperature sintering process improved the anode

performance.

For SOFC application gas-tight and dense electrolytes with

homogeneous microstructure are important. The drawbacks

common to all wet-chemical coating methods, which are,

among other things, cracking of the coating during drying and/

or sintering have been discussed by several authors [10–14,18–

20,26]. In general by careful adjustment of the chemistry of the

suspension by using additives [11,12,27], by a judicious choice

of solvents [26] or by humidity control [14] cracking during

drying can be avoided. A common practice to avoid cracking

during co-sintering is by using substrates that shrink together

with the coating [10,22,26,28]. Substrate shrinkage during co-

sintering is also reported to aid the densification of the coating

[17,19,22,29].

Using nanosized particles for dip-coating raises also some

challenges; during post-synthesis treatment they have a high

tendency to agglomerate due to their large surface area. The

state of agglomeration of ceramic particles dictates the

sintering behaviour and thus the final microstructure

[6,10,14,22,24,30,31]. Agglomeration of particles leads to a

low packing density of the green film and subsequently to a

poor densification of the final film after sintering. Dispersion of

nanoparticles have been achieved by charging of the particles

preventing the particles coming together by electrostatic

repulsion [6,10] or by additives providing steric hindrance

[22]. Formed agglomerates can also be broken down

mechanically by using ultrasound [6,10,24] or/and ball-milling

[10,22,30,31].

In this work, 8YSZ nanopowder was obtained by a modified

sol–gel method using sucrose and pectin as organic precursors.

Sucrose and pectin form an organic matrix where the metal

cations are trapped stopping the growth of the particles at

nanoscale. The organic precursors also function as internal fuel

giving rise to homogeneous and weakly-agglomerated nano-

particles. In previous work by some of the present authors the

effect of different synthesis parameters of the modified sol–gel

method on the powder characteristics have been investigated

for YSZ [32,33]. The sintering properties of the electrolyte

pellets formed from YSZ nanopowder and the ionic con-

ductivity of the resulting materials have been studied [31]. The

present study takes the next step to prepare SOFC half-cells by

dip-coating 8YSZ nanosized particles on porous NiO–YSZ

anode substrates. The preparation conditions for obtaining fully

dense electrolyte films using commercial 8YSZ powder was

tested first and then these results were used as the starting point

for obtaining thin films with nanopowder suspensions. The

presented work consists of two parts: (1) the effect of the

suspension preparation parameters on the microstructure of the

electrolyte film, and (2) the pre-sintering condition of the anode

substrate on the final film microstructure.
2. Experiments

2.1. Preparation of the 8YSZ nanopowder

The 8YSZ nanoparticles were obtained by a modified sol–

gel method. Zirconium tetracloride (ZrCl4, 99.5+%, Aldrich)

and yttrium nitrate (Y(NO3)3�6H2O, 99.9%, Aldrich) were used

as starting material. The appropriate quantities to obtain

8 mol% of yttria-stabilized zirconia was calculated and used.

The amounts of starting compounds are presented in Table 1.

The weighted starting compounds were dissolved in deionized

water under magnetic stirring. The clear solutions were then

transferred to alumina dishes and set on a sand bath. Sucrose

and pectin were added to the solutions in a ratio of 50:5. The

solvent was gradually evaporated in order to form the gel. The

final dry gel was then calcined at a temperature of 1000 8C to

form the 8YSZ nanoparticles. The calcination program applied

had a heating plateau at 600 8C for 1 h to burn of the organic

material in the gel. Thermal analysis (TGA) of the calcination

process of the dried gel can be found in previous work [33];

during that work the exothermic burnout of organic compo-

nents was identified, and this information has been used in

designing the calcination scheme. A schematic presentation of

the procedure to obtain the nanopowder is presented in Fig. 1.

The obtained 8YSZ nanoparticles were characterized using

transmission electron microscopy (TEM), X-ray diffraction

(XRD) and Brunauer, Emmet and Teller adsorption (BET).

2.2. Preparation of the porous NiO–YSZ substrate

The powders used in the present work are NiO–YSZ formed

by calcining two oxide powders NiO (Nickel (II) Oxide black,



Fig. 2. Sketch of the dip-coating setup.
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Ni 76%, Alfa Aesar) and 8YSZ (TZ-8Y, Tosoh). The NiO was

calcined at 700 8C and 28 g of the powder was ball-milled with

zirconia balls in deionized water for 24 h. Then 11 g of calcined

(at 1100 8C) 8YSZ and 11 g of uncalcined 8YSZ were added

and the milling process was continued for another 24 h. The

powder was then set to dry. The dried powder was then

mortered, sieved and pressed to pellets (d = 20 mm) using a

uniaxial press (1200 psi = 8.3 MPa). In order to add mechanical

strenght to the substrate for further processing, the pressed

substrates were presintered. Various temperatures were used for

the presintering (1000, 1100, 1200 and 1300 8C) with a heating

rate of 200 8C/h and a dwell time of 2 h.

2.3. Dip-coating

The commercial 8YSZ suspension was prepared by mixing

10 g of 8YSZ (TZ-8Y, Tosoh), 0.15 g of phosphate ester

dispersant (PE, PE105, AKZO NOBEL) and 0.3 g of polyvinyl

butyral binder (PVB, B-98 Lot # T44499, Tape Casting

Warehouse) with 100 ml ethanol (technical ethanol, KEME-

TYL). The suspension was ultrasonically treated for 1 h.

The suspensions for dip-coating of the 8YSZ nanopowder

were prepared by using three different procedures. The first set

was prepared in manner identical to that for the commercial

suspension. The second set was prepared by mixing 10 g of in-

house produced 8YSZ and 0.15 g of PE with 100 ml ethanol.

The suspension was ball-milled for 24 h and then 0.3–0.8 g of

PVB binder was added. After the addition of binder the

suspension was ball-milled another 24 h. The suspension was

then ultrasonically mixed for 1 h in an ultrasonic bath before

deposition. The third procedure involved using suspensions

from the second set and allowing them to settle for 24 h. The

precipitated powder was then removed and the suspensions was

ultrasonically treated for 1 h followed by dip-coating.

The electrolyte films were obtained by dip-coating the

porous NiO–YSZ substrate in the suspension. Before dip-

coating a piece of parchment paper was glued (Loctite 401) on

one side of the substrate. This was done to expose one side only

of the planar substrate to the 8YSZ suspension which was

therefore only subject to deposition on the exposed substrate

side. Both the parchment paper and the glue are burnt off during

the co-sintering process. The porous substrate was then

attached to a wire. The dip-coating bath was placed on a

manual lab jack. The substrate was slowly withdrawn from the

suspension by lowering the platform on which the suspension

was standing. The applied dip-coating time was 30 s for both

the commercial and nanopowder suspensions. A schematic

representation of the dip-coating set-up is presented in Fig. 2.

The obtained green films were dried at room temperature.

After drying the green electrolyte films were co-sintered with

anode substrates using the following program: a heating rate of

40 8C/h to 600 8C with a dwell time of 1 h to burn of the organic

material in the green 8YSZ film. A heating rate of 200 8C/h was

applied to reach the final sintering temperature of 1400 8C. The

dwell time at the top temperature was 2 h. The morphology of

the sintered 8YSZ thin films was studied by scanning electron

microscopy (SEM, Zeiss Supra 55VP).
2.4. Sintering curves

The sintering curves of the green 8YSZ bodies and the NiO–

YSZ substrates pre-sintered at different temperatures were

studied by a dilatometer (L75V, Linseis). The anode samples

for the dilatometer were pressed pellets ( p = 1200 psi) which

were cut to smaller pieces and then pre-sintered for 2 h at

different temperatures (1000, 1100, 1200 and 1300 8C) with a

heating rate of 200 8C/h. The 8YSZ green bodies were prepared

by allowing the suspensions used for dip-coating to settle and

removing the precipitated powder. The precipitated powder was

then formed in a cylinder shape. The sintering curves of the

samples was measured using the same sintering program as in

the co-sintering step.

3. Results and discussion

3.1. Characterization of the in-house produced 8YSZ

Fig. 3 presents a TEM image (JEOL-JEM-1011) of the

obtained calcined 8YSZ nanoparticles. The particle size was

calculated by measuring 10 particles from the image. The

average particle size was approximately 40 nm. Fig. 4 presents

a TEM image of (JEOL-2100) the commercial 8YSZ powder

showing clusters of size between 100 and 200 nm which agrees

with the manufacturer specification.

Fig. 5 shows the X-ray spectrum of the 8YSZ powder

calcined at 1000 8C. The X-ray diffraction measurements were

carried out with Cu K-a radiation on a Bruker diffractometer

under angles ranging from 208 to 1008 with a step size of 0.028
and a counting rate of 3 s per scanning step. The spectrum

shows the presence of one phase: YSZ, in the Fm - 3m cubic

type structure. There is no indication of other phases present.

The mean crystallite size can be calculated from the full width

at half maximum (FWHM) from the obtained diffraction

pattern. For particles calcinated at 1000 8C the crystallite size

was calculated to be 20 nm.

BET adsorption analysis was used to measure the specific

surface area of the synthesized nanoparticles. The BET



Fig. 3. TEM image of the 8YSZ powder calcinated at 1000 8C for 2 h.

Fig. 4. TEM image of the commercial sub-micronsize 8YSZ powder.
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measurements were carried out using a Gemini 2380 from

Micromeritics. The samples were heated to 300 8C and

degassed for 3 h under vacuum before the analysis. The

singlepoint and multipoint specific surface area were approxi-

mately 24 and 25 m2 g�1, respectively. Assuming the particles

to be spherical and using a density, r, of 5960 kg m�3, the
Fig. 5. XRD pattern of the 8YSZ pow
Sauter mean diameter of the particles, d, can be estimated from

the specific surface area, ssa, by the following equation:

ssa ¼ 6

d r
(1)

By inserting the values for the density and specific surface

area (multipoint ssa), Eq. (1) gives a mean diameter of the

8YSZ nanoparticles of approximately 40 nm, which is in good

agreement with the TEM results.

3.2. Sintering characteristics of 8YSZ electrolyte and NiO–

YSZ anode

It is important to control the co-sintering process. Ceramic

materials typically undergo dimensional changes during

sintering [23,26]. The different components should be prepared

in such a way that the total shrinkage of the components match

each other. A mismatch in the shrinkage would produce stress
der calcinated at 1000 8C for 2 h.



Fig. 6. (a) Temperature profile and the shrinkage behaviour of (b) 8YSZ

commercial green body, (c) 8YSZ green nanopowder, (d) NiO–YSZ pre-

sintered at 1000 8C, (e) NiO–YSZ pre-sintered at 1100 8C, (f) NiO–YSZ

pre-sintered at 1200 8C and (g) NiO–YSZ pre-sintered at 1300 8C.

Table 2

The relative shrinkage of the 8YSZ samples and the anode substrates as a

function of pre-sintering temperature.

Pre-sintering temperature (8C)

0 1000 1100 1200 1300

NiO–YSZ (%) – 23 21 18 9

8YSZ commercial (%) 23

8YSZ nanopowder (%) 26
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which can lead to cracking of the electrolyte film during the co-

sintering process [10,22,28]. As already mentioned in the

introduction, the linear shrinkage of the anode-support also

affects the densification of the electrolyte film [17,19,22,29].

Some example values for shrinkage found in the literature are:

Substrate shrinkage of above 15% has been found to produce

fully densified GDC electrolyte films under single dipping

conditions [17]. Tubular anode support shrinkage of �20% has

been found sufficient to produce fully densified YSZ layers

[19]. Linear shrinkage of 22% has been found to produce

densified microstructure of YSZ films obtained by EPD on

anode substrates [29]. Since there is probably no universal

threshold value for sufficient support shrinkage, the linear

shrinkage of the support has to be tuned for each case.

Fig. 6 shows the sintering curves of the commercial 8YSZ

electrolyte, the in-house produced 8YSZ electrolyte and the

NiO–YSZ anode materials pre-sintered at different tempera-

tures. From Fig. 6 it can be seen that the temperature at which

shrinkage starts is 1000 8C both for the commercial 8YSZ and

the in-house produced nanopowder. The shrinkage behaviour of

the anode material can be tailored to match that of the

electrolyte by adjusting the pre-sintering temperature of the

anode as shown in Fig. 6. The total relative shrinkage of the

commercial 8YSZ was almost the same as for the anode

substrate pre-sintered at 1000 8C. The final shrinkage of the in-

house produced nanoparticle-based 8YSZ was slightly larger

than that of the anode pre-sintered at 1000 8C. The values of the

total shrinkage of the commercial 8YSZ powder, 8YSZ

nanopowder and the anode substrates pre-sintered at different

temperatures obtained from Fig. 6 are summarized in Table 2.

As demonstrated below, anode shrinkage above 20% was found

to be sufficient to achieve densification of the 8YSZ electrolyte

film. If not otherwise noted the anode substrates used for
deposition in the further discussion have been pre-sintered at

1000 8C.

3.3. Dip-coating of the electrolyte layers

In order to achieve fully densified electrolyte films well-

dispersed suspensions are needed. Recent results in studies by

Zhitomirsky and Petric indicate that ethanol–PE–PVB is an

effective solvent–dispersant–binder system for EPD of ceramic

materials [11,12]. PE is an effective electrostatic and steric

stabilizer. PVB is a widely used polymer and binder in ceramic

processes such as tape casting [27] and dip-coating [17,20]. It

also serves as an effective dispersant [34–36]. In this work, the

solvent–dispersant–binder system presented by Zhitomirsky

and Petric was applied to prepare suspensions for dip-coating.

In the case of the commercial 8YSZ powder, the added

amounts for dispersant and binder were 0.15 g and 0.3 g,

respectively [11,12]. In the case of the in-house produced 8YSZ

nanopowder the amount of dispersant in the suspension was

kept the same as in the case of the commercial powder. To avoid

cracking of the green film during drying, the addition of

different amounts of binder was studied.

In the case of the commercial YSZ powder, crack-free green

films were obtained after drying. In the case of the in-house

produced nanopowder, binder addition of 0.8 g to the ball-

milled suspension while keeping the amount of dispersant at

0.15 g resulted in crack-free green deposits after solvent

evaporation.

Deposition was obtained on all the anode substrates pre-

sintered at different temperatures. However, due to the reduced

porosity of the anode samples at higher pre-sintering

temperatures, the wetting properties of the anode substrates

to the 8YSZ suspension tended to decrease by increasing pre-

sintering temperature of the anode [17].

The dried green films contain the ceramic 8YSZ particles,

PE dispersant in a PVB polymer binder network and some

solvent residues. The organic additives used in the manufactur-

ing process need to be burned out prior to sintering in order to

achieve the final electrolyte film. Since the organic additives

decompose at much lower temperatures than that at which the

8YSZ particles sinter and in decomposing they produce big

volumes of gas this has to be taken into consideration when

designing the sintering program. Thiele and Setter found that

PE compounds volatilize well below 900 8C [37]. A detailed

description of the thermal decomposition processes for PVB

can be found in the work of Masia et al. [38]. It was found that,

in the presence of zirconia, PVB decomposition is to a great



Fig. 7. SEM image of an 8YSZ film prepared from nanoparticles sintered at

1400 8C for 2 h. The amount of dispersant and binder being 0.15 g and 0.3 g,

respectively.
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extent finished at 500 8C and the remaining carbon residue

elimination takes place above 800 8C. According to the

sintering curves (Section 3.2) the 8YSZ starts to sinter at

1000 8C. Below this temperature the ceramic particles form a

loose particle network allowing the gaseous species to freely

diffuse. In this work, the sintering program applied had a

slow heating rate and a heating plateau at 600 8C for 1 h

(see Section 2.3) in order to remove the organic material from the

green ceramic body in a controlled manner.

Further optimization and modelling of the dip-coating

process, such as varying the withdrawal rate and modelling the

deposition of the particles, including the effect of the meniscus,

has not been undertaken yet. This will be addressed in future

work.

3.4. Microstructural characterization of the final, sintered

8YSZ films

Fig. 7 shows a picture of an 8YSZ film obtained from

nanopowder suspension. In the case depicted, the suspension

was prepared under the same conditions as for the commercial

YSZ suspension. The nanoparticles were highly agglomerated

which resulted in a poorly sintered microstructure. In contrast,

the commercial 8YSZ suspension exhibited better dispersion

which lead to a fully dense sintered film. Fig. 8(a) shows the

SEM image of commercial 8YSZ film and (b) sample cross-

section, respectively. The commercial particles were sintered to

grains of the size of some microns and these gains formed a well

densified electrolyte film. The cross-section image shows a

�12 mm thick film with some isolated pores.

In order to improve the quality of the nanoparticle-based

films, a ball-milling step was applied to break the agglomerates

and to obtain larger densities of the green nanoparticle

compacts. Fig. 9 shows an SEM image of an 8YSZ film

obtained from nanopowder suspension subjected to ball-milling

for 48 h, the amount of dispersant and binder being 0.15 g and

0.8 g, respectively. The effect of introducing the ball-milling

step is clearly visible in the improved microstructure of the

obtained film. However, remaining agglomerates resulted in a

rough surface with voids and pin-holes.
Fig. 8. SEM image of a commercial 8YSZ film (a) surface and (b) cross-section sin

0.3 g, respectively.
In order to remove the bigger agglomerates suspensions

obtained by ball-milling were allowed to settle for 24 h before

the dip-coating process started hence depositing only the finer

particles. A dramatic difference in terms of improved packing

of the particles manifested itself by the formation of transparent

and shiny electrolyte films after sintering. Fig. 10(a) presents an

SEM image of an 8YSZ film obtained from nanopowder

suspension after settling. Fig. 10(b) shows the film cross-

section. The amount of organic additives in this case were

0.15 g and 0.8 g of dispersant and binder, respectively. The

removal of big agglomerates resulted in smooth and uniform

electrolyte microstructure. The obtained film thickness was

about 12 mm.

The difference in the dispersability of the commercial 8YSZ

powder and the 8YSZ nanopowder can be explained by the

particle size and specific surface area. Particles naturally form

agglomerates in order to reduce the surface area. The degree of

agglomeration affects the dispersability and can be correlated

with increasing attraction between particles with decreasing

particle size [30]. According to manufacturer specifications the

average particle size and specific surface area for the
tered at 1400 8C for 2 h. The amount of dispersant and binder being 0.15 g and



Fig. 9. SEM image of an 8YSZ film prepared from nanoparticles after ball-

milling step sintered at 1400 8C for 2 h. The amount of dispersant and binder

being 0.15 g and 0.8 g, respectively.
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commercial powder are 230 nm and 12 m2 g�1, respectively

(see also Fig. 4). The particle size and the specific surface area

for the nanopowder are 40 nm and 25 m2 g�1, respectively. The

poor densification of the nanoparticle-based electrolyte film,

presented in Fig. 7, is due to the higher degree of agglomeration

of the 8YSZ nanopowder caused by the smaller particle size

and the larger surface area (see also [6]).

In addition to dispersability, the surface area of a powder is

also the most important parameter in determining its interaction

with organic additives [27]. By introducing the additional ball-

milling step, the agglomerated nanopowder was ground to

smaller particles. As a result more binder needed to be added to

prevent the green film from cracking during drying. The amount

of phosphate ester dispersant was intentionally not increased.

Phosphorus-containing dispersants for ceramic materials

may give rise to some problems. In the literature, phosphorus

has been known to affect the sintering properties of the material

by liquid-phase sintering [39]. Also, the electrochemical

properties of SOFC components have been reported to be

affected by introducing phosphorus during cell operation

[40,41].
Fig. 10. SEM image of an 8YSZ film (a) surface and (b) cross-section prepared from

milling and allowed to settle for 24 h before deposition. The amount of dispersant
A discussion of the suitability to use PE as a dispersant and

the risks of PE intercalation in deposits obtained by EPD

method can be found in the work by Zhitomirsky and Petric

[12]. They noted that PE has been found to leave residues in

ceramics obtained by tape casting. However, their experimental

results indicate that the amount of dispersant needed to stabilize

suspensions for EPD is much lower than the amount needed to

stabilize slurries for tape casting process. In addition, only the

PE molecules adsorbed onto the deposited particles are present

in the obtained ceramic film. The risk of residual phosphorus in

the final ceramic deposits is therefore low and PE was

suggested by them to find increasing application in EPD. In this

work, the amount of PE used to stabilize the suspensions for

dip-coating was taken over from Zhitomirsky and Petric. It is

also important to note that dip-coating is similar to EPD in the

sense that only some of the total amount of added dispersant

will be present in the deposited film. It is therefore suggested

that PE is a suitable dispersant for dip-coating, too.

A high content of organic material in a deposited film may

create problems during sintering in other ways as well. As

discussed in the work by Gaudon et al. the decomposition of

organic additives can lead to crack formation in the film [15].

For the reasons given in this and in the previous paragraphs

further work will be done to optimize the bath composition for

the nanopowder suspension.

The preparation condition of the anode was found to be

important for the obtained electrolyte microstructure. Fig. 11

presents the microstructure of three deposited 8YSZ layers

obtained from nanopowder suspension after settling on anode

substrates pre-sintered at different temperature (a) 1100 8C, (b)

1200 8C and (c) 1300 8C. The microstructural observations

revealed the effect of the pre-sintering temperature of the anode

support i.e. the effect of linear shrinkage of the anode during the

co-sintering process on the densification of the electrolyte film.

The densification of the electrolyte film was improved by

lowering the pre-sintering temperature of the anode support and

hence increasing the linear shrinkage. Linear shrinkage of

above 20% resulted in fully dense 8YSZ thin films in both the

cases of the nanopowder and the commercial powder.

It was found through the microstructural studies of the

obtained films that agglomeration of the nanoparticles was
 nanoparticles sintered at 1400 8C for 2 h. The suspension was subjected to ball-

 and binder being 0.15 g and 0.8 g, respectively.



Fig. 11. SEM image of a sintered 8YSZ film prepared from nanopowder suspension after settling on anode substrate pre-sintered at (a) 1100 8C, (b) 1200 8C and (c)

1300 8C for 2 h. The amount of dispersant and binder being 0.15 g and 0.8 g, respectively.
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severe. This work concentrated therefore on improving the

packing of nanoparticles in the ceramic deposit to obtain

smooth microstructure of the sintered film. The expected

reduction in the sintering temperature of the electrolyte film by

using nanopowder precursors was not observed in this study.

4. Conclusions

In this study, the microstructural features of the deposited

films of 8YSZ nanopowder and commercial 8YSZ powder

obtained by dip-coating on anode substrates were investigated.

The effect of the suspension preparation conditions on the

obtained film quality have been identified and demonstrated.

The commercial 8YSZ powder exhibited better dispersability

than the 8YSZ nanopowder. The difference in the dispersability

was related to the difference in the particle size and specific

surface area between the two powders. A procedure has been

developed to improve the quality of the films obtained from

nanopowder suspension. An additional ball-milling step was

introduced in order to break the formed agglomerates. Crack-

free green films were obtained after drying from ball-milled

nanopowders suspensions by increasing the amount of binder.

By allowing the suspension to settle for 24 h hence removing

the bigger agglomerates, a smooth and uniform film surface

was obtained.

The advantages of tuning the linear shrinkage of the anode

substrate by pre-sintering conditions have been demonstrated.

Deposition was obtained on all the anode substrates prepared at

different pre-sintering temperatures. However, microstructural
investigations revealed that anode support shrinkage of above

20% was sufficient to produce a fully densified electrolyte

microstructure.
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