
Sintering of 4YSZ (ZrO 2 + 4 mol% Y 2O3)

nanoceramics for solid oxide fuel cells

(SOFCs), their structure and ionic

conductivity

Dag�nn M�land a, Crina Suciua, Ivar W�rnhus a,

Alex C. Ho�mann b;� ,

aPrototech AS, P.B. 6034, 5892 Bergen, Norway

bDepartment of Physics and Technology, University of Bergen, Allegaten 55, 5007

Bergen, Norway

Abstract

In this work 4YSZ nanoparticles were produced with a variantof the sol-gel method,

the particles were sintered using two di�erent heating schemes, and the properties

of the resulting pellets investigated. XRD spectra show thecrystal structure of the

particles to be mainly cubic, and TEM pictures reveal their size to be around 20 nm.

The relative densities of the sintered pellets are found with the Archimedes method

to lie between 87 and 97% of the theoretical material density, and the grain size,

using thermal etching and SEM imaging, found to lie between 0.2 and 5� m, depend-

ing on the sintering temperature and the presence of impurities. The pellets were

subjected to electrical impedance spectroscopy making it possible to distinguish

the internal crystal and grain boundary impedances due to their di�erent time-

constants. With the \brick layer model" the approximate gra in boundary thickness
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was found to lie between 4 and 8 nm, depending on the sinteringconditions and

on the presence of impurities. The speci�c resistances of the grain interiors and the

grain boundaries, and the activation energies for ion di�usion in both, are presented.

The ionic conductivities of the pellets are compared with literature values, and are

found to compare favorably with these, at some temperatureseven with data for

8YSZ, which is the standard material used for electrolytes due to its higher ionic

conductivity, but which is also mechanically weaker than 4YSZ.

Key words: Grain growth; Grain boundaries; Nanocomposites; Impedance; Solid

oxide fuel cells.

Keywords: 4YSZ, nanoparticles, solid oxide fuel cells, sintering temperature,
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1 Introduction

Fuel cells represent a revolutionary technology for power generation by fuel. In

conventional electrical power generation the fuel is oxidised spontaneously in

an irreversible combustion reaction, recovering the chemical energy in the fuel

as heat, which has to be converted �rst to mechanical and thento electrical

energy. In fuel cell-based power generation the oxidation reaction is carried

out in an electrochemical cell, keeping the reactants apartand forcing the

electron-transfer involved in the reaction to take place through an external

circuit, such that most of the chemical energy can be recovered directly as

electrical energy.

� Corresponding author
Email address: alex.hoffmann@ift.uib.no (Alex C. Ho�mann).
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The e�ciency of conventional power generation is 33{38%, while that of power

generation with high-temperature fuel cells may, if also the waste heat is uti-

lized, be 70% or more. Moreover, the oxidation process in fuel cells takes, with

the aid of a catalyst, place at temperatures much lower than the 
ame tem-

perature, and therefore emits negligible NOx even in high-temperature fuel

cells. Fuel cell-based power generation does not emit any particulates or noise

either.

It therefore makes sense to invest heavily in research and development of this

technology to preserve fossil fuels and protect the environment. This paper is

concerned with development of new materials and manufacturing methods for

solid oxide fuel cells.

Important challenges in achieving commercialization of this technology are

related to:

� reducing the cell internal resistance such that higher current densities can

be generated within the cells, and

� improving cell reliability, mitigating material failure o r degradation during

operation of the cells.

Both of these challenges are related to the cell materials.

Considerable attention has therefore been paid to improving SOFC materials.

References [1{11] contain some recent reviews of this work,much of which has

been focused on reducing the size of the microstructure of the cell components

and therefore of the particles in the powders used to producethe components.

Producing SOFC components from powders consisting of nanoparticles may

be advantageous: electrolytes that are thinner, of higher quality and with
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a more uniform stress distribution and electrodes with a �ner, more stable

microstructure and a larger \triple phase boundary" (TPB) may be produced

reducing ohmic resistance in the electrolyte and increasing the reaction rate

in the electrodes such that cell e�ciency may be increased and/or the cell

operating temperature may be reduced. Some speci�c studiesof the use of

nanoparticles in SOFC production can be found in references[12{18].

To make thin �lms of YSZ for electrolytes, it is important for the material

to be as strong as possible. Some studies have therefore concentrated on YSZ

materials with lower doping concentrations than the standard 8%, and we

mention some of these in Section 4, where we compare our results with results

from the literature. These materials generally have lower ionic conductivity at

least at higher temperatures, but have the advantage of being mechanically

stronger.

Some of the present authors have recently [19{22] introduced a new, cost-

e�ective and environmentally friendly variant of the sol-gel method, and shown

that this method can produce nano-size particles suitable for use in SOFC

components. This work takes the next step of sintering theseparticles to elec-

trolyte materials.

The main objective of this work was to determine whether nanopowders pro-

duced by the new process are suitable as raw material for �ne-grained SOFC

electrolyte materials with good electrical properties. Another objective was

to to establish the e�ect of sintering conditions on the conductivity and on

the nature of the grain boundaries and the complex impedanceof the sintered

materials, and to ascertain the e�ect|if any|of the presenc e of impurities.

Finally we wished to know whether mechanically strong 4YSZ materials pro-
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duced in this way can have satisfactory electrical properties for use as SOFC

electrolytes.

2 Experimental

4 mol% Y2O3 stabilized ZrO2 (4YSZ) nanopowder was produced by the modi-

�ed sol-gel method mentioned above. Two powder batches, denoted by B2 and

J1, were produced. The B2 batch was produced in a standard way, while the

J1 batch was produced with pure organic precursors, and steps were taken to

further limit the impurities introduced during its product ion, such as placing

a lid over the powder during calcination to avoid impuritiesentering from the

furnace.

2.1 Chemicals and powder preparation

� Zirconia salt precursor: ZrCl4 from Sigma-Aldrich. For the B2 powder batch:

Technical � 98% (product number: 14612) and for the J1 powder batch:

99:9 + % (metals basis, product number: 357405).

� Yttria salt precursor: Y(NO 3)3 � 6H2O from Sigma-Aldrich, 99.9% (metals

basis, product number: 237957) was used for both powder batches.

� Pectin: For the B2 powder batch: Sigma-Aldrich Pectin from citrus peel,

Galacturonic acid � 74% (product number: P9135) and for the J1 pow-

der batch a commercial pectin type purchased from the supermarked (Jam

frysepulver Kraft Foods). The latter typically contains around 50% pectin,

in sucrose; residues left after combustion indicated that it contained less

impurities than pectin from Sigma-Aldrich.

� Sucrose: ordinary food sucrose, purchased from the supermarket (Eldorado
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sucrose, Norges gruppen) for both powder batches.

� Nitric acid: from Riedel-de-Ha•en (HNO3) � 65% (product number: 30709)

for both powder batches.

After drying, the gels were calcined according to the calcination program il-

lustrated in Figure 1. The heating and cooling rates were 200� C/hr, while

the holding-times on the plateaus were 1 and 12 hrs, respectively. The lid

placed over the J1 powder gave rise to the presence of remnants of organic

compounds after calcining, and two additional calcinationprocesses of 6 hrs

each were required to obtain a �nal powder free of organic compounds.

Fig. 1. Illustration of the calcination program

After calcination the powder was treated to break down agglomerates. The

B2 powder was mortared by hand for 15 minutes. The J1 powder was milled

in ethanol for 120 hrs, dried in air at room temperature, and then mortared

by hand for one hour. The mill used had a polymer housing, and the milling

medium was zirconia balls, while the mortar was made from agate.
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Discs were then pressed at approximately 500 bar without binder using a

uniaxial press. The discs were then placed in balloons, which were vacuumed

and sealed. These balloons were pressed to 1200 bar in a cold isostatic press

(CIP). The pressure was held at 1200 bar for 2 minutes before it was slowly

lowered. This process did not cause any contamination of thepowders. The

green density (density before sintering) of the pressed discs was measured,

using a caliper to determine the disc volume, before sintering.

2.2 Sintering

The pressed discs were placed on an alumina plate inside the furnace and sin-

tered. The furnace used for sintering was an Entech EEF17 Elevator oven, with

a type B thermocouple. Two types of sintering programs were used: referred to

as \the one-step program" and \the three-step program", respectively. Both

are illustrated in Figure 2.

The one-step program is the traditional way of sintering. Ithas one ramp up

to a plateau, where the temperature is held constant for a certain period of

time, followed by one decline ramp. Di�erent holding temperatures were used

to ascertain how the microstructure and the density of the sintered material

changed with temperature. The holding times and the slopes of the ramps were

the same, 10 hrs and 200� C/hr, respectively, for all the materials sintered by

the one-step program.

The three-step sintering program, proposed by Minfang Han et al. [23] was

developed to achieve dense sintered bodies with little grain growth. According

to Minfang Han et al. [23], the grain growth is a result of grain boundary
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Fig. 2. Sintering programs

motion, which is driven by two processes: grain boundary di�usion and grain

boundary migration. Both these processes give rise to densi�cation, but the

grain boundary migration gives the most rapid grain growth.So by suppressing

grain boundary migration, while keeping grain boundary di�usion active, one

can achieve dense sintering with little grain growth. The activation energy for

grain boundary di�usion is lower than the activation energyfor grain boundary

migration. So by keeping the holding plateau at no more than 1300� C, grain

boundary migration is suppressed, while grain boundary di�usion is active.

The �rst ramp of the three-step program had a slope of 120� C/hr and the

duration of the �rst plateau was 2 hrs. The second and third ramps had slopes

of 48� C/hr and � 200� C/hr, respectively, and the second plateau was held for

20 hrs. The �nal decline ramp had a slope of� 200� C/hr.
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2.3 Characterization

The powder batches were analyzed with X-ray di�raction (XRD) to determine

the crystal structure and the mean crystallite size. A Brucker D-8 Advance

X-ray di�ractometer was used for the measurements, and the software Di�ract

Plus Evaluation (EVA) was used to compare crystal di�raction patterns with

those from the International Center for Di�raction Data (IC DD) for identi-

�cation of the crystal structures. When XRD is performed on powders with

random crystal orientation, the di�racted beam is broadened. The extent of

this broadening depends on the size of the crystals: it increases with decreas-

ing crystal size. The mean crystallite size can be estimatedfrom the degree of

broadening by the empirical Scherrer formula [24]

L =
�K

� cos�
: (1)

Here L is the mean crystalline size,� is the wavelength of the X-ray,� is

the full width of a peak at half of the maximum of the peak (FWHM) in the

di�raction spectra (measured in radians), � is the Bragg angle andK is a

numerical constant equal to 0.9 [25,26].

The morphology of the powders was investigated by a JEOL-JEM-1011 trans-

mission electron microscope (TEM), while that of the sintered materials was

investigated by a ZEISS SUPRA 55VP scanning electron microscope (SEM).

Before SEM investigations materials were polished and thermally etched. From

the SEM images the grain sizes of the sintered materials wereestimated using

the lineal intersect method, according to the relation

G =
1:570
NL

: (2)
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HereG is the mean grain size,NL is the number of counted grains divided by

the length of the test line and the constant 1.570 is a dimensionless correction

factor [27] accounting for the arbitrary intercepts of the plane and of the test

line with respect to the grains.

The relative densities of the sintered pellets were found with the Archimedes

method, choosing the theoretical density of 4YSZ to 6050 kg/m3 [28,29], while

the relative densities of the green (before sintering) discs were calculated from

the mass and dimensions of the pressed discs, the latter weredetermined using

a caliper.

Ionic conductivities of the sintered 4YSZ discs were investigated by impedance

spectroscopy. A Solartron analytical 1260 Impedance/Gain-Phase Analyzer

was used to obtain the impedance data using a four-wire setup, illustrated

in Figure 3. In this setup, wires were welded pairwise to platinum foils and

these foils were then brought into contact with the materialdisc, which was

painted with platinum paste on both sides. The setup allowedmeasurement of

the current in the current-carrying circuit containing the voltage generator by

measuring the voltage over a standard resistance (not shown, inside the box)

incorporated in the circuit. Measurement of the voltage over the pellet was

done in a separate circuit as shown, making it possible to eliminate the resis-

tance in the current-carrying circuit in the determination of the voltage over

the pellet. The data were analyzed using the complex nonlinear least square

(CNLS) program LEVMW, version 8.08. Measurements were performed in the

temperature range of 200{1000� C. The signal strength was typically 500 mV

at the lower temperatures.
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Fig. 3. Principle sketch of the experimental setup for the impedance measurements.

3 Analyses, results and discussion

3.1 Powder characterization

The XRD spectra from the B2 and J1 powders are presented in Figure 4

together with the characteristics of cubic 8YSZ and tetragonal 4YSZ. The

samples seem to be mostly cubic, but with some tetragonal phase, evidenced

by the assymmetry and slight broadening of the sixth peak in the spectra. The

mean crystallite sizes estimated from the �rst four peaks inthe XRD-data,

using the Scherrer formula, Equation (1), were 14.82 nm and 10.32 nm for the

B2 and J1 samples, respectively.

TEM images of the B2 and J1 sample are shown in Figure 5, showing nanosized

particles with a relatively narrow size distribution around a mean size of about

20 nm for both of the samples. The particle size appears somewhat larger than

the crystallite size as obtained from the Scherrer formula,indicating that the
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Fig. 4. On the top the XRD spectra for the B2 and J1 sample are shown. The �gures

in the middle and bottom show the characteristics of cubic 8YSZ and tetragonal

4YSZ, respectively.
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particles consist of several crystallites.

(a) (b)

Fig. 5. TEM pictures of (a) the B2 powder and (b) the J1 powder, showing average

particle sizes of around 20 nm.

We did not repeat the XRD analysis for the sintered nanoceramics, but their

high ionic conductivities (see below) indicate that these must also largely have

had a cubic crystal structure.

3.2 Density and grain size of the sintered pellets

Relative green densities were found to be around 0.39 for theB2 samples and

to lie in the range 0.44{0.46 for the J1 samples. This di�erence between the two

types of sample is probably due to the di�erence in treatmentof the powders

before pressing, where, as mentioned, the B2 powder was onlymortared for

15 minutes, while the J1 powder was milled for 120 hrs before being dried and

mortared for one hour.

Relative densities and grain sizes of the sintered materials are presented in
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Figure 6. These results show a higher sintering activity (higher relative den-

sity) for the J1 materials than for the B2 materials, both prepared by the

one-step and the three-step programs. This may be due eitherto the higher

green densities or the higher purity of the J1 materials [30,31]. The two plots

of grain size in the �gure indicate more grain growth for the B2 materials.

This may be due to the lower green packing density of the B2 materials [32].

The sintering results for the materials sintered by the three-step program

con�rm the contention that a higher density with little grai n growth is achieved

by this sintering program [23]. The closeness of the resultsfrom the three B2

materials sintered by the three-step program is evidence ofgood repeatability

of the sintering results. Note that the grain size was only investigated for one

of these three materials, namely the one with the intermediate relative density

of 0.954 (see the top left-hand plot in Figure 6).

3.3 Oxygen ion conductivity

Ionic conductivity can be investigated by complex impedance spectroscopy

[33]. The impedance,Z , is normally a function of frequency,! . The impedance

is investigated during the measurement at a wide range of frequencies, typi-

cally between 1 MHz to 1 mHz, which was also the range used in this study,

yielding the impedance functionZ(! ). This impedance function may in turn

be assigned to an equivalent electrical circuit, where di�erent physical pro-

cesses are represented by the elements of the equivalent electrical circuit and

can thus be distinguishable. To do this the parameters of theelements of the

equivalent electrical circuit are �tted so that the impedance of the equivalent

electrical circuit matches that of the material.
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Fig. 6. Relative densities and grain sizes for materials subjected to di�erent sintering

treatments.

For the type of material we are considering in this paper the equivalent elec-

trical circuit may consist of a resistive element, with impedanceZ(! ) = R,

simulating ohmic resistance in the material, in parallel with a capacitor, with

impedanceZ(! ) = 1 =j!C wherej is the imaginary number andC the capac-

itance, to simulate dielectric e�ects in the material. A polycrystalline material

may be represented by two such parallel-coupled resistor/capacitor pairs in

series, one to represent the grain interior and the other to represent the grain

boundary regions. If the time constants,RC, of these two pairs are su�ciently

di�erent, the characteristic response time of the two will be di�erent, and the

complex impedance,Z (! ) will trace out two distinct semicircles in the com-

plex plane, one representing the characteristics of the grain boundary region
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and the other representing the characteristics of the graininterior region. We

have to refer to a textbook on electrical impedance analysis(e.g. ref. [33]) for

an account of this.

In our case it turned out that Z (! ) traced out slightly depressed semicircles.

This is often the case, and can be accounted for by replacing the capaci-

tors in the equivalent electrical circuit by \constant phase elements" with the

impedance functionZCP E = 1
Y (j! )n , which reduces to that of a capacitor for

n = 1.

The equivalent electrical circuit chosen in the end for thiswork is shown in

Figure 7. The inductor, L, and the Generalized Finite Warburg element, GFW,

are included to account for the responses of the wiring and the electrodes,

respectively, and are not relevant for this study. However,the response function

of the latter: ZGF W = RGF W tanh
�

(jT ! )n
�

=(jT ! )n [34] is included in the �t

procedure to obtain a good �t for the grain boundary response.

L

Rgi Rgb

CPE CPE

  GFW

Fig. 7. equivalent electrical circuit chosen at low temperatures. L is an inductor

accounting for the response of the wiring,Rgi the grain interior resistance, Rgb the

grain boundary resistance, CPE are constant phase elementsrepresenting dielectric

e�ects in the two regions, and GFW is the Generalized Finite Warburg [34] which

accounts for the response of the electrodes.

Figure 8 shows impedance plots for three of the materials: one B2 material

sintered by the three-step program, the J1 material sintered by the three-step
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program and the J1 material sintered at 1550� C by the one-step program.

� is impeditivity: � � (ZA)=t, where A is the cross-sectional area andt is

the thickness of the pellet, such that the real part of� is the bulk resistivity

of the polycrystalline material. The reciprocal of� is the material conductiv-

ity, which we denote by � . In the impedance plots the semicircle to the left

arises from grain interior response, which has the lowest time constant and the

lowest capacitance in the equivalent electrical circuit, and the right semicircle

is due to the grain boundary response. By using a complex nonlinear least

square (CNLS) �tting program the resistivities and the CPE parameters are

estimated.

The �gure shows that the response of the grain interiors are similar for the

three materials, as one would expect, and the di�erence liesin the response

of the grain boundaries, where the grain boundary impeditivity of the B-

material is much greater than those of the J-materials. The reason that the

grain boundary impeditivity is lower in the one-step material than in the

three-step material is that the sintering temperature and the densi�cation of

the former was larger than for the latter (see the bottom left-hand plot in

Figure 6). It is likely that for the same sintering temperature the impeditivity

of the three-step material will be lower than that of the one-step material.

Figure 9 shows the impeditivity of the B2-three step material together with

the CNLS �tted response of the equivalent electrical circuit shown in Figure 7.

The circuit chosen is clearly su�cient to re
ect the physical processes taking

place in the material.

On basis of the impeditivity plots and the �tted equivalent electrical circuits

the total conductivity and the separate grain interior and grain boundary
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conductivities can be determined. The corresponding resistivities are given by

the intersections of the impedance semicircles with the Re(� ) axis; values of

resistivities are evaluated by means of the mentioned �tting program.
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Ionic conductivity of YSZ is a thermally activated process,and the conduc-

tivity may be expressed by the known Arrhenius dependence [33,35]

� =
E
T

exp
�

�
A
kT

�

: (3)

Here� is the conductivity, E is a constant,A is the activation energy,k is the

Boltzmann constant, andT is the absolute temperature.

The conductivity plots in Figure 10 con�rm that in the measured temperature

range, the bulk conductivities,� , of grain interiors are very similar, whereas

the conductivities of grain boundaries are signi�cantly di�erent for all three

systems investigated.

The activation energies of the di�erent processes, calculated according to

Equation (3) can be determined from the slopes in these plots. These acti-

vation energies are given i Table 1 below.

Using the estimated equivalent electrical circuit parameters obtained from

the CNLS �tting program, some microstructural properties can be estimated

using the so-called \brick-layer model", which is based on assuming a regular

arrangement of cubic grains separated by planar grain boundaries [33] like

bricks in a wall separated by cement.

In the following we operate with conductivity contributions from two \re-

gions": a contribution from the grain interior region and a contribution from

the the grain boundary region, denoted by subscriptgi and gb, respectively.

We denote by� gi and � gb the reciprocals of the contributions of the two re-

gions, respectively, to the over-all resistivity of the material, e.g. � gb is thus

the bulk, or \macroscopic", conductivity of the grain boundary region. We

denote by ggi and ggb, respectively, the reciprocals of the resistivities of the
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Fig. 10. Modi�ed Arrhenius plots for the conductivities of a ) the total material, b)

the grain interiors and c) the grain boundaries

two pure regions, e.g.ggb is thus the \microscopic" conductivity of the pure

grain boundary region.

When applying the brick layer model we assumed that:

� The conductivity of the grain interior region was much greater than the

conductivity of the grain boundary region,ggi � ggb.

� The permittivity of the grain interior region was equal to the permittivity

of the grain boundary region,� gi = � gb.

The former assumption is often used for polycrystalline ionconducting YSZ,

which shows two semicircles in the impedance plot [31,36{38], and the latter

is appropriate since the material permittivity does not vary much compared
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with the conductivity [33,39].

The volume fraction of grain boundary region is in this simpli�ed grain ar-

rangement is:

xgb =
3D 2d

3D 2d + D 3
�

3d
D

; (4)

were d is the grain boundary tickness andD is the grain size. The approxi-

mation holds for D � d.

We must refer to a textbook [33] for the derivation of the following relations

under the assumptions given above. The thickness of the grain boundary region

can be shown to be

d =
Dcgi

cgb
: (5)

where c are e�ective capacitances determined for the CPE elements in the

equivalent electrical circuit in Figure 7.

The fractional conductivity of the grain boundary region can be shown to be:

ggb

ggb + ggi
=

� gbxgb

� gbxgb + 3� gi
: (6)

Estimates based on the brick layer model and the measured parameters are

presented in Table 1.

The grain boundaries can be seen in the table to be much narrower in the pure

materials. The activation energies for conductivity are very similar between all

the materials for both regions. The 90% con�dence intervalsfor the activation

energies are approximately� 0:01 eV.
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Table 1

Calculated parameters using the modi�ed Arrhenius plots and the brick layer model.

material gb thickness ggb
ggb+ ggi

xgb A total Agi Agb

[nm] [eV] [eV] [eV]

B2-three step 8.22 0.00320 0.0632 1.04 0.89 1.10

J1-three step 4.71 0.00610 0.0389 0.98 0.90 1.07

J1-one step (1550� C ) 4.00 0.00271 0.00543 0.93 0.91 1.12

4 Comparison with Literature and Further Discussion

Since the goal of this investigation was to test whether materials produced

with the present process are suitable for use in solid oxide fuel cells and are

comparable in performance with the materials presently on the market, we

have carried out a search and collected some literature dataon the performance

of similar materials for comparison with the results shown above.

Table 2 shows results for the total, i.e. bulk plus grain boundary, conductivity

of the J1-1550 sample from the present investigation, determined from the

complex impedance plots, and Table 3 shows a collection of results for other

YSZ materials with varying degree of doping. In this table, the result marked

with * is interpolated between 799.8� C and 899.3� C and those marked ** have

been annealed at 1000� C for 5000 min.

It is seen that the conductivity of the best material produced in the present

work is fully as good as, or better than, comparable materials and, at lower

temperatures (600� C ), even as good as literature data for 8YSZ materials.
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Table 2

Conductivity [
 � 1cm� 1] for the J1-one step material, this work

Temperature 497.8� C 596.7� C 799.8� C 850� C 899.3� C 989.8� C

J1-1550 7.450E-4 3.315E-3 0.0257 0.037* 0.0512 0.0881

Table 3

Literature values for conductivities of YSZ [
 � 1cm� 1]

Temperature 500� C 600� C 800� C 850� C 900� C 1000� C

3YSZ 7.4E-5 [40] 0.022** [41] 0.075 [42]

0.059 [43]

4YSZ � 1E-4 [44] 0.024** [41]

4.3YSZ � 1E-3 [45]

4.5YSZ 1.2E-5 [40] 0.012 [46] 0.023 [46]

8YSZ 1.587E-3 [47] 0.022 [48] 0.037 [48] 0.089 [42]

0.0185 [47] 0.154 [49]

0.050 [50]

0.020 [51]

0.0131 [38]

0.13 [43]

9YSZ 4.6E-4 [52] 0.13 [43]

9.2YSZ � 1E-3 [45]

Table 4 shows activation energies for conductivity in various YSZ materials

from the literature, the references are given by each value.The values are

consistent with the ones presented here. The values marked with ** have been
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annealed at 1000� C for 5000 minutes. The values marked with # refer to clean

8YSZ, this reference also contain values for silica contaminated materials.

Table 4

Activation energies for YSZ materials from literature.

Material Agi [eV] Agb [eV] A tot [eV]

3YSZ 0.73 [53] 1.24 [53] 0.97 [53]

0.97 [40] 1.21 [40] 1.12 [40]

0.98 [54] 1.12 [54]

0.92 [54] 1.09 [54]

4YSZ 0.94** [41]

4.5YSZ 1.12 [40] 1.27 [40] 1.27 [40]

4.7YSZ 1.07 [54] 1.15 [54]

6YSZ 1.07 [54] 1.12 [54]

1.02 [40] 1.20 [40] 1.18 [40]

8YSZ 0.90 [53] 1.15 [53] 0.96 [53]

1.11-1.17# [31] 1.11-1.25# [31]

1.04-1.07 [55] 1.21-1.23 [55]

1.00 [56]

0.91-0.96 [41]

Martin and Mecartney [31], studied the grain boundary thickness as a function
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of sintering temperature and the amount of Si-based impurities present in the

material. Comparing their data with the data in Table 1 we seethat our

grain boundary thicknesses are comparable to the ones obtained for the pure

materials in that work, and our trends consistent with theirs, con�rming the

validity of our analysis method.

We discuss brie
y the validity and limitations of the brick-layer model. The

properties of the grain interior are often well determined by this model [57].

But the grain boundary properties may be less well estimated. A wide grain

size distribution, or a bimodal grain size distribution, may cause the current

to take detours around small grains, or clusters of small grains [37,57], causing

the estimated grain boundary resistance to be too low. Fleigand Maier [58],

Fleig [37], and Dezanneau et al. [59] have simulated impedance response for

idealized 2-D periodic grain structures (identical grain size, and shape), more

realistic 2-D microstructures (di�erently shaped grains with a size distribu-

tion), and realistic 3-D microstructures (di�erently shaped grains with a size

distribution), respectively for which the true material parameters for the grain

interior phase, and the grain boundary phase were known. Theestimated pa-

rameters for the grain boundary properties using the brick layer model agreed

with the real parameters to within 10%.

5 Concluding Remarks

We conclude from the previous sections, speci�cally after comparison of the

data in Tables 2 and 3, that the manufacturing methods presented in this work,

which are cost-e�ective and environmentally friendly, canresult in �ne-grained

materials that have electrochemical properties that are atleast comparable to
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the ones reported in the literature. We also conclude that 4YSZ materials

produced by the present variant of the sol-gel method seem suitable for use

as electrolytes in solid oxide fuel cells.

Sintering densities of about 96% and 97% of the theoretical density could

be reached for J1 materials, either by sintering according to the three-step

program, or by sintering at temperatures over 1400� C . This batch shows

good sintering activity. A combination of residual agglomerates leading to

poor packing, and impurities is probably the reason that theB2 powder had

less sintering activity.

The work con�rms that impurities have an important negative e�ect on the

conductivity of 4YSZ. This e�ect is seemingly due to segregation of impurities

into the grain boundaries, since the grain interior conductivities are equal for

all the materials. The grain boundary thickness was reducedfrom 8 nm to 4

nm from the B2 to the purer J1 materials.
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