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Abstract

The electrical properties and oxygen permeability of glass—ceramics 55510,-27Ba0O-18MgO, 55Si0,-27Ba0-18Zn0 and 50Si0,-30Ba0-20ZnO
(%mol), which possess thermal expansion compatible with that of yttria-stabilized zirconia (YSZ) solid electrolytes, were studied between 600
and 950°C in various atmospheres. The ion transference numbers, determined by the modified electromotive force (e.m.f.) technique under
oxygen partial pressure gradients of 21 kPa/(1-8) x 10? Pa and 21 kPa/(1 x 107'8-2 x 107'2) Pa, are close to unity both under oxidizing and
reducing conditions. The electronic contribution to the total conductivity increases slightly on increasing temperature, but is lower than 2% and
7% for the Zn- and Mg-containing compositions, respectively. The conductivity values measured by impedance spectroscopy vary in the range
(1.4-7.8) x 1076 S/cm at 950 °C under both oxidizing and reducing conditions, with activation energies of 122—154 kJ/mol and a minor increase
in H,-containing atmospheres, indicating possible proton intercalation. In agreement with the electrical measurements which indicate rather insu-
lating properties of the glass—ceramics, the oxygen permeation fluxes through sintered sealants and through sealed YSZ/glass—ceramics/YSZ
cells are very low, in spite of an increase of 15-40% during 200-230h under a gradient of air/H,—H,O-N, due to slow microstructural

changes.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

One important challenge in the development of planar solid
oxide fuel cells (SOFCs) relates to the development of suitable
sealant materials to separate the cathode and anode chambers,
and to maintain gas-tightness of the system at elevated tem-
peratures, 600—1000°C.!=3 Seals are applied to the cell edges
between interconnect and electrolyte and/or electrodes, depend-
ing on the system design, and also to the gas manifolds to
bond them to the sintered electro-active components. The key
requirements for sealing materials include thermomechanical
and chemical stability, negligible physical and electrochem-
ical leakages throughout the range of the SOFC operation
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conditions, and thermal expansion coefficients (TECs) simi-
lar to those of other cell components, (9—13) x 107 6K-1.46
The seal should also behave as an electrical insulator, with
total conductivity (o) lower than 10~* S/cm, in order to avoid
parasitic currents decreasing the system efficiency. Finally, a
good chemical compatibility with all the other SOFC mate-
rials, in particular interconnect alloy and solid electrolyte, is
necessary.*~’

Several approaches have been used to achieve the required
adherence, mechanical integrity and stability, including both
rigid’~!3 and compressive!*"!” seals. The most common
approach is to use rigid glass or glass/ceramic seals, where
no load should be applied during operation. However, as
these materials are inherently brittle, a number of metallic,
metallic—ceramic and ceramic—ceramic composite seals have
been developed, both in rigid and in compressive configu-
rations. The use of multiphase sealants makes it possible to
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improve wettability, compliance at interfaces and strain relief,
gas-tightness and stability.

A promising combination of physicochemical properties
were found in the systems RO-BaO-SiO; where R=Mg and
Zn, 31213 including suitable dilatometric characteristics and sin-
tering/crystallization behaviour which resulted in dense mate-
rials with the desired microstructure at temperatures around
850 °C. For these glass—ceramics, sealing of planar SOFCs may
be performed at 700-800 °C via sintering of the glass powder
during start-up; further treatment at the operation temperature
induces the precipitation of crystalline phases which gener-
ate a rigid seal with good thermal, chemical and mechanical
stability.!3 Impedance spectroscopy studies in air showed that
these materials behave as insulators in the entire temperature
range relevant for SOFCs, 500-1000°C.'8 The present work
continues electrical and electrochemical characterization of the
glass—ceramic sealants selected in the RO—BaO-SiO, systems,
with special emphasis on oxygen permeability and conductivity
in various atmospheres, properties which are of key importance
for practical applications. Another goal was to evaluate the
applicability of the electromotive force (e.m.f.) technique and
oxygen permeation measurements for the assessment of ion-
transport parameters in Si-containing glass—ceramics. Although
the e.m.f. method is widely used to determine ionic and elec-
tronic contributions to the total conductivity of ceramic solid
oxide electrolytes and mixed conductors,'®2! the study of glass-
based materials is complicated due to numerous factors, such as
fast surface diffusion of silica, stagnated interfacial exchange
and high electrical resistivity.

2. Experimental
2.1. Materials preparation and characterization

The chemical compositions and corresponding abbreviations
of glass—ceramics studied in the present work are listed in
Table 1. For all materials, the BaO/RO (R=Mg or Zn) ratio
was kept maintained at 1.5. Batch compositions (75 g of each)
were prepared using reagent-grade BaCO3z, MgCOs3, ZnO, and
Si0; sand containing <30 ppm of Fe; O3. The raw materials were
thoroughly mixed and melted in a Pt crucible at 1650 °C for 2 h,
casted on brass moulds and annealed around the glass transi-
tion temperature (7). The detailed physicochemical character-

Table 2
Dilatometric, HSM and DTA data for the studied glasses

Table 1
Glass compositions and abbreviations

Abbreviation Composition (mol%)

SiOy BaO MgO ZnO
Mgl.5-55 55 27 18 -
Znl.5-55 55 27 - 18
Zn1.5-50 50 30 - 20

ization of the glasses using dilatometry, hot-stage microscopy
(HSM) and differential thermal analysis (DTA) was reported
previously;'? selected data are summarised in Table 2.

For preparation of gas-tight glass—ceramics, powdered
glasses with particle size less than 20 pm (dso =10 pm) were
pressed uniaxially into pellets (18 mm diameter, ~2 mm thick-
ness, relative density of 64%) at approximately 100 MPa.
The subsequent thermal treatment included heating to 900 °C
(5 °C/min), sintering at 900 °C for 0.5h, cooling to 850°C
(5 °C/min) with annealing at 850 °C for 1 h, and, finally, cooling
down to room temperature (2 °C/min). The density of sintered
glass—ceramics was 90% relative to the density of the bulk glass
composition. All samples were checked for gas-tightness by the
absence of gas leakage through samples placed under a pressure
gradient of 2-3 atm at room temperature. The phase composi-
tion of the glass—ceramics was analysed by X-ray diffraction
(XRD) using a Siemens D5000 instrument. The microstructure
was studied by scanning electron microscopy (SEM) coupled
with energy dispersive spectroscopy (EDS), using a Hitachi S-
4100 microscope and a Rontec UHV detection system.

The total conductivity was studied by AC impedance spec-
troscopy (HP4284 A precision LCR meter, 20 Hz—1 MHz), using
dense pelletised samples with Pt electrodes. Measurements were
performed in temperature range 600-950 °C in flowing air, Ar,
10% H>-90% N, and various Hy—H, O-N, mixtures, and also
as function of time at 850-950 °Cina 10% H,-90% N, gas flow.
The oxygen partial pressure in the measuring chamber was deter-
mined with an yttria-stabilized zirconia (YSZ) electrochemical
Sensor.

2.2. Modified e.m.f. technique

The e.m.f. technique used to determine ion transference
numbers of the glass—ceramic materials is based on the

Property Technique Composition
Mgl.5-55 Znl.5-55 Znl.5-50

Average thermal expansion coefficient (@ % 0.5) x 10° K=! (50-500 °C) Dilatometry 10.0 9.2 10.4
Glass transition temperature 7y +3 (°C) Dilatometry 711 655 666
Dilatometric softening temperature 7q + 5 (°C) Dilatometry 750 702 708
First shrinkage temperature Tgs £ 5 (°C) HSM 750 700 717
Maximum shrinkage temperature Tyis £5 (°C) HSM 824 780 785
Onset crystallization temperature Tx +2 (°C) DTA 852 837 830
Crystallization temperature 7¢c £2 (°C) DTA 877 857 854
Half ball temperature Thaif bant =5 (°C) HSM 1175 1120 1140
Flow temperature Tqow £ 5 (°C) HSM 1200 1125 1150
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measurement of the open-circuit voltage of a cell consisting
of a membrane with two electrodes, placed under a chemical
potential gradient.'®-2! For an oxide sample with negligible
electrode polarization resistance tested in an oxygen concen-
tration cell, the average ion transference number (#;) within the
given oxygen pressure gradient can be obtained from the ratio
of measured e.m.f. (Eyps) and theoretical Nernst voltage (Ey,):

RT pz]_l_ o Re 0

_ai—}—oe =Re+Ri

where p; and p; are the values of oxygen partial pressure at
the electrodes, oj and o, are the partial ionic and electronic
conductivities, and R; and R, are the partial ionic and electronic
resistances of the membrane, respectively. Non-negligible
electrode polarisation leads to an underestimation of #;; the
relation between apparent (ti"bs) and true ion transference
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where R, is the electrode polarisation resistance. For
glass—ceramic samples, this situation is very likely due to
low exchange currents and surface diffusion of silica, which
may block the porous Pt electrodes. In order to take electrode
polarisation into account, Gorelov’s modification of the e.m.f.
method®'?> was used. This modification is based on the
measurement of cell voltage as a function of an external load
resistance (Ryp), when

En
Eobs

11
—1=(Ri+ Ry) [R+RM] 3)

The true ion transference numbers can be calculated from
the results of AC impedance spectroscopy and the values of R,
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Fig. 1. Schematic drawings of the experimental setups for the modified e.m.f. technique (A), oxygen permeation measurements (B), and YSZ sealing tests (C).
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obtained from a simple regression of the linear part of a plot of
(E/Eops — 1) versus 1/Ryp:

Ew 1 A
—1=A(— )+ B, Re=— 4)
Eopbs Rm B
R
= 1 Rou )
R.

where A and B are regression parameters, and Ry is the bulk
resistance determined from the impedance spectra.

The experimental cell for e.m.f. measurements comprised a
glass—ceramic membrane (0.65 mm thickness, 12.5 mm diam-
eter) with porous Pt electrodes, hermetically sealed onto YSZ
tube using a Pyrex glass (Fig. 1A). The 10% H-90% N, or
O,—Ar mixtures were supplied at the inner electrode, where the
oxygen partial pressure (p1) was determined using a YSZ sensor;
the outer electrode was exposed to atmospheric air (p2 =21 kPa).
The e.m.f. of the cell was measured at 700-950 °C as a func-
tion of an external resistance, Ry;. The ion transference numbers
were calculated using regression model Eq. (4) in combination
with Eq. (5), as illustrated by Fig. 2.

2.3. Oxygen permeation

The measurement technique used for the determination
of oxygen permeation fluxes through glass—ceramics under
air/H,—H,O gradients typical for SOFC operation is based on
the analysis of oxygen activity in the gas flow over the sample
permeate side. The experimental setup (Fig. 1B) comprises a
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Fig. 2. Determination of the ion transference numbers by the modified e.m.f.
technique, for the example of Zn1.5-50 glass—ceramics. Solid lines correspond
to the fitting results, using Eq. (6) as the linear regression model.

dense membrane disk (0.65 mm thickness) hermetically sealed
onto an YSZ tube, and two oxygen sensors at the inlet and outlet
of the cell. A flow of H,—H>O-N; gas mixture (10.3 cm3/min)
was supplied to the membrane permeate side, where hydrogen
interacted with oxygen permeating through the glass—ceramics.
The gas flow rate (V) was controlled with Bronkhorst mass-flow
controllers and additionally measured at the outlet by a soap-film
flow meter. For the e.m.f. measurements, the membrane feed side
was exposed to atmospheric air (pp =21kPa). The oxygen per-
meation flux density (j) through a membrane under steady-state
conditions was calculated as:

_ V. p(H2)in — p(H2)out
I = R1yS 2

(6)

where Ty is the flow meter temperature, S the membrane surface
area, and p(Hj)in and p(H2)oy are the hydrogen partial pressures
at the inlet and outlet of the measuring cell, respectively. The
hydrogen pressure was calculated by

CP total

HHy) =
piH:) 14K x p(O)'?

N

where C is the volume fraction of H-containing species
(H2 + H>0) in the gas determined by its initial composition,
Piotal the total pressure, K the equilibrium constant of the H»
oxidation reaction calculated using thermodynamic data,?> and
p(0Oy) the oxygen partial pressure in the gas flow determined by
the oxygen sensor. The accuracy of the measurement technique
was verified sealing a thick (3—4 mm) YSZ disk with porous Pt
electrodes instead of the glass—ceramic membrane and pumping
various amounts of oxygen in the gas flow; the errors in the oxy-
gen flux determination varied in the range 0.1-5%, decreasing
with increasing oxygen flux. These errors are primarily caused
by minor physical and electrolytic leakages into the system and
parasitic thermo-e.m.f. of the oxygen sensors. If compared to the
oxygen permeation fluxes reported below, the overall leakages
estimated under conditions when no oxygen was pumped into
the system, were lower than 3%.

2.4. Sealing tests

The sealing tests of YSZ ceramics, performed to assess elec-
trochemical leaks through the YSZ/glass—ceramics/YSZ inter-
faces, were carried out using Zn1.5-50 glass powder. As shown
by the impedance spectroscopy and e.m.f. measurement results
discussed below, this composition possesses the lowest total
and partial electronic conductivities with respect to the other
studied sealants, and is, thus, the most promising for practi-
cal applications. The electrochemical cells used for the sealing
tests (Fig. 1C) are made of YSZ solid electrolyte (2.0 mm wall
thickness) and comprise an oxygen sensor and an oxygen pump
with porous Pt electrodes; Pt wires are used as current collec-
tors. All cell components, except for a YSZ membrane at the
top, were assembled and sealed at 1280-1320 °C using another
sealant based on the SiO,—CaO-BaO-Al;O3 system; physic-
ochemical and transport properties of the high-temperature
sealants will be reported in subsequent parts of this work. Under
the measurement conditions, the oxygen permeability of the
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high-temperature sealant was found below the detectable limit.
After fabrication, the electrochemical cells were tested for gas-
tightness. The YSZ membrane (2 mm thickness) was then sealed
onto the top using the Zn1.5-50 glass powder; the thermal treat-
ment procedure in the course of sealing involved heating to
1100-1150°C (2 °C/min) in air, sealing at temperatures close
to the half-ball temperature (Table 2) for 5-15 min, and cool-
ing down to the measurement temperature, 850-950 °C. In the
course of sealant assessment, oxygen was pumped out of the
cell by passing a direct current through the oxygen pump until
the required p(O;) value was obtained; the current was then
switched off and the oxygen leakage was monitored by mea-
suring the oxygen partial pressure inside the cell as a function
of time. After the experiments, YSZ/glass—ceramics/Y SZ inter-
faces were inspected by SEM/EDS.

3. Results and discussion
3.1. Transference numbers

The e.m.f. measurements confirmed that, as expected, the
role of electrode polarization resistance in the oxygen concen-
tration cells with glass—ceramic membranes is essential, making
it impossible to determine the ion transference numbers sim-
ply from the measured voltage using Eq. (1). As an example,
Fig. 3 compares the ratio of measured and theoretical volt-
ages (Eobs/Ewn) and the true values of ion transference numbers
determined by the modified e.m.f. technique, for composition
Zn1.5-50. The °* values vary in the range 0.5-0.8, while the
ionic contribution to total conductivity of the glass—ceramics is
close to 100%. Note that predominant ionic conduction was also
confirmed by the impedance spectra, which consist of two arcs
corresponding to the bulk and electrode signals (Fig. 4).

Table 3 summarises the ion transference numbers of Mg1.5-
55 and Znl1.5-50 glass—ceramics. As the differences in the
composition and physicochemical properties of Zn1.5-50 and
Zn1.5-55 are very minor (Tables 1 and 2), the transference num-
bers of the latter material are expected very similar to those of
Zn1.5-50. In oxidizing atmospheres, the values of #; vary in the

Table 3
Oxygen transference numbers determined by the modified e.m.f. technique
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Fig. 3. Comparison of the ion-transference numbers and the ratio between
observed and theoretical e.m.f. values for the Zn1.5-50 glass—ceramics with
Pt electrodes. The corresponding values of oxygen partial pressure in the gas
mixtures supplied to the electrodes are given in Table 3.
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Fig. 4. Typical impedance spectra of Mgl.5-55 glass—ceramics with porous Pt
electrodes at 800 °C under various p(O,) gradients, indicated in the legend.

Composition T (°C) Air/O,—Ar gradient Air/10% H—90% N, gradient
p1 (Pa) ti p1 (Pa) t

Znl1.5-50 950 110 + 3 0.985 4 0.004 1.7x 10713 0.985 + 0.002
900 0.994 + 0.004 27 x 10714 0.987 + 0.004
850 1.000 £ 0.007 23x 1071 0.990 + 0.004
800 1.000 + 0.002 3.9x 10716 0.991 + 0.005
750 0.999 = 0.008 45 x 1077 0.991 + 0.006
700 1.000 % 0.009 9.5%x 1071 0.996 =+ 0.006

Mgl.5-55 950 760 + 40 0.95+0.01 22x 10712 0.93 + 0.03
900 0.97 £0.06 26x10°13 0.93 + 0.03
850 - 3.0x 10714 0.94 + 0.08
800 0.97 £0.09 3.1x10°15 0.95 + 0.02
750 - 2.9 x 10716 0.97 + 0.01
700 - 29 %107 0.97 + 0.08

Note: p; is equal to 21 kPa (atmospheric air). The errors are given for a confidence interval of 95%.
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range 0.95-1.00 whereas that of Zn1.5-50 is higher than that of
Mg1.5-50. The electronic contribution increases with increas-
ing temperature, indicating that the activation energy for the
ionic transport is lower than that of electronic transport. Similar
behaviour is known for Si-containing crystalline phases without
transition metal oxide dopants, such as oxygen ion-conducting
Lajo—y (Si, Al)g O27_s apatites.>* Under large p(O,) gradients
typical for SOFC operation, the electron transference numbers
are slightly higher, but still lower than 2% and 7% for the Zn-
and Mg-containing compositions, respectively.

Inspection of the samples by SEM/EDS revealed no essential
microstructural changes in the membrane bulk after the e.m.f.
measurements (Fig. 5A and B, top view). The high surface
diffusivity of silica results in substantial conglutination of Pt

25.8kV

(C)
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particles forming the electrodes (Fig. 5C and D, fracture sur-
face). This phenomenon is one of the most likely reasons for the
significant polarisation effects; another may relate to stagnated
oxygen exchange between the glassy and gas phases. Nonethe-
less, the porosity of the electrode layers is still sufficient and the
triple gas/Pt/glass—ceramics boundaries providing electrochem-
ical reaction sites still exist. One should also mention a moderate
interaction between the glass—ceramics and Pyrex glass used for
sealing; one typical SEM micrograph is given in Fig. 5E. EDS
analysis showed that a small amount of NaO diffuses into the
glass—ceramics up to a depth of 10-20 wm from the interface.
It seems, very unlikely however, that these phenomena could
lead to significant parasitic electronic conducting in the oxygen
concentration cells.

25.8kV X3.80K 1@.8s5m

(E)

Fig.5. SEM micrographs of fractured Mg1.5-55 (A-C) and Zn1.5-50 (D and E) glass—ceramics: as-prepared sample (A), glass—ceramics after the e.m.f. measurements
(B), glass—ceramic/Pt interfaces (C and D), and glass—ceramic/Pyrex interface (E). For (C-E), Pt and Pyrex layers are at the top of the micrographs.
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Fig. 6. Total conductivity vs. temperature of Zn-containing glass—ceramics in
oxidizing and reducing atmospheres.

3.2. Conductivity

The results of total conductivity (o), summarized in Figs. 6-9,
clearly show that the title materials possess good insulating
properties within the whole range of SOFC operation con-
ditions. At 950°C, the conductivity values are in the range
(1.4-7.8) x 1079 S/cm. A slight increase in the conductivity
is observed in Hj-containing atmospheres (Figs. 6 and 8),
indicating possible proton absorption. On the other hand, the
measurements in wet hydrogen with up to 40% water vapour
demonstrated that protonic transport only becomes significant
at temperatures below 500 °C. The activation energies for the
total conductivity, 122—154 kJ/mol, are almost independent of
the oxygen chemical potential at 600-950 °C (Table 4).

No degradation of the conductivity with time was found at
850°C (Figs. 7 and 9). However, annealing in Hj-containing
gas mixtures results in a minor increase of electrical resistance;
the conductivity at 950 °C varies during 100 h by about 20% for
Mg- and 7% for Zn-containing compositions.

It should be emphasized that e.m.f. measurements cannot
indicate the exact type of ionic charge carrier(s) when an oxide
membrane is placed under an oxygen or metal chemical poten-

48 — : : : .
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- M 1
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T g T v . + . : ¥ ;
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Fig. 7. Time dependence of the total conductivity of Zn1.5-55 glass—ceramics
in 10% H—90% N, atmosphere.
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Fig. 8. Total conductivity vs. temperature of Mg1.5-55 glass—ceramics. The inset
compares electronic conductivity of glass—ceramic materials under oxidizing
conditions.

T T T T T T T T T
) Mgl 5-55 .
10% H2-90% N,
_ 58t e :
2 L
© 60+ 1
=
el
=
2T —6———-@—6________6__9_; T
850°C
64 F i
1 L 1 " 1 " 1 L L " 1
0 20 40 60 80 100

time, h

Fig. 9. Time dependence of the total conductivity of Mg1.5-55 glass—ceramics
in 10% Hy—90% N, atmosphere.

tial gradient and equilibrium is achieved at the electrodes.!? The
transference numbers listed in Table 3 correspond, therefore,
to the total ionic transport, irrespective of the nature of mobile
anions and/or cations. The diffusion mechanisms in alkaline-free
glasses are still disputable in literature (e.g.>>~2% and references
cited), although comparative analysis of the literature data sug-

Table 4

Activation energy for the total conductivity at 600-950 °C

Composition Atmosphere E, (kJ/mol)

Znl.5-55 Air 122 +2
10% H-90% N» 124 £ 4

Zn1.5-50 Air 135+ 5

Mgl.5-55 Air 143 £5
Ar 149 £ 10
10% H,-90% N» 154 £ 4
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gests that anionic conduction in the glasses of RO-BaO-SiO,
system is often dominating with respect to cationic transport.
Furthermore, the properties of glasses are, as arule, quite similar
to those of the parent crystalline phases, as a result of simi-
lar bond energetic;29 numerous SiO;- and GeO;-based oxide
compounds are known to exhibit predominant oxygen-ionic
conductivity.?+30-31

Whatever the mechanism of ionic conduction, the level of
ionic conductivity in the glass—ceramic sealants seems to be
essentially independent on the phase compositions (Fig. 10),
and suggest a more important role of microstructural factors.
On the contrary, the electronic conductivity appears to correlate
with the degree of crystallization and it is higher for Mgl.5-
55 glass—ceramics where the XRD analysis indicates a smaller

+ BaMg,Si,0,
< Ba,MgSi,0,
» BaZnSiO,
> BaZn,Si1,0,
©® Ba,0Si04
Vv Ba,Si,0,,

O Ba,Si0,

+ Ba,Si O,

¥ Ba,Si0,,

A BaSiO,

< Si0,

*<

Znl1.5-55

Intensity, a.u.

20, °

Fig. 10. XRD patterns of glass—ceramic samples after crystallisation.
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Fig. 11. Time dependence of the oxygen permeation fluxes through Mg1.5-55
glass—ceramic membrane (thickness of 1.0 mm). The feed-side oxygen partial
pressure is 21 kPa. The average oxygen partial pressures at the membrane per-
meate side is 4.9 x 10715 and 7.6 x 10~1> Pa at 900 and 950 °C, respectively.

amount of amorphous phase. Such a correlation is reasonable
since increasing long-range order should promote electronic
band formation. Similar phenomena were observed for other
glass—ceramic sealants, which will be reported in the next parts
of the present work.

3.3. Oxygen permeability

Due to the insulating properties of the title materials, the oxy-
gen permeation fluxes through the glass—ceramic membranes
are very low. One example is presented in Fig. 11, showing
the permeation fluxes through an Mg1.5-55 sample (thickness,
0.65 mm) under air/H,—H>O-Nj gradient. This level of oxygen
permeability is lower than that of La (Ca) CrO3z_s perovskite
ceramics used for SOFC interconnectors.>?

On the other hand, the permeability undergoes a gradual
increase with time. For Mg1.5-55 glass—ceramics tested under
an air/H,—H>O-N; gradient during 200-230 h, the permeation
fluxes became 15-40% higher with respect to the initial values
(Fig. 11). Subsequent inspection by SEM showed that the degra-
dation may result from microstructural changes, particularly as
a result of pore formation near the surface exposed to hydro-
gen (Fig. 12A). Such behaviour may be associated with SiO
volatilization from the surface, which is well known for silicate
ceramics (e.g. 24); this process is thermodynamically favourable
and should cause substantial microstructural reconstruction of
the near-surface layers. Moreover, the observed values of oxy-
gen permeation fluxes under the air/H,—H>O-N; gradient are
much higher than those predicted theoretically from the data on
total conductivity and transference numbers. This suggests a key
influence of both surface- and microstructure-related factors,
including closed porosity, microcracks and various extended
defects. The oxygen fluxes, thus, are expected to rise when
the porosity of near-surface layers and/or specific surface area
increases. Pore formation and growth is also likely to be respon-
sible for the slow degradation of the total conductivity under
reducing conditions (Figs. 7 and 9).

In contrast to the behaviour under air/H,—H> O-N; gradients,
no increase in the permeation fluxes with time was observed in
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25.8kV

X3.88K
(B)
Fig. 12. SEM micrograph of the permeate side of M1.5-55 glass—ceramics

fractured after the oxygen permeability measurements (A), and a fractured
Zn1.5-50 glass—ceramic/YSZ interface after the sealing test (B).

the course of sealing tests in air. The cells shown in Fig. 1C were
hermetically sealed by the Zn1.5-50 glass at 1106-1125 °C; as
their hermetisation requires glass flow, the corresponding tem-
peratures were substantially higher compared to those for the
planar SOFCs where the sealing procedure requires glass soft-
ening and sintering only. The hermetic nature of the sealing was
confirmed by pumping oxygen out, which demonstrated that
the variations of oxygen partial pressure inside the cell obey
Faraday’s law. After cooling down to the measurement temper-
ature, 850-950 °C, p(0O) relaxation curves were collected as a
function of time under zero current conditions; representative
results are shown in Fig. 13. The oxygen permeation fluxes esti-
mated from these data varied in the range (6-17) X 10~12 mol/s
at 950 °C and (8-45) x 1013 mol/s at 850 °C. This level of per-
meation is comparable to experimental uncertainties which may
be caused by, for example, oxygen desorption from the porous Pt
electrodes.>® Inspection by SEM/EDS revealed the good adher-
ence at the glass—ceramics/YSZ interfaces, absence of cracks,
and no reaction between the materials (Fig. 12B).

In summary, the results demonstrate that the modified e.m.f.
technique, taking into account the electrode polarisation resis-
tance, can be successfully applied for the determination of
ion-transference numbers in glass—ceramics with low conduc-
tivity. However, special attention is necessary to avoid block-

Fig. 13. Time dependence of the sensor e.m.f. through the oxygen pump after
switching off the current in the cell shown in Fig. 1C sealed with Zn1.5-50.

ing of porous electrodes by silica, which may occur in the
course of long-term experiments. Oxygen permeation fluxes
through glass—ceramic membranes are strongly influenced by
the microstructure- and surface-related factors, including minor
volatilization of silicon oxide. Permeation tests under the SOFC
operation conditions are, therefore, necessary to evaluate the
performance of sealants, whereas analysis of the oxygen ionic
contribution to the total conductivity should be performed by
other methods, such as the faradaic efﬁciency.21

4. Conclusions

Glass—ceramics containing 50-55 mol% Si0;, 27-30% BaO,
and 18-20% of MgO or ZnO, were tested as potential SOFC
sealants using impedance spectroscopy, determination of ion
transference number by the modified e.m.f. technique, and oxy-
gen permeability measurements. At 600-950 °C, the materials
exhibit good insulating properties, whilst their conductivity is
predominantly ionic. However, a gradual increase in the oxygen
permeation flux and a decrease in the conductivity with time are
observed when the glass—ceramics are exposed to Hp-containing
atmospheres at 900-950 °C. The degradation in reducing condi-
tions is probably associated with volatilization of silicon oxide,
which leads to pore formation in the near-surface layers. It
is advisable, therefore, to limit the operation temperature to
800-850°C, and to optimise composition and microstructure
of the sealants in order to enhance their stability. The optimisa-
tion may be involve the incorporation of submicron particles of
stable components such as stabilized zirconia, decreasing total
content of SiO», and the formation of sandwiched seals where
the surface layers prevent diffusion and volatilization of silicon
oxide.
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