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Abstract

Solid oxide fuel cell (SOFC) is a very efficient and clean source of energy. The planar design of SOFC requires sealant at the edges of
the cell to prevent fuel leakage (Hp, CHy) and air mixing at its working temperature. The glass and glass ceramics are most suitable and
compatible sealing materials for planar design of SOFC. In the present study a series of Si0>-B>03-MgO/SrO-A>03 (A=Y, La, Al) glasses
of different compositions were prepared by taking appropriate proportion (mol%) of each oxide constituents followed by mixing and melting
in alumina crucible at 1550 °C. The molten glasses were quenched in air. These samples were characterized by X-ray diffraction, Dilatometer
and Fourier transform infrared spectroscopy (FTIR) techniques. FTIR study showed that absorption bands of all glass samples are composed of
either silicate or borate chains. The dilatometeric analysis was also done to find the thermal expansion coefficient (TEC), softening temperature
and stability of the glass samples, respectively. In order to understand the crystallization kinetics these samples were heat treated at 800 °C for

various heat treatment durations. The details of this study are presented in this paper.
© 2007 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Development of fuel cell technology is getting attention
among the scientific community in the entire world because it
is considered as clean source of energy. With the advancement
in processing techniques it is possible to get it commercialized.
The primary function of a fuel cell is to produce an electrical
current via electrochemical reaction [1].

Unlike mechanical systems these devices provide highly ef-
ficient means of electrical power generation as here no inter-
mediate thermal conversion step is required. Based on design,
solid oxide fuel cell (SOFC) can be categorized in two cate-
gories namely tubular and planar design. Planar design is better
than tubular design due to its higher current density and sim-
ple manufacturing [2-7]. However, the planar design of SOFC
requires proper sealing materials to seal the edges of the cells
to prevent fuel leakage and air mixing at its working tempera-
ture [8,9]. The glass and glass ceramics are considered as most
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suitable sealant because it is compatible with other components
of SOFC at working temperature of SOFC (800-1000 °C) [10].
However, apart from compatibility criteria it should also exhibit
good chemical stability in reducing and oxidizing atmosphere.
For the formation of cell stacks, the sealant used should be sta-
ble one and must not spread to other components of cell at the
operating temperature [11]. In addition to this the sealant should
be flexible to withstand a slight compression. Many studies
have been done on glass and glass ceramics to achieve above
properties which can make them suitable as a sealant material
in SOFC [13]. However, each category of glasses has its own
drawbacks such as mismatching of thermal expansion or ex-
cess interfacial reactions occurring at the interface. The current
approach is to minimize these above mentioned drawbacks by
synthesizing suitable composition of glasses.

In the present study glasses of a new series Si0,-B,03-MgO/
SrO-A;03 (A =Y, La, Al) of different compositions have been
synthesized by taking appropriate proportion (mol%) of each
oxide constituents. The MgO was replaced by SrO to study the
effect of SrO on thermal expansion behaviour and other struc-
tural changes. Apart from this, the intermediate constituents

0360-3199/$ - see front matter © 2007 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.ijhydene.2007.07.049


http://www.elsevier.com/locate/ijhydene
mailto:ksbadla@yahoo.co.in

V. Kumar et al. / International Journal of Hydrogen Energy 33 (2008) 434—438 435

Table 1
Glass compositions (mol%) with their label, 75, TEC and FTIR peaks

S.label SiOy B>O3 SrO MgO Y203 Lay03 AlLO3 Ts (°C) TEC (°C) FTIR peaks

VSl1 40 20 30 0 10 0 0 626 7.76 x 107° BOy stretching

VS2 40 20 30 0 0 10 0 620 5.26 x 107° BOy stretching

VS3 40 20 30 0 0 0 10 BOy stretching

VM1 40 20 0 30 10 0 0 620 4.7 x 107° Si—O-Si antisymmetric stretching
VM2 40 20 0 30 0 10 0 730 3.03 x 107° BOy stretching

VM3 40 20 0 30 0 0 10 735 1.99 x 107° Si—O-Si antisymmetric stretching
were also replaced by each other. Since the field strength of

each cation varies which may affect the crystallization kinetics
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2. Experimental techniques SPo 60 90 120 150 250 295

Glass samples were prepared by taking the desired raw mate-
rials in the form of oxides (SiO,, B»03, Y03, Al;03, Lay03,
MgO and SrO). Sample compositions with their label are given
in Table 1. The purity of constituent oxides used to prepare
glasses was >99.9mol%. Each batch was prepared by mix-
ing an appropriate mole fraction of desired oxide ingredients in
acetone medium using mortar and pestal. After that the mixed
powders of these samples were dried and kept in recrystal-
lized alumina crucible. This powder mass was melted in a pro-
grammed molybdenum disilicide (MoSiy) resistance heating
electric furnace according to the program as given in Fig. 1.
The powder of the samples were initially kept at 1000 °C for
1 h for calcination to occur then it was reheated at 1500 °C and
kept at this temperature for 1h to ensure complete homoge-
nization and melting. The melt was quenched between copper
plates in air to obtain thick flakes. The samples thus obtained
were characterized by X-ray diffraction (XRD) (Rigaku model
Geiger diffractogram with CuK,, radiation), Dilatometery and
FTIR.

3. Results and discussion

All the six categories of the as prepared glasses (as given
in Table 1) were found to be amorphous in nature as is evi-
dent from XRD studies (Fig. 2). A typical XRD diffractogram
showing amorphous nature of glass is shown in Fig. 2. In order
to understand the crystallization kinetics, all the six samples
were heat treated at 800 °C for 1 and 10h, respectively. Heat
treated samples were further examined by the XRD study to
identify the various phase formation with respect to tempera-
ture and heat treatment duration. Apart from VS2 sample, all
other five samples could not exhibit crystalline phase after 1 h
heat treatment as shown in Fig. 3. This could be possible due to
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Fig. 1. Typical schedule followed for the melting of the glass samples.
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Fig. 2. A typical XRD diffractogram of a glass sample.

higher glass transition and crystallization temperatures of these
glasses. XRD peaks of VS2 sample have been identified with
the available powder diffraction files. Moreover, volume of this
crystalline phase decreases with increasing heat treatment time
as indicated in Figs. 3 and 4, respectively. This anomaly may
be attributed due to formation of solid solution initially and in
later stage of heat treatment this phase may have changed into
more stable phase [10]. According to Zdanicwki in SiO; based
glasses, the early stage of crystallization occurs by formation
of a SiOy rich solid solution phase. Subsequently, in the later
stage an isomorphic substitution of divalent cation and trivalent
cation occur at different sites of the unit cell with progressive
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Fig. 3. XRD diffractogram for 1h heat treated VS2 sample.
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Fig. 4. XRD diffractogram for 10h heat treated VS2 sample.
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Fig. 5. XRD diffractogram for 10h heat treated VS3 sample showing
SrSip AlpOg phase.
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Fig. 6. Dilatometery plot of VSI.
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Fig. 7. TGA curve for sample VSI1.

heat treatment duration [12]. On the other hand, initially (1h
heat treatment) VS3 sample is not crystallized and in the later
stage of 10h heat treatment this sample gets crystallized. This
crystalline phase is SrSip Al,Og (celsian) as shown in Fig. 5.
Celsian exist in two polymorphs viz hexacelsian and monocel-
sian [13]. Hexacelsian is the high temperature phase and mono-
celsian the low temperature phase. Hexacelsian has hexagonal
structure and (mono) celsian is monoclinic. The average lin-
ear TEC of hexacelsian is more than celsian phase [12] .The
monoclinic to hexagonal phase transition occur at ~ 1590 °C
which is due to dissolution of the monoclinic phase in the glass
matrix with increasing heat treatment duration. Basically in
glass ceramic samples, due to presence of various components
in matrix sometimes at the initial stage a solid solution phase
forms which in the later stages gets converted into more stable
phase as the heat treatment duration is increased. Similar re-
sults have been also found in our earlier studies on MgO based
glasses [16].

In order to determine the glass softening temperature and
also the TEC of the glasses dilatometer measurements between
room temperature and 900 °C were carried out on some of
the glasses. Softening temperature and TEC values of these
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Fig. 8. (a) and (b) FTIR spectra of sample VM1 and VS2.

Table 2
Peak assignment of the FTIR spectra [15]

Wave number (cm™!)

Peak assignment

462-472.53

669.25

694.33

705.9-709.63

923.84

937.4-987.49

1070.42, 1076.21

1249, 1234.36, 1226.64
1288.36

1394.44, 1417.58, 1419.51, 1515.94
1548.73, 1539.09

Si—O-Si and O-Si—O bending modes

C-Br axial stretching

Atoms oxygen bridges between trigonal atoms (BOy stretching)

Atoms oxygen bridges between trigonal atoms (BOjy stretching)

Si—O~ Stretching with two non-bridging oxygens

Diborate (BOy4 stretching)

Si—O-Si anti-symmetric—stretching of bridging oxygen within the tetrahedral
Boroxol rings, tri, tetra and pentaborate groups pyro and other borates (BO3 stretching)
C-0 stretching

B-O vibrations of various borate groups (BOj3 stretching)

B-O bonds vibration (BOj3 stretching)

glasses are given in Table 1. A typical dilatometer plot of sam-
ple VS1 is shown in Fig. 6. The softening temperatures of SrO
based samples are found to be lower than MgO based samples.
The highest 75 was observed in VM3 samples where Al,O3 is
present. However, the lowest 7T was found in SrO based sam-
ple with La;O3 content. This can be explained on the basis of
field strength of Mg?* and Sr*. The field strength of Mg?* is
more than Sr**. Due to this MgO based glasses have higher
values of 75 and lower TEC values as compared to SrO based
glasses. Within SrO based glasses the samples doped with Y203
have higher T similar to La; O3 doped glasses. However, TEC
is higher in LayO3 doped glass than Y,O3 glasses. Basically
thermal expansion behaviour of the glasses depends on the nu-
cleation of various crystalline phases and localized conditions
existing within the glass. So, Y203 doped glass might exhibit
a crystalline phase which has higher thermal expansion than
phase formed in La; O3 based glasses. Also looking at the trend
being followed by the coefficient of thermal expansion we find
that thermal expansion coefficient (TEC) of VSI1 is highest
and next is VS2. In case of MgO based samples the TEC fol-
lows a decreasing trend i.e. VM1>VM2>VM3. The SrO based

samples have TEC more as compared to MgO based glasses.
The reason for this is that, a very strong glass matrix is formed
in case of MgO based glasses due to which bonding is strong in
MgO based glasses as compared to SrO based glasses. Thermal
expansion of glasses containing SrO is the highest which can
be explained by the low field strength of Sr>* ion as compared
to those of Mg?* as shown in Table 1.

However, in case of MgO doped glasses the glass sample
doped with Al*3 have the highest T; followed by La>* instead
of Y3*. MgO containing glass ceramics, particularly with 10%
Al>O3, show low thermal expansion partly due to their tendency
to form cordierite phase, which is known to exhibit low value
of the TEC [1]. In MgO based sealants, TEC of VM1 sample
exhibit higher thermal expansion than VM2 sample though the
field strength of Y3* is more than of La>*. This might cause the
higher degree of crystallization tendency of VMI than VM2
sample as VM1 sample shows lower softening temperature than
VM2 sample. A typical curve of TGA (VS1) determined with
heating rate of 10 °C/ min is shown in Fig. 7. Besides the glass
transition temperature, Ty curve exhibits one exothermic peak
indicating the crystallization temperature 7;. VS1 sample show
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melting above 1050°C. The softening temperature from the
dilatometer measurement is comparable with the T, values ob-
tained by TGA. The value obtained by two different techniques
is reasonably within agreeable limit.

Infrared spectrophotometry study was carried out on all six
glass samples to identify the functional groups present in these
samples. The infrared spectra obtained help us to identify the
compound present and the type of stretching (symmetric or an-
tisymmetric) in it. The FTIR spectra of two of the six sam-
ples studied are shown in Fig. 8(a) and (b). In the spectra as
shown in figures (a) and (b) some of the peaks are due to the
acetone group and others due to water molecules which have
been used during sample preparation. The main peaks are due
to borate and silicate groups which are present in higher mol%
in the sample [14]. The spectra peaks observed in present study
have been assigned using Table 2 [15]. In case samples hav-
ing SrO, the prominent peak in the spectra is due to the pres-
ence of BOy4 (borate stretching) whereas in case of MgO based
samples the prominent peak belongs to Si—O-Si antisymmetric
stretching. It means that the MgO based samples are dominated
by Si—O tetrahedral bonding while SrO based samples show
prominently BO4 bonding. The major BO4 stretching samples
exhibit lower softening temperature as compared to MgO based
glasses where Si—O-Si antisymmetric stretching is prominent
and higher TEC than MgO based glasses.

4. Conclusions

The MgO/SrO based glass samples were prepared by La,
Al Y doping have shown higher crystallization temperatures as
compared to SrO based glass samples. This may be attributed
due to higher field strength of Mg?* than Sr?* cations. Thermal
expansion of VS1 sample is higher than other samples and it is
comparable to the other components of SOFC which can make
it a suitable choice as sealant for SOFC applications
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