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New zinc and bismuth doped glass sealants with substantially suppressed boron
deposition and poisoning for solid oxide fuel cells
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China
® Fuels and Energy Technology Institute & Department of Chemical Engineering, Curtin
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Abstract

Borosilicate-based glasses are the most common sealant material of solid oxide fuel cells
(SOFCs). However, boron species vaporized from glass sealants poison and degrade the
electrocatalytic activity of cathodes of SOFCs. In this study, we report the development of
new class of glass sealants based on bismuth and zinc doped borosilicates with significantly

suppressed boron volatility. Doping Bi induces the [BO3;]—[BOs] transition with increased

binding energy of boron, while addition of Zn leads to the formation of boron-containing
compound, Sr3B,SiOg with significantly increased stability of boron in the glass matrix.
Using LageSro4Cop2FeosOs (LSCF) perovskite oxide as the cathode to assess the boron
deposition and poisoning, the results indicate that the polarization performance of LSCF
cathode for the O, reduction reaction in the presence of Bi and Zn doped glass is very stable
with negligible change in the microstructure of the electrodes. In contrast, in the case of
conventional borosilicate glass, boron preferentially deposits at the electrode/electrolyte
region under cathodic polarization, forming primarily LaBOs, disintegrating the perovskite
structure and significantly degrading the electrochemical activity of the LSCF cathodes.
Doping Bi or Zn remarkably reduces the boron volatility of the glass, thus effectively

inhibiting the poisoning of boron species on the microstructure and electrocatalytic activity of

*Corresponding author. Tel.: +61 8 9266 9804; fax: +61 8 9266 1138; E-mail: s.jiang@curtin.edu.au (S.P. Jiang);
Tel.: +86 591 22866540; fax: +86 591 22866537; Email address: teng_zhang@fzu.edu.cn (T. Zhang).
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SOFC cathodes such as LSCF. The present results demonstrate for the first time that the Bi
and Zn doping is the most effective strategy to minimizing the boron poisoning from the
source by suppressing the boron vaporization of borosilicate-based glass sealant materials.

Keywords: Solid oxide fuel cells; Borosilicate glass sealants; Boron poisoning; Bismuth and

zinc doping; Suppressed boron volatility.

1. Introduction

Electricity is the most convenient form of energy today. For the past one hundred years,
electricity is primarily produced by combustion of fossil fuels which has an intrinsically low
conversion efficiency and emits carbon dioxide and other air pollutants. Carbon dioxide
contributes to climate changes. With increasing energy demand, depleting fossil fuel reserves,
and growing concern about the climate and environment, there is an urgent need to increase
electricity generation efficiency and to develop renewable energy sources. Solid oxide fuel
cell (SOFC) is an energy conversion device to electrochemically convert the chemical energy
of fuels such as hydrogen, methanol, ethanol, natural gas, and hydrocarbons to electricity, and
is considered to be the most efficient energy conversion technology. SOFCs can be classified
into tubular and planar designs, and the planar design is more favored in terms of its
advantages such as higher cell power densities, and lower manufacturing cost.”? In the case
of planar SOFCs, it is essential to use a hermetic seal such as borosilicate-based glass and
glass-ceramics to separate the fuels supplied to the anode and the air to the cathode.*® Boron
additives in the glass play an important role to tailor its physical properties such as viscosity
and softening temperature.” One of the significant challenges of borosilicate glass-based
sealant materials is the high volatility of boron species under SOFC operating conditions,
forming BO, (g) under dry conditions and BsHsOg (g) under wet, reducing conditions.’

Studies have shown that volatile boron species have a significant poisoning effect on the



Journal of Materials Chemistry A

electrochemical activity of SOFC cathodes such as (La,Sr)MnOs; (LSM) and
(La,Sr)(Co,Fe)O; (LSCF).10*3

Recently, we studied in details the effect of volatile boron species on the microstructure
and electrochemical activity of SOFC cathodes such as LSM and LSCF.***® Boron is
chemically reactive with the LSM and LSCF electrode materials, significantly degrading the
microstructure and forming insulating borate phases. In the case of conventional LSM
electrodes, the reaction between boron and LSM occurs primarily on the surface. However,
the volatile boron species has a significant detrimental effect on the microstructure and
electrochemical activity of nano-structured LSM-YSZ cathodes, leading to the decomposition
of LSM perovskite structure and the significant degradation of the electrocatalytic activity of
the electrode.™ In the case of LSCF, volatile boron species is very reactive, forming LaBOs
and Fe,Os. The interaction between the volatile boron species and LSCF electrodes leads to
the significant change in the microstructure and degrades dramatically the electrocatalytic
activity of conventional LSCF and nano-structured LSCF infiltrated Gdy1Ce9O1.95
(LSCF-GDC) electrodes.’® The results show that boron has a higher reactivity with LSCF as
compared to LSM.'® In addition to the electrode materials, boron is also chemically
incompatible with SOFC electrolyte materials such as Y,03-ZrO, and GDC.*

Extensive efforts have been made on the effect of composition and additives on the
thermal, chemical, mechanical, and electrical properties of glass-based sealant materials in
order to seal cell components and to reach stable operation for 10,000 to 40,000 h at
500-1000 °C in oxidizing and reducing atmospheres and withstand numerous thermal cycles
between room and cell operating temperatures.® " 2?2 However, very few studies are on the
effect of the additives and doping on the volatility of the glass components in particular boron
species and thus to eliminate or minimize the adverse effect of volatile species on the

performance degradation of SOFCs. In this study, we report the development of new bismuth
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(B1) and zinc (Zn) doped borosilicate glass with substantially suppressed boron volatility for
SOFCs. The excellent stability of the glass in terms of the boron volatility has been tested on
LSCF cathode. High sensitivity of LSCF to the boron poisoning®® *® makes LSCF an ideal
candidate to assess the boron volatility of the borosilicate-based glass sealant materials,
similar to the use of LSM electrode to assess the chromium volatility of chromia-forming
metallic interconnect under SOFC operating conditions.”® The results show that the LSCF
electrode is very stable in the presence of Bi and Zn doped glass, demonstrating the great
potential of the new glass sealants in the development of SOFC technologies with high

performance and high durability.

2. Experimental
2.1. LSCF cathode and glass sealant preparation

In this work, LageSro4C0o2Fe0sO3 (LSCF, Fuel Cell Materials) electrodes were used to
assess the effect of deposition and poisoning of the volatile boron species of the glass sealant
material. The electrolyte pellets were prepared by pressing Gdo1Cep 90195 powder (GDC,
AGC Seimi Chemical Co Ltd, Japan), followed by sintering at 1450 °C for 5 h. LSCF
electrodes were applied on GDC electrolytes by slurry coating and sintered at 1000 °C for 2 h.
The cathodes had a thickness of 6-30 um and an electrode area of 0.5 cm?.

The composition of bismuth and zinc doped CaO-SrO-B,03-SiO, glasses is given in
Table 1. In the table, GO is the conventional CaO-SrO-B,03-SiO-, borosilicate glass without
Biand Zn additives, GB is the borosilicate with addition of 2 mol% Bi,O3 and GZ is the glass
with 16 mol% ZnO. In all three glass compositions, the composition of B,O3 is more or less
the same 7-8 mol%. A 50 g sample of each glass was prepared by melting a homogeneous
mixture of reagent grade alkaline earth carbonates, boric acid, and various oxides in a

platinum crucible in air at 1300-1500°C for 1 h. Some of the melt was poured into stainless
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steel mold to obtain cylindrical shaped glass specimens (25 mm in length and 6 mm in
diameter) and the rest of the melt was quenched on a steel plate. Glass powders were then
crushed and sieved to a particle size of 45 to 53 um.
2.2 Glass characterization

The onset crystallization temperature (Tx) of glass powders was determined using
differential scanning calorimetry (SDTQ600, TA Inc.) at a heating rate of 5 °C min™. The
coefficient of thermal expansion (CTE, between 200 and 600 °C), glass transition temperature
(Tg) and softening temperature (Tq) of quenched glass samples were determined by
dilatometer (DIL402C, NETZSCH Inc.) at 5 °C min™in air. CTE of glass samples after the
heat-treatment at 700°C for 500 h was also measured. Raman spectra of quenched glass
powders were collected in 200-1600 cm™ wave number range by Raman spectrometer
(Renishaw Invia). The light source was 514.5 nm argon laser with 10 seconds of exposure
time. The Ols and B1ls XPS spectra of quenched glass samples were obtained by X-ray
photoelectron spectroscopy (ESCALAB 250, Thermo Scientific Inc.) using a monochromatic
Al Ko source (10 mA, 15 kV). The phase and crystallinity of glass samples after the
heat-treatment at 700 °C for 2 and 500 h were also examined by X-ray diffractometry (XRD,

Bruker D8 Advance Diffractometer).
2.3. Electrochemical characterization

The glass powders were prepared into glass cylinders with a hole in the center and
heat-treated at 750°C for 2 h. The purpose of the central hole is to facilitate the air flow for
the O, reduction reaction. The as-prepared glass cylinder was cut into pellets with ~4.0 mm in
thickness and ~9 mm in diameters by a diamond saw, and the diameter of the central hole was
1.6 mm. Glass pellet was placed on top of the LSCF cathodes separated with a Pt mesh to
prevent the direct contact between the cathode and glass pellet. In this way, volatile boron

species can only deposit on the cathode via gas phase diffusion. Pt meshes were used as
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current collector of LSCF cathode. Fig. 1 shows the schematic diagram of the experimental
setup.

Polarization was carried out under cathodic current passage at 200 mA cm and 700°C
for 20 h, with an industrial grade air at a flow rate of 200 ml min™, and impedance responses
were recorded under open circuit using a Gamry Reference 3000 Potentiostat. The impedance
responses were measured at an amplitude of 10 mV from 0.1 Hz to 100 kHz. The electrode
ohmic resistance (Rg) was obtained from the intercept on high frequencies, and electrode
polarization resistance (Rg) was obtained by the differences of the intercepts between the low
and high frequencies. For comparison, LSCF cathodes were also measured in the absence of
glass pellets.

Electrode microstructure was examined with scanning electron microscopy (SEM, Neon
40EsB). The phase of the cathodes before and after the heat-treatment was characterized by

XRD.
3. Results and discussion

3.1. Characterization of glass sealants

Figure 2 is the thermal expansion curves of quenched glass samples. The coefficient of
thermal expansion (CTE) of quenched glasses ranges from 12.2 to 13.3x10° K™. Similarly,
the CTE of glass samples held at 700°C for 500 h was also measured, ranging from 10.4 to
12.7x10° K. The CTEs of quenched glasses and glasses after heat-treatment for long period
of time fall within the design range of SOFC glass sealants.?* This indicates that borosilicate
glasses with and without Bi and Zn doping are applicable as sealants for SOFCs. The glass
transition temperature and softening temperature of glasses decrease with the addition of
Bi,Os as well as ZnO. The onset crystallization temperature of Bi doped glass, GB is 856°C,

higher than 794 and 769°C for original glass, GO, and Zn doped glass, GZ, respectively.
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Thermal properties of glass samples, including Tx, Ty, Tq and CTE, are summarized in Table
2.

Fig. 3a is Raman spectra of quenched glass samples. The deconvoluted Raman spectra
of glasses are given in Fig. 3b to 3d (see Table S2, Support Information for the assignments
of deconvoluted peaks). The peak at 261 cm™ in glass GB (Fig. 3c) can be assigned for Bi-O
bond in [BiOs] unit,” whereas the peak at 256 cm™ in glass GZ (Fig. 3d) corresponds to the
Zn-O tetrahedral bending vibration of [ZnO,] unit.?*?" In addition, the peak at 498 cm™ in
the FT-IR spectra of GB is associated with the stretching vibrations of Bi—O bonds in [BiOg]
units?®*° (see Fig. S1 and Table S1, Support Information). This indicates that Bi,Os and ZnO
are incorporated into the network of borosilicate glass. In addition, the peaks at ~780 cm™

28,31, 32

can be ascribed to [BO,] stretching vibration and the peaks ranging from 1398 to 1449

cm™ correspond for the vibration of B-O™ bond in [BO3] unit.*! It is worth noting that the
ratios of integrated peak between [BO,4] and [BOs] are 0.5, 1 and 0.08 for glass GO, GB and
GZ, respectively. The increase in [BO4]/[BOg3] ratio from glass GO to GB indicates a [BO3]—
[BO4] transition with the addition of Bi,Os. Such transition is not due to the presence of 7%
Al,O3 in the glass GB as it is well known that the Al,O3 (<10 mole%) is added as network

former in glasses and contributes to the [BO4]—[BOs] transition.®® * The decrease in
[BO,4)/[BO3] ratio from glass GO to GZ implies a [BO4]—[BOs] transition with the addition

of ZnO.

Fig. 4 is the B1ls XPS spectra of quenched glass samples. It is clear that the Bls
binding energy (BE) in glasses increases from 191.9 eV for glass GO to 192.9 eV for GB (Fig.
4a), in good agreement with the [BO3;]—[BO,] transition in the Bi,O3; doped glass (Fig. 3c).
The BE of Bls in GZ is 191.5 eV, very close to 191.9 eV of GO. This indicates that the [BO4]

—[BOg] transition due to the ZnO doping in borosilciate glass has little effect on the binding

energy of boron.
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On the other hand, the Ols XPS curves can be deconvoluted into two peaks with
different binding energies, i.e., non-bridging oxygen and bridging oxygen, respectively (see
Fig.4b). The fraction of bridging oxygen can be calculated by comparing the integrated areas
of two peaks and thus provides useful information on the overall network connectivity of
glass.?® *? The fraction of bridging oxygen in GB is 84%, higher than 72% and 54% observed
on glass GO and GZ, respectively. Therefore, Bi,Os in glass GB acts as a network former,*
which contributes to the condensed network of glass and this explains the increase in onset

crystallization temperature of GB (Table 2). In particular, Bi,O3 induces the [BO3;]—[BQO4]

transition in the glass, which is consistent with the progressive conversion of [BO3] units to
[BO4] units with increasing Bi,Os content in B,0s-Bi;03-ZnO glasses.*® However, ZnO acts
as a network modifier in glass GZ, which results in a more opened glass network and
consequently the decrease in onset crystallization temperature of glass. Inoue et al. also
reported that the thermal stability against crystallization decreases with the substitution of
ZnO for B,0s in XZnO-10Bi,03—(90-x)B,05 glasses.*

The critical role of Bi and Zn additives in the stabilization of boron is investigated by
XRD and the results are shown in Fig. 5 for the glass samples after heat-treatment at 700°C
for 2 and 500 h. In the case of the heat-treatment at 700°C for 2 h (Fig. 5a), some crystalline
phases such as Sr,SiO4 and CaSiO3 in GO, and Sr,SiO4, Sr3B,SiOg and Ca,ZnSi,07 in GZ can
be observed, whereas GB remains in amorphous state. The XRD patterns of glass samples
after the heat-treatment at 750°C for 2 h used in the glass pellets preparation process are
similar to that heat-treated at 700 °C (Fig. S2, Supporting Information). This indicates that the
addition of Bi,O3 improves the thermal stability against crystallization of glass, consistent
with the increase in network connectivity of GB (Fig. 4b). On the other hand, after the
heat-treatment at 700°C for 500 h, there are crystalline phases such as Sr,SiO4, CaSiOs,

Ca,SrAlLOg and BiBO; formed in GB glass, while the crystalline phases remain stable in GO
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and GZ after the prolonged heat-treatment (Fig. 5b). This indicates that these crystalline
phases in GO and GZ are beneficial for the thermochemical properties of glass-ceramic
sealants and the amorphous phase of GB glass will transfer to crystalline phase after
prolonged heat-treatment at 700 °C.

After the heat-treatment at 700°C for 2 h the crystalline content in glasses calculated by
Rietveld method is 45 and 93% for GO and GZ, respectively. In the case of the heat-treatment
at 700°C for 500 h, the main phase in the GO, GB, and GZ glasses is Sr,SiO4, CaSiOs, and
CayZnSi,07, respectively (Table 3). Sr,SiO4 and Ca,ZnSi,O; have a desirable CTE of
11~12x10° and 0,,=10.6x10%/0,;=20.2x10° K™, respectively,*” ¢ and they are known to be
thermomechanical stable phases for glass-ceramic sealants. CaSiO3 also has a low CTE of
9.4x10® K™ * and the increase of its content from 13 wt% in GO to 70 wt% in GB, leads to
the decrease in CTE of GB glass from 12.7 to 10.4x10° K™ after the heat-treatment at 700 °C
for 500 h. In addition, the formation of boron-containing phases such as 5% BiBO3 in GB and
7% Sr3B;SiOg in GZ also indicates that boron would be much more stable in the Bi,O3 and

ZnO-doped borosilicate glasses, as compared to the boron in undoped borosilicate glass.
3.2. Boron deposition and poisoning of LSCF cathodes

The volatility of gaseous boron species of the glass samples was assessed by the
electrochemical behaviour of LSCF electrodes. Fig. 6 is the polarization curves for the O,
reduction reaction on LSCF cathodes measured at 200 mA cm™ and 700°C in air. For the
reaction in the absence of glass, the LSCF electrode shows a very high activity and good
stability during the polarization for 20 h (Fig. 6a). The initial Rg and Re were 1.8 and 0.32 Q
cm?, respectively, and reached 1.89 and 0.36 Q cm? after polarized for 20 h. The low and
very stable R and Rg for the O, reduction reaction on LSCF are clearly due to its high mixed
ionic and electronic conductivity.**** On the other hand, the electrocatalytic activity of the

LSCF electrode degrades significantly in the presence of undoped glass, GO. The initial Rg
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and Re for the O, reduction reaction on LSCF in the presence of GO glass were 2.7 and 2.4 Q
cm?, respectively (Fig.6b). After polarized for 20 h, it increased rapidly to 13 and 31 Q cm?,
almost 5 and 13 times of the initial value. The remarked increase in both Rg and Rg for the
reaction on LSCF electrode is evidently due to the deposition and poisoning of volatile
contaminants from the GO glass. Our previous study has shown that the boron species from
the borosilicate glass is chemically incompatible with the LSCF, and the interaction leads to
significant activity deterioration of the LSCF cathodes.™ *® The much higher initial Re of 2.4
Q cm? as compared to 0.32 Q cm? of the electrode in the absence of glass indicates that the
deposition and poisoning of the volatile boron species occurs under open circuit conditions.

However, in the presence of Bi and Zn doped borosilicate glass (GB and GZ), the
electrode degradation is substantially reduced (Fig. 6¢c and d). The initial Re before the
polarization in the presence of GB and GZ glasses is 0.38 and 0.34 Q cm?, respectively, very
close to 0.32 Q cm? of the electrode in the absence of glass. This indicates the alleviated
boron poisoning of the electrode activity before the polarization. Most important, the increase
in the R and Re is very small during the polarization. For example, for the reaction on LSCF
in the presence of GZ glass, Re is 0.65 Q cm? after polarized for 20 h, much smaller than 31
Q cm? measured on LSCF in the presence of GO glass under identical test conditions. The
much stable Rq and Re value for the O, reduction reaction on the LSCF cathodes is a clear
indication of the presence of a much low gaseous boron species vaporized from GB and GZ
glasses.

Figure 7 is the impedance responses of the LSCF electrodes before and after the
polarization for 20 h. For the polarization in the absence of glass, the initial impedance
responses of LSCF electrode before the polarization are characterized by two arcs at high and
low frequencies (Fig. 7a). The impedance arcs become overlapped after the polarization, but

the change in the size of impedance responses is very small. On the other hand, the initial
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electrode impedance for the reaction on LSCF cathode prior to the polarization in the

Page 12 of 34

presence of GO is ~2.5 Qcm?, much greater than ~0.35 Qcm? in the absence of glass (Fig. 7b).

After polarized for 20 h, there is a substantial increase of the impedance arc, indicating the
significant poisoning of boron species on the oxygen dissociation and surface diffusion
processes.'® *° In the case of polarization in the presence of GB and GZ, the low frequency
impedance arcs also experience an increase after the polarization for 20 h (Fig. 7c and d), but
the increase is much smaller as compared to that in the presence of the GO glass. The change
in the R for the reaction on LSCF cathodes in the presence of GB and GZ glass is very small

(Fig.7e), indicating the substantially reduced boron poisoning of the Bi and Zn-doped glasses.
3.3. Boron deposition and microstructure of LSCF cathodes

Figure 8 is the SEM micrographs of the surface and cross sections of the LSCF
cathode/GDC electrolyte interface region before and after the polarization tests at 200 mA
cm? and 700 °C for 20 h. The as-prepared LSCF electrode is porous with smooth particle
surface, and the particle size is in the range of 200-700 nm (Fig. 8a and b). LSCF particles are
in intimate contact with the GDC electrolyte. After the polarization in the presence of
borosilicate glass, GO, there is a significant microstructure change particularly at the
electrode/electrolyte interface (Fig. 8c and d). New particles with irregular shape distribute
discretely on the surface (indicated by the arrows in Fig. 8c). The newly formed particles are
in the range of 70-100 nm and have a very different morphology as compared to the host
LSCF particles. At the interfacial region, the LSCF particles are completely covered by small
particles (~20-50 nm) and plate-shaped particles in the size range of 100-200 nm (Fig. 9d).
Such a dramatic change in the microstructure particularly at the interface region clearly
indicates the deposition and reaction of volatile boron species from the borosilicate glass,
consistent with the previous study of the boron deposition and poisoning on the dense LSCF

bar samples.’®*® The electrode thickness was ~28 pum in this case and as shown below, the

11
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thickness of the boron reaction layer is ~6 pum. On the other hand, there are no visible
microstructure changes on the electrode surface and at the interface region for the LSCF
electrodes after polarized in the presence of Bi and Zn doped borosilicate glass, GB and GZ
(Fig. 9e-h). The morphology of the LSCF electrodes after polarization in the presence of GB
and GZ glass is essentially the same as that of as-prepared LSCF. This implies that the Bi and
Zn doping substantially suppressed the vaporization of boron species under the SOFC
operating conditions at 700 °C. The much clean microstructure of the LSCF electrode in the
presence of GB and GZ glasses is in excellent agreement with its very stable polarization
behaviour as shown in Figs.6 and 7.

The effect of boron deposition and poisoning was examined on LSCF electrodes with
different thickness. Fig. 9 is the SEM micrographs of cross sections of LSCF cathodes with
different thickness after polarization at 200 mA cm™ and 700 °C in the presence of GO glass
for 20 h. The electrode thickness was 28 pum and 6 pm, respectively. Similar to the thick
LSCF electrode (28 um), the electrode performance of the LSCF electrode with a reduced
thickness of 6 um was also deteriorated significantly in the presence of GO glass (see Fig. S3,
Supporting Information). For example, the initial Re was 25 Q cm? and increased
substantially to 241 Q cm® after polarization at 200 mA cm™ and 700 °C for 20 h. There are
significant changes in the microstructure of LSCF cathodes, characterized by the formation of
two distinctive regions, Region | and Il. Region | is the region close to the
electrode/electrolyte interface with significant microstructure change. In the case of the
28-um-thick LSCF electrode, Region | has a thickness of 6 um (Fig. 9b). Two characteristic
regions are also clearly visible in the case of 6-pm-thick LSCF cathode with the formation of
a 2.5-um-thick Region I at the interface region. Similar to that observed for the thick LSCF
electrode, there is formation of large number of small particles in the range of 50-150 nm

(Fig. 9e). The original and large LSCF particles no longer exist, indicating the disintegration

12



Journal of Materials Chemistry A Page 14 of 34

and decomposition of the LSCF perovskite structure. The complete change of the
microstructure at the electrode/electrolyte interface region indicates the new phase formation
clearly due to the attack by the volatile boron species.® On the other hand, the change in the
electrode microstructure in Region 11 appears relatively small (Fig. 9f). This indicates that the
boron deposition and poisoning for the O, reduction reaction on LSCF electrodes occur
preferentially at the electrode/electrolyte interface region under the cathodic polarization
conditions and is independent of the electrode thickness.

The microstructure of LSCF under open circuit at 700 °C for 20 h in the presence of GO
was also examined and the results are shown in Fig. 10. There is no formation of large
number of small spherical particles and plates as observed on LSCF electrodes after
polarization for 20 h (see Fig. 8d). However, the change in the microstructure of the LSCF
electrodes after exposed to GO glass under open circuit conditions is clearly visible. As
compared to the original smooth LSCF particles of as-prepared LSCF electrode (Fig.8a and
b), the surface of LSCF grains became rough at the electrode/electrolyte interface and on the
electrode surface after exposed to GO glass. There is a clear formation of irregularly shaped
and small particles in the range of 50-80 nm (indicated by arrows in Fig.10). This indicates
that boron deposition also occurs under open circuit conditions. However, there is no visible
difference in the electrode/electrolyte interface region and on the electrode surface. This
again confirms that the preferential deposition of boron at the electrode/electrolyte interface
regions only occurs under the cathodic current polarization conditions. This is very different
from the chromium deposition at the LSCF electrodes in the presence of chromia-forming
alloy, where chromium deposition occurs preferentially on the electrode surface rather than at
the electrode/electrolyte interface.*®*®
Fig. 11 is the XRD patterns of thick and thin LSCF cathodes after polarized at 200 mA

cm? and 700°C for 20 h, in the presence of glass samples. In the case of the 28-um-thick

13
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LSCF cathode, there are characteristic and high intensity GDC and LSCF diffraction peaks
originated from the electrolyte and electrode, respectively (Fig. 11a). The perovskite phase of
LSCF does not change much after the polarization, though some very small additional XRD
peaks were detected in the electrode after polarized in the presence of GO glass. The small
peaks were identified as originated from the new LaBOj3phase. The very small XRD peaks of
the LaBO3 phase may be due to the thick Region Il (22 um, Fig. 9a). In the case of GB and
GZ glass, no new phases were detected (Fig.11a), indicating the structural integrity of LSCF
electrodes after polarization in the presence of Bi and Zn doped glass. This is consistent with
the SEM results (Fig. 8 and 9). On the other hand, the XRD pattern of the 6-pum-thick LSCF
electrode after polarized in the presence of GO glass for 20 h shows significant new
diffraction peaks in addition to the characteristic peaks originated from LSCF perovskite and
GDC cubic phases. The new diffraction peaks were identified due to LaBOs, Fe,O3 and/or
CoFe;04 phases. The formation of the new lanthanum borate phases indicates the chemical
reaction between LSCF and volatile boron species from the GO glass, leading to the
destruction and decomposition of LSCF perovskite structure. The much stronger XRD signal
of LaBO; in the case of the thin 6-um-thick LSCF electrode as compared to the thick
28-um-thick LSCF electrode also indicates that such structural destruction by boron
poisoning occurs at the inner surface of the LSCF electrodes, in excellent agreement with the

substantial microstructure change at the electrode/electrolyte interface (Region I, Fig. 9).

3.4. Effect of Bi and Zn doping on the boron volatility

The present study has demonstrated clearly that in the case of undoped borosilicate glass,
GO, volatility of boron species is very high. The high volatile boron species is
electrochemically verified by the substantial deterioration in the electrochemical activity of
the LSCF cathodes in the presence of borosilicate glass under SOFC operation conditions.

SEM and XRD results clear indicate that under cathodic polarization conditions, boron
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deposition preferentially occurs at the electrode/electrolyte interface region. Boron deposition
leads to the reaction between boron species and LSCF, decomposing the perovskite structure.
The detection of lanthanum borate and not strontium borate phase at the electrode/electrolyte
interface indicates that boron primarily reacts with lanthanum of the LSCF and the depletion
of lanthanum would lead to the disintegration of the perovskite structure.

BO, + LaggSre.4Cop2Fe0 8035 — LaBO3 + Fe,03 + CoFe,O4 + SrO [1]

This is consistent with the previous study of the reactivity between boron oxide and
dense LSCF bar samples.*®*® The formation of distinctive Region I and 11 for the reaction on
LSCF electrodes under the cathodic polarization conditions (Fig. 10) indicate that boron
deposition and poisoning is not strictly limited at the electrode/electrolyte interface. The
measurable thickness of Region | (i.e., 6 um in the case of 28 pum-thick LSCF and 2.5 um in
the case of the 6 um-thick LSCF) indicates that boron reaction occurs in a finite reaction zone,
close to the electrode/electrolyte interface. Wang et al also observed the deposition of sulphur
species in the vicinity of LSCF electrode/GDC electrolyte interface, and they postulated that
the high concentration of oxide ion vacancies at the electrochemically active region under the
polarization conditions promoted the SO, adsorption and thereby SrSO, formation.*°

In contrast to the situation in the presence of conventional borosilicate glass, the LSCF
electrodes show a much stable polarization performance, no distinctive formation of reaction
zone at the electrode/electrolyte interface and negligible microstructure change at the
electrode surface and in the electrode bulk under cathodic polarization in the presence of Bi
and Zn doped borosilicate glass, GB and GZ under identical experimental conditions. This
indicates that the fundamental reason for the very stable electrode performance and negligible
microstructure change of LSCF electrodes is the substantially suppressed boron vaporization
of the doped glass. The detection of borates in the reaction zone of the LSCF electrodes in the

presence of undoped borosilicate glass also implies that the main volatile contaminant species
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of the borosilicate glass is boron.
Raman, XPS and XRD results (Fig.3-5) clearly demonstrate that boron elements in
borosilicate are stabilized by different mechanisms in Bi and Zn doped borosilicate glasses.

For the Bi-doped glass (GB), the [BO3]—[BOQ,] transition (Fig. 3c) contributes to the increase

in the binding energy of boron (Fig. 4a) and thus the depressed boron vaporization from glass.
The formation of boron-containing phase, BiBOj3 after heat-treatment at 700 °C for 500 h also
indicates that Bi doping would increase the long-term stability of GB glass against boron
vaporization. However, the significant depressed boron vaporization from glass with zinc
doping can be attributed to the formation of boron-containing phase, i.e., Sr3B,SiOg. A recent
work of our group has revealed that the formation of boron-containing phase, e.g., SrB,0x,
can be beneficial for the reduction of boron vaporization at 800°C in wet reducing
atmosphere, due to its much lower partial pressure compared with that of boron species in
glass matrix (3.9x10” vs. 3.5x10° Pa).>® The significant boron deposition and poisoning of
LSCF cathodes in the presence of conventional borosilicate glass, GO, indicates the high
volatility of boron due to the fact that boron mainly exists in the [BO3] form with low binding
energy, despite the partial crystallization upon heat-treatment. Bi and Zn doping substantially
reduce the boron vaporization by stabilizing boron by forming more stable [BO4] form in the
case of GB glass and by the formation of boron-containing phase, Sr3B,SiOgin the case of
Zn-doped glass. In addition, studies have shown that the bismuth doping is beneficial to tune

21,51

the properties of glass, and the addition of zinc is also of help to improve the mechanical

properties and chemical durability of glass.® °* 2

4. Conclusions

We developed new glass sealants based on Bi and Zn doping of conventional

Ca0-SrO-B,03-Si0O, borosilicate glass with substantially reduced boron deposition and
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poisoning for SOFCs. The Bi or Zn doping significantly suppressed the volatility of boron
element of the glass and this is evidently confirmed by the very stable electrode performance
and negligible microstructure change of LSCF cathodes after exposed to the Bi and Zn doped
glasses under polarization at 200 mA cm? at 700°C for 20 h. This is in contrast to the
significant performance and microstructure degradation of LSCF cathodes after exposed to
conventional borosilicate glass under identical experimental conditions. In the presence of
conventional and undoped borosilicate glass, electrochemical activity of LSCF electrodes for
the O, reduction reaction deteriorates very quickly. For example, Re increased from 2.4 to 31
Q cm? after polarization at 200 mA cm™ and 700 °C for 20 h for the reaction. Under cathodic
polarization conditions, boron deposition preferentially occurs at the electrode/electrolyte

interface region, forming LaBO3and leading to the destruction of the perovskite structure.

Bi and Zn additives play a critical role in the stabilization of boron elements in

borosilicate glasses. The Bi doping induces the [BO3;]—[BO,] transition and therefore

enhances the stability of boron in the network of glass GB due to the increased binding
energy of boron. On the other hand, the Zn doping results in the formation of
boron-containing phase (Sr3B,SiOg) and thus dramatically reduces the boron vaporization
from glass matrix. Bi and Zn doped glass materials show the promising potential as the
advanced glass-based sealants for durable SOFCs by eliminating the boron deposition and
poisoning of cathodes from the source. The present study also demonstrates that LSCF
electrode is an ideal material to electrochemically assess the boron volatility of

borosilicate-based glass sealant materials under SOFC operation conditions.
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Figure captions

1.

9.

Scheme of experimental setup for the investigation of boron poisoning under SOFC
operating conditions. In the figure, CE represents the counter electrode and RE
represents the reference electrode.

Thermal expansion curves of quenched glass samples.

(a) Raman spectra of quenched glass samples and deconvoluted spectra for (b) GO, (c)
GB, and (d) GZ glasses.

XPS spectra of (a) B1s and (b) O1s in quenched glass samples.

XRD patterns of glass samples after the heat treatment at 700°C for (a) 2 h and (b) 500 h.
Polarization curves for the O, reduction reaction on LSCF cathodes under cathodic
current passage at 200 mA cm and 700°C for 20 h: (a) in the absence of glass, and in the
presence of (b) GO, (¢) GB and (d) GZ glasses.

Impedance responses for the O, reduction reaction on LSCF cathodes after the cathodic
current passage at 200 mA cm for 20 h: (a) in the absence of glass, and in the presence
of (b) GO, (c) GB and (d) GZ glasses. Comparison of Rg before and after the current
passage for 20 h in the absence and presence of glass is given in (e).

SEM micrographs of surface (left) and cross sections (right) of LSCF cathodes: (a,b)
as-prepared, and after polarization under cathodic current passage at 200 mA cm™ and
700°C for 20 h in the presence of (c,d) GO, (e,f) GB and (g,h) GZ glasses.

SEM micrographs of cross sections of LSCF cathodes after the cathodic current passage
at 200 mA cm? and 700°C in the presence of GO glass for 20 h on (a,b) a 28-um-thick
LSCF and (c,d) a 6-um-thick LSCF cathode. The enlarged images of region I and 11 of the

6-pum-thick LSCF cathode are shown in (e) and (f), respectively.

10. SEM micrographs of a 28-pum-thick LSCF cathode under open circuit at 700 °C in the

presence of GO glass for 20 h: (a) surface and (b) interfacial region.
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11. XRD patterns of (a) 28-um-thick LSCF electrodes after the cathodic current passage at
200 mA cm? and 700°C for 20 h in the presence of GO, GB and GZ glasses, and (b) a
6-pm-thick LSCF electrode after the cathodic current passage at 200 mA cm™ for 20 h in

the presence of GO glass.
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Figure 1.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 7.
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Figure 8.
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Figure 9.

<— Region | —>|<Region 11>

10 pm

10 pm

200 nm

30



Journal of Materials Chemistry A Page 32 of 34

Figure 10.
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Figure 11.
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Table 1. Nominal composition of glass samples (in mole %).

Glass ID CaO SrO B,0O; Al,O3 SiO, Bi,O; Zn0O
GO 26 26 8 0 40 0 0
GB 24 24 8 7 35 2 0
GZ 22 22 7 0 35 0 16

Table 2. Thermal properties of glass samples.

Page 34 of 34

GlassID Ty(°C) Tq4(°C) Ty (°C) CTE, as-quenched

(x10° K, 200-600 °C)

CTE, 700°C for 500 h
(x10° K, 200-600 °C)

GO 674 739 794 13.3
GB 669 722 856 12.2
Gz 650 688 769 12.8

12.7+£0.1

104 +£0.1

11.6+0.1

Table 3. Rietveld analysis of crystallinity phases of glass samples after the heat-treatment at

700 °C for 500 h (in wt%).

szSiO4 CaSi03 Cazani207 SfaBzSiO4 C&zSI’AbOe BiBOg

GO 87 13 - -
GB 21 70 - -

Gz 9 - 84 7
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