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Effect of HfO, on the Compatibility of Borosilicate Sealing Glasses
for Solid Oxide Fuel Cells Application
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The interfacial reaction between sealing glasses and Cr-containing
interconnects presents a challenge for the development of Solid Oxide Fuel Cells
(SOFCs). In this paper, attention was focused on the relationship between the glass
structure of HfO»-containing borosilicate glasses and interfacial reaction between
glasses and Crofer 22 APU. The results show that HfO; dissolves in the glass network
with the form of Q? species and condenses the glass structure of borosilicate glasses.
In addition, the fraction of Cr%" in reaction couples between Cr,Os3 and glass powders
decreases with increasing HfO, content from 2 to 8 mol%. Moreover, the thickness of
reaction zone is about 1 pm for glass with 2 mol% HfO,/Crofer 22 APU, while no
obvious reaction zone can be observed in glass with 8 mol% HfO,/Crofer 22 APU.
The reported results support the suitability of the prepared glass-ceramics as sealing

materials for SOFCs applications.
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1. Introduction

In spite of the rapid progress on the Solid Oxide Fuel Cells (SOFCs) technology
in last decade,! the long term stability of SOFCs stack still remains a challenge. For
example, the thermal stress in the stack often induces the generation and propagation
of cracks at the interfaces and subsequently leads to the failure of stack upon frequent
thermal cycles.>* Majumdar et al. reported that the main reasons for the generation of
thermal stress include the installation process, the coefficient of thermal expansion
(CTE) mismatch between different SOFCs components as well as the thermal gradient
within the stack.’

Many efforts have been focused on the development of resilient seals (or resilient
glasses) in recent years. % Ideally the glass should remain viscous at high temperature,
i.e., 700-800 °C, to release the thermal stress generated by any CTE mismatch during
thermal cycles. The glass melt should also flow to heal any cracks in the seals that
form during operation, and still maintain the necessary mechanical strength to support
the substrates. Lu et al. developed a SrO-La;03-Al,03-B203-Si0; glass system, which
remains in amorphous state upon heating at 700 °C for 1500 hours.!° Reddy et al. also
reported that the addition of ZrO decreases the devitrification tendency of the
Ca0-MgO-SrO-Al,03-Lax03-S102-B203-B1203 glass system, and thus leads to a glass
does not crystallize after heating at 800 °C for 500 hours.!!

However, the detrimental interfacial reaction between Cr-containing
interconnects and sealing glasses have been extensively reported in literature.
Ogasawara et al. reported that the reaction between alkali components in sealing
glasses and ZMG232 alloys leads to the formation of Na,CrO4(g) and K>CrOs, which

often deposit on the surface of cathode and subsequently cause the degradation of
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cathode.'? In addition, the formation of BaCrO4 (or SrCrO4)'>!* is well known to be
responsible for the physical separation between sealing glass and metallic
interconnect,'>!'¢ due to its much higher coefficient of thermal expansion (CTE)
compared with glass and interconnect (18-20 x 106 K' vs. 10-13 x 10 K1).I.14
Moreover, our recent work also reveals that the alkaline earth ions (Sr*") in glass
matrix is much easier to react with Cr-containing interconnect to form the detrimental
chromate phase, e.g., SrCrOs4, compared with its analogue in crystalline phases.!’
Therefore, the chemical compatibility presents a challenge for the development of
sealing glasses, especially for resilient glasses.

On the other hand, it has been found that the glass transition temperature
increases with increasing HfO» content in alumino-borosilicate glasses,'® indicating
the densification of glass network and the decrease in devitrification tendency. '° The
interfacial reaction, between HfO,.doped borosilicate glasses and Cr-containing
interconnects, thus provides a good modeling system to investigate the effect of glass
structure on the interfacial reaction, without the interference of crystallization process.
In addition, HfO is well known as a high-K gate dielectric,?%?! which might be
helpful for fulfilling the insulating requirement of sealing glasses. To the best of our
knowledge, there are no reports on the interfacial reaction between HfO»-containing
sealing glasses and Cr-containing interconnect.

In this paper, HfO, was added gradually, from 2 to 8 mol%, to a representative
Sr-containing borosilicate sealing glass. Attention was focused on the following
questions: (1) How does HfO; affect the structures of glasses and glass-ceramics? (2)
How does HfO, affect the thermal and electrical properties of glasses? (3) How does
HfO, affect the interfacial reaction between sealing glasses and Cr-containing

interconnects?
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2. Experimental

2.1 Preparation of glass

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 (Sinopharm
Chemical Reagent Co., Ltd.) in a platinum crucible in air at 1500 °C for one hour. The
nominal compositions of glasses (mol%) are shown in Table 1. The ratios of B to Si
and (CatSr) to Si were kept constant to clarify the effect of Hf/Si ratio on the
structure and properties of sealing glasses. Some of the melt was poured into stainless
steel mold to obtain cylindrical shaped glass specimens (25 mm length and 10 mm
diameter for CTE measurement, 5 mm length and 10 mm diameter for resistance test.)
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 (manual sieve, 270 and 325
meshes, Sinopharm Chemical Reagent Co., Ltd.).

2.2 Characterization of glass structure and crystalline structure of

glass-ceramics

The FTIR absorption spectra of quenched glasses were recorded at room
temperature in the range 400-1600 ¢cm™! using FTIR spectrometer (Nicolet 5700,
Thermo scientific Inc.) with a spectral resolution of 2 cm™!. A KBr pellets technique
was used for preparing the samples.

Raman spectra of quenched glass powders were collected in 400-1600 cm™! wave
number range by Raman spectrometer (Renishaw invia). The light source was 514.5
nm argon laser with 400 seconds of exposure time. The spectra were analyzed by
Gaussian fitting with the Origin 8.0 software.

NMR 2°Si, magic angle spinning (MAS) nuclear magnetic resonance (NMR)

spectra were recorded for all quenched glasses. The spectra were acquired on a Bruker
4
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AVANCE III 600 spectrometer operating at a field of 9.4 T with ?°Si Larmor
frequencies of 119.2 MHz.

The Ols XPS spectra of quenched glasses were obtained by X-ray photoelectron
spectroscopy (ESCALAB 250, Thermo Scientific, Inc.) using a monochromatic Al Ka
source (10 mA, 15 kV). The spectra were analyzed using the Thermo Avantage
software.

The crystalline phases in glass-ceramic powders, after holding at 800 °C for 100
hours, were identified by X-ray diffraction (XDS 2000, Scintag, Inc.).

2.3 Characterization of thermal and electrical properties of glass

The glass transition temperature (Tg) and the onset crystallization temperature
(Tc) of glass powders were determined using differential scanning calorimetry
(SDTQ600, TA, Inc.) at a heating rate of 10 °C-min!.

The thermal characteristics of the quenched glasses, including the CTE (between
200 and 600 °C), glass transition temperature (Tg), and softening temperature (Tq),
were determined by a dilatometer (DIL402C, NETZSCH, Inc.) at 10 °C-min’! in air.

The conductivity of glass cylinders using dense disk-shaped samples with Pt current
collectors and Pt wire, in air from 600 to 700 °C at a heating rate of 5 °C-min’!, was
measured using a high resistance meter (4339B, Agilent, Inc.).

2.4 Characterization of interfacial reaction

It is well established that alkaline earth oxides (e.g., BaO or SrO) in the sealing
glasses often react with Cr-containing interconnects in air and form chromate phases
such as BaCrOs4 or SrCrO4.!%222* Our previous work also found that the reaction
between SrO-containing glasses and Cr,Oj3 results in the formation of SrCrOs .26 In
addition, SrCrO4 has been identified at the interface between sealing glass and Crofer

22 APU.?¢ Moreover, we have measured the UV adsorption of the solution containing
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unreacted Cr203 held in air at 950 °C for 24 hours, and did not detect any signals of
Cr%".26 This confirms that the Cr%" only comes from the reaction product, i.e. SrCrOs.
A ~10 mg mixture of glass and 10 wt% Cr,O3; powders was reacted in an
alumina boat in air for different time. The reaction temperature was set to be 700 °C to
exclude the effects of crystallization and softening processes. The reaction product

was dissolved into ~50 ml of NaOH solution (PH=10~12) and the absorption spectra

were recorded using the UV-VIS Spectrometer (Optima 2000 DV, Perkin Elmer, Inc.).

The fraction of Cr®" was then calculated by fitting the measured absorption to the
calibration curve. The detailed procedure of this quantitative analysis has been
discussed elsewhere.?>26

Glass pastes were prepared by mixing ~50 mg glass powder (45-53 um) with
~50 pl acetone. The pastes were applied to the ultrasonically-cleaned surfaces of
Crofer 22 APU. The coated samples were then held in air at 800 °C for 1000 hours.
The glass/metal sealing couples were polished using SiC paper from 320 to 1200 grit,
and then finished using an alumina suspension (3 pum). The polished samples were
analyzed using field emission scanning electron microscopy (Supra-55, Zeiss, Inc.)

and X-ray energy dispersive analysis (EDS, X-Max, OXFORD instruments, Inc.).

3. Results and discussion

3.1 Glass structure

It is known that deconvolution has been widely used for resolving
band-overlapping problems,?’ especially for the Raman and FT-IR spectra.?®?% For
simplicity, the absorption FTIR spectra of glasses containing 2 and 8 mol% HfO, (H2
and H8) have been deconvoluted, as shown in Fig.1. The peak located at about 500
cm! relates to the overlapping bending modes of the Si-O-Si and B-O-B.**3! The 729

cm! peak can be attributed to the Si-O-B bending vibrations.’! The peak at 802 cm'!

6
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might have contributions from Si-O-Hf and Si-O-Si group.’? Considering the
increasing intensity of the 804 cm™ peak with greater HfO, content in glasses, one can
readily assign this peak to Si-O-Hf group in this work.

The peaks in the range of 800-1200 cm’!, including 850, 929, 1012, 1086, and
1186 cm™!, are due to the stretching vibration of [BO4] tetrahedron units in various
structural groups.®*-*¢ In addition, the 1200-1600 cm™! peaks, including 1250, 1384,
1450 and 1507 cm!, can be assigned for the stretching vibrations of [BOs] units.?
Based on the integrated areas of peaks for [BO3] and [BOs] units, one can calculated
that the ratio of [BO4] to [BOs] units decreases from 3.1 to 2.5 when HfO, content
increases from 2 to 8 mol%. This indicates that the addition of HfO; induces the
conversion of [BO4] to [BOs]. Bergaeron et al. also reported that the addition of IVB
elements in soda-lime borosilicate glasses leads to a decreasing proportion of [BO4],
due to competition for charge compensation between B and Zr, Hf or Ti.?’

Fig.2 shows the deconvoluted Raman spectra of quenched glasses with different
HfO; contents. In the wave number region of 400-800 cm™!, the spectra contain both
B-O-B and Si-O-Si bonds.*® The 650 cm! peak indicates the presence of pentaborate
and dipentaborate structural units.’ It has been reported that the 703 c¢cm™ peak in
Zr0»-Na;O-Li>0-B,03-SiO> glass is due to the tentative Zr-O stretch.*® Considering
the similarity between Zr-O and Hf-O,?” the peak centered at about 705 cm™! can be
ascribed to Hf-O bond.

In addition, the spectra in the range of 800-1200 cm’ are often used for
quantitative analysis of different [SiO4] structural units, i.e., Q" (n=0, 1, 2, 3 and 4,
where n is the number of connecting bonds in [SiO4] tetrahedral unit).*'#? It is worth
noting that the Q? content increases from 42 % for H2 to 59 % for H8. McKeown ef al.

investigated the structural change of ZrO,-doped borosilicate glasses using Raman



RSC Advances

spectroscopy.*’ They found that as zirconia content in the glass is increased, the band
assigned to Si-O stretch in Q? units (silicate chains) increases in area, while band
areas decrease for modes assigned to Si-O stretch in more polymerized Q3 and Q*
units (silicate sheets and cages). Bihuniak er al. also observed similar Raman spectra
in zirconium and hafnium-containing vitreous silicas and concluded that each metal
atom (zirconium and hafnium) bonded to two oxygen atoms of a [SiO4] unit (i.e.,
Q?).2 Moreover, the previous studies on the effect of ZrO, on the structure of
borosilicate glass*® and lithium silicate glass!® revealed that the Zr*" ions prefer to
enter in Q? species rather than in Q? and Q* Considering the similar effects of Zr and
Hf on the structure of borosilicate glasses,’’” one can deduce that Q? units increases
with increasing HfO; content.

Shown in Table 2 is the Q" distribution of sealing glasses. Based on the Q"
distribution, one can found that Q° decreases from 30% to 18% as HfO: content
increases from 2 to 8 mol%, in addition to the decrease in Q* and Q* This indicates
that Q? increases as HfO; content increases, at the expense of Q°, Q3 and Q*.

To clarify the effect of HfO; on the silicate structure, we have also calculated the
ratio of bridging oxygen (BO) to non-bridging (NBO) based on Raman results. The
ratio of BO/NBO increases from 0.60 to 0.63, indicating that the overall silicate
structure strengthens as HfO, content increases.

Between 1200 and 1600 cm!, the peaks are associated with stretching of B-O-
bonds attached to large borate groups.** The peaks at about 1410 cm™ is due to BOs
triangles linked to BO4 units; whereas, the peaks at about 1490 cm™! can be assigned
to BO;s triangles linked to other BO3 units.*** Based on the integrated areas of these
two peaks (Arpos; for 1490 cm™' peak and Asos for 1410 cm! peak), one can

calculate that Ao4)/Ao3; decrease from 1.2 to 0.4 with the increase in HfO» content
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from 2 to 8 mol%. This also indicates the conversion of [BO4] to [BOs] in glasses
with HfO» dopant, consistent with the FTIR results (in Fig.1).

Fig.3 shows the 2Si MAS NMR spectra of the glasses. The peaks near -80 and
-100 ppm can be assigned to Q? and Q, respectively.*® The chemical shift of 2°Si from
-79 for H2 to -82 ppm for H8 indicates an increasing densification degree of [SiO4]
tetrahedral with increasing HfO, content.!! Three peaks present at about -80, -90 and
-110 ppm in the deconvoluted NMR spectra, corresponding for Q2 Q° and Q%
respectively.*® It is clear that Q? increases with increasing HfO content, which is in
good agreement with the Raman results (in Fig.2).

In addition, the Ols XPS curves are often deconvoluted into two peaks, i.e., BO
and NBO. The fraction of BO can be calculated by comparing the integrated areas of
two peaks and thus provides quantitative information on the overall glass structure.
Fig.4 shows the deconvoluted Ols spectra of quenched glasses with different HfO»
contents. The fraction of BO in glasses increases from 78% for H2 to 87% for HS.

This denotes that the presence of HfO> leads to the densification of glass structure.

3.2 Thermal and electrical properties

Shown in Table 3 are the thermal properties of quenched glasses. The glass
transition temperature (Tg) of quenched glasses, measured by DSC, increases from
682 °C for H2 to 690 °C for H4 and to 712 °C for H8. The onset crystallization
temperature (T¢) of glasses also increases from 818 °C for H2 to 832 °C for H4 and to
879 °C for H8. The temperature difference between T, and Tc, AT = Tc-Tg, is
generally taken for evaluating the glass forming ability (GFA) of glasses.*” The AT of
glasses increases from 136 to 167 °C when the HfO> content increases from 2 to 8
mol% (in Table 3), which implies that the glass forming ability of quenched glasses is

improved with the addition of HfO,.
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In addition, the glass transition temperature (Tg) of quenched glasses, measured

by dilatometer, increases from 680 £ 3 °C for H2 to 735 £ 3 °C for HS. The
softening temperature (Tq) also increases from 738 + 3 °C for H2 to 800 + 3 °C

for H8 (in Table 3). The increase in glass transition temperature and softening
temperature further verifies the densification of glass network with HfO, dopant.

On the other hand, the CTE of quenched glasses decreases from 11.5 £ 0.1 for
H2 to 10.7 = 0.1 x 10 K'! for H8. The decrease in CTE with HfO, dopant again

verifies the densification of glass network. It is also worth noting that the CTEs of
HfO,-doped glasses fall in the design range of sealing glasses (9.5-12.0 x 106 K1).48

Fig.5 shows the temperature dependence of conductivity (log ¢ versus 1000 T-)
for glasses, measured in air from 600 to 700 °C. The conductivity (o) of all species
increases with increasing temperature. In addition, the conductivity of quenched
glasses at each temperature decreases with HfO, dopant. For example, the
conductivity (o) of glasses at 700 °C decreases from 4.0 x 107 S-cm™ for HO to 1.1 x
107 S-cm™! for H8. Karlsson et al. reported that the replacement of Ca by Na in the
Na;0-CaO-SrO-SiO: glasses opens up the structure and allows the formation of
diffusion pathways, thus enhancing the diffusion of both Na and Ca.** Thus, the
decrease in conductivity of glasses with increasing HfO, content in this work can be
attributed to the densification of glass network by HfO> dopant. It is also worth noting
that the conductivity of HfO,-containing glasses at 700 °C ranges from 1.1 x 107
S-em! to 2.6 x 107 S-cm’!, meeting the insulating requirement of sealing glasses
(<10 S-cm™) for SOFCs application.>

Fig.6 shows the XRD patterns of glasses held at 800 °C for 100 hours. The main

phases in H2 include Sr3Siz09 (ICDD Card No.75-2281) and CasHf19044 (ICDD Card

10
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No0.36-0524); whereas, a new Hf-containing phase, i.e., CasHfS1209 (ICDD Card

No.83-0364), becomes significant with increasing HfO, content in glasses.

3.3 Interfacial reaction

It is well established that the nature of the interfacial reaction between sealing
glass and metallic interconnect is the reaction between sealing glass and the Cr,O3
layer formed on the surface of interconnect under the routine operation of SOFC.?22¢
Therefore, we mixed with Cr,O3 and tested the reaction between Cr,O3 and glass to
simulate the interfacial reaction between Cr-containing interconnects and glass, which
has been proved to be appropriate by many previous works in literature.!”2>2¢ Shown
in Fig.7 is the fraction of Cr®" in the reaction couples between Cr,Os and glass
powders, after reacting in air at 700 °C, as a function of reaction time. It is worth
noting that the fraction of Cr®" in the reaction couples decreases with increasing HfO»
content. Our recent work on the chemical compatibility of borosilicate glasses
revealed that the fraction of Cr®" in the glass/Cr,O; reaction couples at 700 °C
decreases when Al,Os content increases from 2 to 8 mol%, due to the densification of
glass network.>! Therefore, the improvement in chemical compatibility of glasses can
also be attributed to the densification of glass network with the addition of HfO».

Fig.8 shows the images of glass-metal interfaces held at 800 °C for 100 hours,
along with the elemental EDS line scans taken across the interface. The results of
EDS elemental analysis at selected points in the glass-ceramics are summarized in
Table 4. It is clear that a good joining can be observed at the interfaces between
Crofer 22 APU and glasses with HfO, dopant. In addition, the Hf enrichment is
observed in the white regions of the glass-ceramics, e.g., points#1, #4 and #5. This
implies that Hf has been incorporated into the crystalline phase, consistent with the

observed Hf-containing phases in the XRD patterns (in Fig.6).
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However, the EDS line scan reveals that the thickness of reaction zone
(enrichment in Sr, Cr, Mn and O) is about 1 um for H2/Crofer 22 APU, while no
obvious reaction zone can be observed in HS8/Crofer 22 APU. In addition,
considerable amounts of Sr, Cr, Mn and Fe can be detected in the interdiffusion zone
between H2 and Crofer 22 APU (point#3 in Fig.8a); whereas, the Cr content at the
HS8/Crofer 22 APU interface is only about 2 at% (point#6 in Fig.8a). It is also worth
noting that the Hf contents in point#3 and point#6 are 0 and 4 at%, respectively.
These experiential results further support the positive effect of HfO» on the reduction
of detrimental interfacial reaction between glass and metallic interconnect (in Fig.7).
It is known that the diffusion of a given mobile ion in glasses depends on temperature
as well as the glass structure.”>>* The addition of HfO, leads to the densification of
glass structure, which decreases the interdiffusion between sealing glasses and Crofer

22 APU, and consequently reduces the detrimental interfacial reaction in this work.
4. Conclusions

The effect of glass structure on the interfacial reaction between HfO>-doped
glasses and Cr-containing interconnect was clearly demonstrated in present work. The
addition of HfO: strengthens the glass structure, increases the glass forming ability
and decreases the conductivity of sealing glasses. In addition, the condensed glass
structure blocks the interdiffusion between glasses and Crofer 22 APU, and thus
reduces the detrimental interfacial reaction. The findings on the reduced glass/metal
interfacial reaction by HfO> dopant will shed lights onto the development of stable

glasses for SOFCs application.
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Table 1 Batch composition (in mol%) of sealing glasses.

Sample ID SrO CaO B:0s SiO; HfO:
H2 25.5 25.5 7.8 39.2 2.0
H4 25.0 25.0 7.6 38.4 4.0
H6 24.4 244 7.5 37.7 6.0
HS8 23.9 239 7.4 36.8 8.0

Table 2 Q" distribution of sealing glasses with different HfO, contents.

Sample Raman Data (%) NMR Data (%)
D Q Q @ Q@ Q¢ Q¢ Q¢
H2 30 15 37 11 7 78 14 8
HS8 18 20 54 5 3 87 7 6

17



Table 3 Thermal properties of sealing glasses with different HfO» contents.

RSC Advances

Sample ID Hf0 H2 H4 Ho6 HS
Measured by DSC(°C)
Ty 674 + 3 682 + 3 690 + 3 702 + 712 +
T. 823 + 3 818 = 3 832 + 3 858 + 879 +
GFA=TT, 149 136 142 156 167
Measured by dilatometer(°C)
Tq 739 + 3 738 + 3 761 + 3 789 + 800 =+
Te 680 = 3 692 + 3 708 + 3 726 + 735 +
CTE
1.5 £ 01 115 £ 0.1 11.1 =+ 0.1 109 = 0.1 107 £ 0.1

(x 10 K1, 200-600 °C)

Tg: glass transition temperature

Te: crystallization temperature

GFA: glass formation ability

Tq: softening temperature

CTE: coefficient of thermal expansion

Table 4 Compositions of selected spots in glass-ceramics determined by EDS (in

at%).

points Ca Sr Si Hf Cr Mn Fe
#1 18 32 21 29 0 0 0
#2 28 17 42 0 8 2 3
#3 6 7 11 0 40 26 10
#4 21 22 43 14 0 0 0
#5 9 35 17 36 2 1 0
#6 28 16 49 4 2 1 0
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Fig.1 Deconvoluted FTIR spectra of quenched glasses with different HfO> contents.
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Fig.2 Deconvoluted Raman spectra of quenched glasses with different HfO, contents.
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Fig.3 The °Si NMR spectra of quenched glasses with different HfO, contents.
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Fig.4 Deconvoluted O1s spectra of quenched glasses with different HfO> contents.
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Fig.5 The temperature dependence of conductivity (log ¢ versus 1000 T-'), measured

in air from 600 to 700 °C, for quenched glasses.
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Fig.6 XRD patterns of glass-ceramics held at 800 °C for 100 hours.
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Fig.7 The fraction of Cr%" in the reaction couples between Cr,O3 and glass powders,

after reacting in air at 700 °C, as a function of reaction time.
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Fig.8 Micrographs of glass-ceramics/metal interfaces held at 800 °C for 100 hours,
and EDS elemental line scans across the respective interfaces, for (a) glass containing
2 mol% HfO> and (b) glass containing 8 mol% HfOx.
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HfO, condenses the glass structure, blocks the interdiffusion between glasses and

Cr-containing interconnects, and thus reduces the detrimental interfacial reaction.



