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Metal-supported solid oxide fuel cells (MS-SOFCs) and solid oxide electrolysis cells (SOECs) stand out for high 
power density, fuel flexibility, and long-term stability. Their durability relies on compressive sealants that prevent 
gas crossover and maintain integrity under high temperatures. Mica- and vermiculite-based gaskets are widely 
used for compliance, easy assembly, and hermeticity without high-temperature processing. This work reviews 
compressive sealant materials, configurations, and hybrid strategies for MS-SOFC and SOECs. Emphasis is 
placed on the structural, thermal, and chemical behavior of phlogopite papers and Thermiculite® gaskets, 
which show superior stability, low porosity, and reduced leakage, especially with glass-ceramic layers. Hybrid 
approaches, such as transient liquid-phase bonding, are also considered for lowering operating temperatures 
while preserving strength. Finally, the availability of Brazilian phlogopite and vermiculite is highlighted as an 
opportunity for cost-effective, locally sourced sealants.
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Abbreviations: MSSOFC, MetalSupported Solid Oxide Fuel Cell. SOFC, Solid Oxide Fuel Cell. CEV, Chemically 
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With the continuous growth of global energy 
demand, the search for cleaner and more sustainable 
methods of electricity generation has intensified 
[1]. In this context, hydrogenbased technologies 
such as fuel cells have gained prominence by 
combining low environmental impact with a high 
degree of technological maturity [2]. 

Among the various types, metalsupported 
solid oxide fuel cells (MSSOFCs) stand out for 
operating at high efficiency levels, surpassing 
the thermodynamic limitations imposed by the 
Carnot cycle on conventional heat engines [3]. 
The operating principle of SOFCs involves the 
reduction of oxygen at the cathode to produce O²⁻ 
ions, which migrate through a ceramic electrolyte 
to the anode. There, they react with hydrogen to 
form water vapor and release electrons. These 
electrons travel through an external circuit, 
generating electric current, and return to the 
cathode to complete the electrochemical cycle 

[2], as illustrated in Figure 1 and described on 
Equations 1 and 2 [2].

Equation 1. Oxigen reduction at the cathode

	 	 (1)

Equation 2. Hydrogen oxidation at the anode
	 	 (2)

A MS-SOFC comprises five primary components: 
the metal support, the anode, the electrolyte, the 
cathode, and the sealant. The metal support, often 
made from oxidation-resistant ferritic stainless steels 
such as Crofer 22 H, provides mechanical strength, 
electrical conductivity, and thermal stability at high 
operating temperatures [4]. The anode is typically 
a Ni–YSZ (yttria-stabilized zirconia) cermet, which 
offers high electronic conductivity and catalytic 
activity for hydrogen oxidation [5]. The electrolyte, 
commonly YSZ, ensures high O²⁻ ionic conductivity 
within the operating temperature range and acts 
as a gas-tight barrier between electrodes [5]. The 
cathode is often composed of perovskite oxides 
such as LSCF (La₀.₆Sr₀.₄Co₀.₂Fe₀.₈O₃–δ), applied by 
techniques like plasma spray to maximize oxygen-
reduction reaction rates [6].
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Sealing these components into a hermetic stack 
is crucial for maintaining efficiency and long-term 
durability under continuous operation. Sealants 
for SOFCs are classified into three main families: 
rigid (glass-ceramic-based), compressive (mica- or 
vermiculite-based), and compliant (braze-based) 
[7]. Among these, compressive sealants have drawn 
significant attention due to their excellent leak-
tightness and ease of assembly [7]. Techniques such 
as Ni–Sn transient liquid-phase bonding using Crofer 
22 H interconnects have been explored to create low-
temperature metal seals, highlighting the versatility of 
combining metallic and compressive methodologies 
for enhanced sealing performance [4].

Despite these advances in materials and cell 
architecture, one of the main technological 
bottlenecks for commercial deployment of SOFCs 
is the sealing of the system [7]. The high operating 
temperatures (700–1000 °C) and the porous 
nature of many components, as shown in Figure 
2, pose serious challenges to achieving a durable, 
hermetic, and reliable seal [3].

Solid Oxide Electrolysis Cells (SOECs) 
operate on principles similar to those of SOFCs 
but in reverse, using electrical energy to drive the 
electrochemical splitting of steam (and sometimes 

CO₂) into hydrogen and oxygen at elevated 
temperatures. In an SOEC, steam is introduced at 
the cathode, where it receives electrons to form 
hydrogen gas and oxygen ions (O²⁻). These oxygen 
ions migrate through a dense ceramic electrolyte to 
the anode, where they release electrons and form 
O₂ gas. This reaction is described by Equations 3 
and 4.

Equation 3. Hydrogen reduction at the cathode

	 	 (3)

Figure 1. Schematic of the metal-supported solid oxide fuel cell operating principle.

Figure 2. Key components of a metal-supported 
solid oxide fuel cell stack.

Source: Tucker [3]

Source: Fallah Vostakola, and Amini Horri [1].
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Equation 2. Oxigen oxidation at the anode

	 	 (4)

The high operating temperatures (700–900 °C) 
of SOECs improve thermodynamic efficiency 
and enable the co-electrolysis of H₂O and CO₂ to 
produce syngas (H₂ + CO), a valuable feedstock 
for synthetic fuels. However, this high-temperature 
environment imposes stringent requirements on all 
cell components, particularly the sealants, which 
must maintain hermeticity and chemical stability 
over prolonged operation in dual atmospheres 
(reducing on the cathode side and oxidizing on the 
anode side).

Glass-ceramic sealants were investigated 
specifically for SOEC applications and highlighted 
that maintaining compatibility between the thermal 
expansion coefficients (CTEs) of the sealant 
and adjoining components is essential to avoid 
mechanical failures during thermal cycling [8]. 
It was proposed a BaO–SiO₂-based composition 
with optimized CTE and good long-term adhesion 
in H₂/H₂O atmospheres, maintaining structural 
integrity after 2000 h of exposure at operating 
conditions without delamination or gas leakage 
[8].

Further developments introduced SrO-
containing glass-ceramics tailored for SOEC 
use [9]. These sealants exhibited high electrical 
resistivity (>10⁵ Ω·cm), stable sealing behavior 
under simulated electrolysis conditions, and 
appropriate softening temperatures (Tg and 
Tfs) for stack assembly and operation [9]. The 
composition designated HJ14 showed promising 
results due to its thermal stability and mechanical 
robustness, indicating its potential as a candidate 
for long-duration SOEC operation [9].

These findings underscore the critical role 
of tailored sealant design for the durability 
and efficiency of SOECs, especially under 
the combined challenges of high temperature, 
differential pressure, and dual-gas atmospheres.

Choosing a suitable sealant is crucial not only 
for structural integrity but also for maintaining 

cell efficiency and longterm durability under 
continuous operation. 

The main sealant families for SOFCs and 
SOECs can be divided into three groups: rigid 
(glassceramicbased), compressive (mica or 
vermiculitebased), and compliant (brazebased). 
Among these, the compressive sealants have 
attracted attention for their excellent leaktightness 
and ease of use [2]. 

In Bahia, the occurrence of phlogopite—a rock 
used to produce phlogopite mica—in the Carnaíba 
district of Pindobaçu has been widely investigated 
by CETEM as a potassium source and as a promising 
raw material for micabased compressive sealants 
[10]. Moreover, the municipality of Brumado hosts 
vermiculite and talc mining concessions operated 
by companies such as Mineração Urimamã, 
evidencing local deposits of this key vermiculite 
for compressive sealants [11]. With significant 
reserves also in states like Goiás and Piauí, Brazil 
holds strategic potential to become a major national 
producer of mica and vermiculite compressive 
sealants, meeting sealing demands in SOFCs and 
other highperformance industrial applications [12]. 

In this scenario, the present article aims to 
perform a comparative analysis of the main 
compressive sealants applied in solid oxide fuel 
cells and electrolyzers.

Materials and Methods

A bibliographic review was performed using the 
Scopus database and the Bibliometrix software.

The keywords “Sealing” and “SOFC” were 
used to identify articles containing both terms 
in the title, abstract, or keywords, yielding 465 
papers.

The number of citations per article was then 
analyzed, revealing that the mostcited paper was 
published in 2009; hence, a filter was applied to 
include only articles published from that year 
onward, resulting in 348 documents.

Graphs illustrating the bibliographic dynamics 
of the topic were generated with Bibliometrix, as 
shown in Figure 3. 
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Results and Discussion

Based on the bibliographic review, it was possible 
to understand the sealing process using compressive 
sealants and their physical properties. These sealants 
consist of mineral flakes (mica or vermiculite) bound 
together with an organic or inorganic binder, forming 
a sheetlike material [13], as shown in Figure 4.

During sealing, the gasket material is subjected 
to a compressive force, either via springs or 
bolts through the stack structure [14]. Under 
compression, the mineral flakes rearrange, and 
at high temperatures they retain this compressed 
arrangement, preventing gas leakage.

The main compressive sealants can be divided 
into two subgroups: micabased sealants and 
vermiculitebased sealants (Thermiculite®) [13].

Mica-Based Sealants

Micabased sealants are composites made by 
incorporating mica flakes into a cellulose pulp, 
which is then formed into sheets through a process 
analogous to paper making [15]. This yields 
a material with excellent electrical insulation 

properties. However, the presence of organic 
binders can lead to material degradation during 
SOFC thermal cycling [13]. In comparative 
leakrate tests, mica paper sealants exhibited 
higher leakage rates than vermiculitebased 
sealants at both room temperature and at 800 °C 

Figure 3. Bibliometric analysis of SOFC sealing literature.

Source: Made by the authors

Figure 4. Photographic comparison of compressive 
sealant materials.

a) mica paper, b) flexible mica paper, c) thermiculite 866, 
and d) the interconnector.
Source: Nguyen and colleagues [5].
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[5]. Expansion tests also showed that mica paper 
undergoes significantly greater thickness increase 
upon heating, indicating higher final porosity 
under operating conditions [5].

Thermiculite® (Vermiculite-Based)

Thermiculite® is a sealing material 
manufactured from vermiculite, a phyllosilicate 
mineral similar to mica [13]. Specifically, 
Thermiculite® 866 consists of chemically 
exfoliated vermiculite (CEV) and steatite, with 
no organic binders, thereby avoiding degradation 
during fuel cell operation [13].

To further enhance performance, Thermiculite® 
866 LS was developed by applying a glassy sealant 
layer to the contact surfaces of the material, 
enabling effective sealing at lower compressive 
pressures, as shown in Figure 5 [13].

Studies on Thermiculite® CL87 and CL87 
LS models indicate that material compressibility 
significantly decreases by 200 °C, suggesting that 
initial compression should be performed at room 
temperature before the first heatup cycle [15].

Comparison

When comparing micabased and vermiculi-
tebased (Thermiculite®) compressive sealants, 
critical differences emerge. Thermiculite® 
demonstrates superior dimensional stability, with 
only 0.068 mm thickness change after 100 hours at 
high temperature, whereas mica paper and flexible 
mica paper expand by 0.51 mm and 0.48 mm, 
respectively [16]. This lower expansion in 
Thermiculite® corresponds to lower final porosity 
and improved leak tightness, as confirmed by lower 
leakrate measurements under identical hydrogen 
flow and temperature conditions (Figure 6) [5].

Comparative life-cycle assessments have 
shown that vermiculite-based sealants have a 
lower environmental footprint, considering raw 
material extraction and end-of-life recyclability, 
compared to synthetic polymer-based gasket 
alternatives [17]. Preliminary evaluations suggest 
that leveraging domestic vermiculite resources 
could offer cost benefits over some imported sealant 
materials, potentially supporting the economic 
viability of large-scale SOFC implementation.

Figure 5. Sealing parformance: Thermiculite® 866 vs. 866 LS under varying conditions.

Source: Hoyes, and  Rautanen [13].
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Practically, Thermiculite® also requires a lower 
compressive force to achieve adequate sealing 
compared to Mica [13]. A hybrid approach—
combining compressive and rigid sealant features—
has emerged as promising. Coating Thermiculite® 
with a glassceramic layer (e.g., 866 LS and 
CL87 LS) drastically reduces leakage and enhances 
resistance to internal pressure variations, merging 
the mechanical resilience of compressive sealants 
with the low permeability of glasses, while requiring 
less compressive load [13].

Figure 6. Leakage rate comparison of mica- and vermiculite-based sealants. Rate of leakage through the 
sealants: a) mica paper, b) flexible mica paper, and c) thermiculite 866.

Source: Nguyen and colleagues [5].

Conclusion

The comparative analysis of mica and 
vermiculitebased compressive sealants reveals 
the clear superiority of Thermiculite® for SOFC 
and SOEC applications. Its higher dimensional 
stability at elevated temperatures, lower porosity, 
and consequently lower leak rates make it a more 
reliable and efficient option. Additionally, the 
ability to achieve hermetic sealing at reduced 
compressive forces—especially in glasscoated 
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versions like Thermiculite® 866 LS—offers 
significant advantages for stack structural 
integrity and longevity. The advancement toward 
hybrid sealant solutions, combining the best traits 
of compressive and rigid materials, represents a 
promising pathway to overcome sealing challenges 
in SOFCs and SOECs, supporting the commercial 
viability of this clean energy technology.
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