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Abstract

This paper investigates the application of non-calcined metal tartrate as a novel alterna-
tive pore former to prepare functional ceramic composites to fabricate solid oxide fuel
cells (SOFCs). Compared to carbonaceous pore formers, non-calcined pore formers of-
fer high compatibility with various ceramic composites, providing better control over
porosity and pore size distribution, which allows for enhanced gas diffusion, reactant
transport and gaseous product release within the fuel cells’ functional layers. In this work,
nanocrystalline gadolinium-doped ceria (GDC) and Ni-Gd-Ce-tartrate anode powders were
prepared using a single-step co-precipitation synthesis method, based on the carboxylate
route, utilising ammonium tartrate as a low-cost, environmentally friendly precipitant.
The non-calcined Ni-Gd-Ce-tartrate was used to fabricate dense GDC electrolyte pellets
(5–20 µm thick) integrated with a thin film of Ni-GDC anode with controlled porosity at
1300 ◦C. The dilatometry analysis showed the shrinkage anisotropy factor for the anode
substrates prepared using 20 wt. The percentages of Ni-Gd-Ce-tartrate were 30 wt.% and
40 wt.%, with values of 0.98 and 1.01, respectively, showing a significant improvement in
microstructural properties and pore size compared to those fabricated using a carbonaceous
pore former. The results showed that the non-calcined pore formers can also lower the
sintering temperature for GDC to below 1300 ◦C, saving energy and reducing thermal
stresses on the materials. They can also help maintain optimal material properties during
sintering, minimising the risk of unwanted chemical reactions or contamination. This
flexibility enables the versatile designing and manufacturing of ceramic fuel cells with
tailored compositions at a lower cost for large-scale applications.

Keywords: pore former; shrinkage; sintering; ceramic composites; microstructure;
fabrication; solid oxide fuel cell (SOFC)

1. Introduction
Solid oxide fuel cells (SOFCs) have the potential to contribute significantly to the

development of sustainable and efficient energy systems. These electrochemical devices
convert chemical energy directly into electrical energy, offering high efficiency and low
emissions. SOFCs have the potential to revolutionise the energy landscape by providing
clean and reliable power generation for a range of applications, including stationary
power plants, transportation and portable electronics [1,2]. With their ability to operate
on various fuels, such as hydrogen, natural gas and biogas, SOFCs offer versatility and
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compatibility with existing infrastructure. Furthermore, their long lifespan, fuel flexibility
and potential for combined heat and power generation make them a promising technology
for a sustainable energy future [3–5].

The sintering process is a critical step in the fabrication of SOFCs, where ceramic mate-
rials are heated to high temperatures to achieve densification [6]. However, conventional
high-temperature sintering techniques often present challenges, including thermal stresses,
grain growth and reduced material properties. By reducing the sintering temperature,
energy consumption and the associated costs can be minimised while also allowing for
improved material properties, scalability, a wider choice of materials and compatibility with
a broader range of materials [7,8]. A high degree of shrinkage in the anode substrate can be
advantageous for the densification of the electrolyte film at lower temperatures [9]. During
the co-sintering process of an electrolyte–anode bilayer, the electrolyte and the anode sub-
strate shrink together. In this case, the anode substrate’s sintering behaviour plays a crucial
role in driving the densification process of the supported electrolyte film. The sinterability
of the anodic substrate directly influences the driving force. A higher sinterability of the
anode support results in a stronger driving force. Therefore, it is generally preferable to
use anode materials with high sinterability in the fabrication process of anode-supported
SOFCs [9,10]. In an anode-supported configuration, if the shrinkage mismatch with respect
to temperature is beyond a certain limit, the stresses imposed by the support (here, the
anode) can serve as an essential source of process flaws, resulting in significant performance
losses upon operation. The sintering behaviour of the support is commonly controlled by
the microstructural characteristics and the packing structures of both layers [11,12]. A new
approach, called anode-assisted sintering, is proposed to lower the sintering temperature
and enhance the densification of the anode material. This method utilises the high rate of
sinterability of some of the cell layers to improve the sintering of the rest of the layers by
implementing compressive forces during the sintering process. This method can tackle the
challenges imposed by the traditional high-temperature sintering methods, which can lead
to thermal stresses, grain growth and reduced material properties [13–15]. Implementing
the suggested internal-anode-assisted densification process can provide a scalable and
cost-effective solution to address the existing challenges associated with low-temperature
fabrication processes. This improvement is crucial for enhancing the commercial viability
of low-temperature SOFCs (LT-SOFCs) in the future [13,16].

Pore formers play a significant role in the sintering process of SOFCs. A pore former is
a material added to the ceramic powder mixture to create pores or voids in the green body,
which are then retained or removed during sintering [17,18]. Pore formation usually occurs
due to the incomplete densification process (known as intrinsic porosity) or by using pore
formers, such as graphite, polymers, etc. These pore formers burn out during sintering,
leaving behind pores [19]. Pore formers introduce porosity through their decomposition
and volatilisation during the heating stage of sintering. The decomposition temperature
range of the pore formers ensures that pore formation occurs prior to extensive densification,
which takes place at higher temperatures. This allows pores to be distributed throughout
the matrix without significantly impeding particle rearrangement and grain growth [17,20].
Once formed, pores must remain stable under high-temperature sintering and during long-
term operation. A rigid ceramic framework (e.g., YSZ, GDC or NiO) helps stabilise the pore
network by acting as a mechanical scaffold, pinning grain boundaries to inhibit excessive
growth and preventing pore shrinkage through Zener pinning effects. At high temperatures,
while some pore coarsening occurs due to surface diffusion and pore merging, the porosity
levels remain largely unchanged, particularly in samples with moderate pore former
loading. This suggests that the remaining matrix is able to maintain structural integrity
and resist excessive pore collapse [21–23]. The formation and stability of pores in SOFC
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anodes involve complex interactions between pore-forming agents, sintering conditions and
microstructural evolution. While pore-forming agents like green pore formers (Green-PF)
effectively generate porosity during low-temperature burnout, maintaining this porosity at
high operating temperatures requires a stable ceramic framework and careful control of
sintering parameters. Understanding these mechanisms allows for better design of durable
and efficient SOFC electrodes. Compared to the in situ precipitate pore formers, green pore
formers shine in eco-conscious, scalable manufacturing with predictable microstructural
outcomes. In contrast, in situ precipitate pore formers offer advanced pore architecture but
demand tighter control and may introduce variability in industrial settings [24,25].

Pore formers can lower the sintering temperature of SOFCs by creating the pathways
for gas diffusion and reducing the density of the green body. This allows for densification
to occur at lower temperatures, facilitating the removal of trapped gases and volatiles
during sintering and minimising grain growth and thermal stresses [26,27]. This can result
in higher material density and improved mechanical strength of the fuel cell. Pore formers
create voids or pores within the green body, which can act as channels for gas diffusion,
reactant transport and product release within the fuel cell [28,29]. Properly controlled
porosity can optimise gas permeability, fuel cell performance and electrode–electrolyte
interactions. They can also help maintain the thermal expansion coefficient of the ceramic
material, which is crucial for preventing thermal stresses and cracking during the sintering
process and fuel cell operation [30,31]. It is important to note that the type, size, distribution
and amount of the pore former used should be carefully optimised to achieve the desired
porosity, microstructure and performance of the SOFC [18,32]. Different types of pore
formers have been used in the fabrication of SOFC electrodes, including carbon-based
materials (such as graphite or carbon black) [33], starch-based materials (derived from
potato, corn, etc.) [22], polymer-based compounds (such as PEG, PVA, PMMA, etc.) [26,34],
sacrificial materials (such as sugar, ammonium bicarbonates and citric acid) [35] and
template-based compounds (such as polystyrene beads or cellulose) [36]. The choice
of the pore former depends on various factors, including the desired porosity, material
compatibility, sintering conditions and specific requirements of the SOFC application.
Generally, carbon-based compounds are the most common materials used as pore formers
in SOFCs [33]. The selection of suitable pore formers and their incorporation into the
ceramic powder mixture is a critical aspect of SOFC fabrication and can significantly impact
the sintering behaviour and properties of the final fuel cell. Optimisation of the type, size,
distribution and amount of the pore former is crucial to achieve the desired microstructure
and performance of the fuel cell [26,27]. A comparison between different pore formers is
shown in Table 1 [37].

Table 1. Comparative analysis of some of the most widely used pore formers.

Pore Former Type Advantages Limitations Thermal Stability

Carbon-based (e.g.,
graphite, carbon black)

Biodegradable and eco-friendly, low residue
after burnout, good pore uniformity

Limited commercial availability,
less studied in SOFCs

Moderate to high
(depends on formulation)

Polymer-based
(PMMA, PVP, . . .)

Precise control over pore size, widely
available, compatible with tape casting

May leave residue if not fully decomposed,
requires a careful burnout profile

High (PMMA
decomposes cleanly

at ~400–500 ◦C)

Starch-based (e.g., rice,
potato starch)

Natural and low-cost, produces
interconnected pores, easy to handle

Variable decomposition behaviour, may
affect slurry rheology

Moderate (decomposes
at ~300–400 ◦C)

Other bio-based (e.g.,
cellulose, chitosan)

Renewable and sustainable, can enhance
mechanical strength, tunable porosity

Less consistent pore morphology, may
require additives for uniformity

Moderate to high
depending on type

Green-PF Eco-friendly and biodegradable, low residue
after burnout, good pore uniformity

Limited commercial availability, less
studied in SOFCs compared to others

Moderate to high
(depends on formulation)

Generally, Green-PF offers better dimensional control and microstructural uniformity,
making it ideal for multilayer co-sintering and thin electrolyte fabrication. On the other
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hand, C-PF is widely used and cost-effective but may introduce variability in shrinkage and
pore connectivity, affecting mechanical and electrochemical performance. Table 2 briefly
compares the two types of pore formers [17,28,37].

Table 2. Comparison of some microstructural parameters of C-PF (graphite + carbon) and green
pore formers.

Property Green-PF C-PF

Shrinkage mismatch Low, promotes
isotropic shrinkage

Higher mismatch, may cause
anisotropic distortion

Porosity Uniform and tunable,
typically 45–55%

Often broader distribution,
porosity 40–60%

Pore morphology Rounded and interconnected,
low tortuosity

Irregular and elongated,
higher tortuosity

Electrolyte density Higher post-sintering density
due to better packing

Slightly lower due to residual
carbon burnout voids

Non-calcined pore formers offer exciting advantages over the other types, including
lower sintering temperature, enhanced porosity control, reduced carbon footprint, higher
cost effectiveness, a wider range of material compatibility, minimised risk of unwanted
chemical reactions or contaminants, etc. Since the anode thickness for all the anode-
supported cells fabricated in this study exceeded 300 µm, a pore-forming agent was added
to the anode formula to enhance mass transfer processes through the anode layer. This
study investigated the effect of two different pore formers on the final microstructure
and sintering behaviour of the Ni-based anode supports using a scalable, consistent and
cost-effective fabrication process based on internal-anode-assisted densification of the GDC
electrolyte. In this regard, the performance of a graphite and nano-sized carbon mixture
(C-PF) was compared with a novel method of using the Ni-Gd-Ce-tartrate precipitate of
each anode as its pore former (Green-PF). The Green-PF was used as a reliable and novel
pore former in the fabrication of anode-supported SOFCs, which is based on the same
elements and composition of the powder constituting the anode substrate material (Ni, Ce
and Gd) and transforms to their corresponding metal oxides during burnout and sintering.
The main advantage of this pore former is that after its removal, its residue’s sintering and
surface characteristics are identical to those of the anode oxide powders employed for the
anode substrate.

2. Materials and Methods
2.1. Raw Materials

Cerium (III) nitrate (Ce(NO3)3·6H2O, Sigma-Aldrich), gadolinium (III) nitrate
(Gd(NO3)3·6H2O, Sigma-Aldrich) and dibasic ammonium tartrate ((NH4)2C4H4O6,
Sigma-Aldrich, Gillingham, Dorset, UK) were used as the starting materials without any
further purifications. An 85:15 wt.% mixture of graphite (TB-17, MTI), nano-sized carbon
powder (<100 nm nanopowder, Sigma-Aldrich), polyvinylpyrrolidone (PVP, average
Mw~10,000, Sigma-Aldrich) and ethyl cellulose (viscosity 10 cP, Sigma-Aldrich) were
used as a pore former, dispersant and binder, respectively. α-terpineol (C10H18O, Su-
pelco, analytical grade) and ethylene glycol (C2H6O2, Sigma-Aldrich, anhydrous, 99.8%)
were used as solvents in formulating the electrolyte and electrode inks/pastes. All
powder preparation methods, such as ball milling, were applied in an ethanol medium
using absolute ethanol (CH3CH2OH, Sigma-Aldrich, 99.8%).
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2.2. Synthesis Method

The synthesis of GDC samples was performed using a recently developed single-
step co-precipitation technique described in our previous work [15]. In this regard, the
weight fraction of C-PF in the anode formula was calculated based on the weight of C-PF
relative to the total amount of anode cermet and C-PF (anode cermet + C-PF). Two different
anode samples containing 5 wt.% and 10 wt.% of C-PF were prepared for each type of
anode material, respectively, referred to as A5% C-PF and A10% C-PF. On the other hand,
Green-PFs and anode cermets were mixed based on volume fractions, where the volume
fraction of Green-PF was calculated based on the volume of Green-PF relative to the total
volume of anode cermet and Green-PF. Three different anode samples containing 20 vol.%
(A20%Green-PF), 30 vol.% (A30%Green-PF) and 40 vol.% (A40%Green-PF) of Green-PF
were prepared for each type of anode material. The skeletal density of the powders was
used for such calculations, measured by gas pycnometry. To mix the anode cermet and
the pore former, wet ball milling in ethanol (at 70 rpm using Capco mdl. 12VS Ball Mill
Tumbler and 0.3 cm spherical YSZ balls) was used for 10 min, following the guideline
presented in Figure 1. The recovered mixture was dried under vacuum at 50 ◦C for 2 h and
hand ground for 10 min. Polyvinyl alcohol (PVA, average Mw ~130,000, 99+% hydrolysed,
Sigma-Aldrich) was added to the anode formula as a suitable binder. An amount of 2 wt.%
of PVA was added to all formulated anode powders, where the weight fraction of PVA
was calculated based on the weight of PVA relative to the total weight of anode cermet,
pore former and PVA. In this process, PVA (appropriate for the production of 2 g of anode
powder) was first dissolved in 0.5 mL of deionised water under stirring at 50 ◦C for 1 h
in a 15 mL vial. Then, 4 mL of ethanol was slowly added to the stirring solution, where
the solution started to become cloudy. After 1 h of stirring, the prepared mixture of anode
cermet and pore former (appropriate for the production of 2 g of anode powder) was then
slowly added to the solution and left to stir. After 30 min, 4 mL of ethanol was slowly
added to the suspension and stirred for 4 h. The suspension was then dried under vacuum
at 50 ◦C overnight. The recovered anode powder was then ground for 10 min using a
mortar and pestle.

Figure 1. The guideline used for the milling processes in this study.

The prepared anode powder was dry-pressed in a uniaxial dye (� = 20 mm or 15 mm)
under ~300 MPa pressure to form button-like pellets. It should be noted that the amount
of formulated anode powder used for the fabrication of each supporting anode layer was
chosen in such a way that the final amount of anode cermet in all fabricated anode supports
remained the same (~0.2 g for 15 mm cells and ~0.4 g for 20 mm cells), regardless of the
type or the amount of pore former used. Such restrictions resulted in a slight variation in
the thickness of the final supporting anode layers fabricated using different anode formulae
(~50 µm). In addition, depending on the cell diameter, ~0.22–0.28 g (for 15 mm cells)
and ~0.30–0.40 g (for 20 mm cells) of each anode powder were used to form cells with
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thicknesses of 350–450 µm. The anode pellets then underwent pre-sintering in the furnace
at 400 ◦C for 4 h (1.2 ◦C min−1), followed by an increase to 900 ◦C for 2 h (1.5 ◦C min−1).
The gradual temperature change during pre-sintering was selected to ensure complete
burnout of the pore formers and release of thermal stresses.

For the cell fabrication process, 30 vol% non-calcined metal-tartrate precipitates were
used as pore formers, and disk-shaped specimens with a diameter of 15 mm were prepared
using uniaxial pressing with ~300 MPa pressure (2 wt.% PVA was added to all samples).
The samples were then pre-sintered at 900 ◦C; then, the electrolyte layer was coated using
vacuum spin coating. The anode–electrolyte bilayer was sintered at 1000 ◦C for 2 h, and
then, cathode ink (LSCF-GDC + 10 wt.% C-PF) was used to deposit a narrow layer of
cathode with a thickness of about 30 µm on top of the electrolyte layer via spin coating.
After drying the cathode layer in the oven, the co-sintering of the completed cells was
conducted at 850 ◦C for 2 h. The fabricated cells were then reduced with hydrogen in a
tube furnace at up to 700 ◦C and a flow rate of 20 mL min−1 for 4 h.

2.3. Characterisation

The study utilised a FESEM (JEOL JSM-7100F, JEOL, Tokyo, Japan) with an attached
EDX (UltraDry, Thermo Scientific, Waltham, MA, USA) to examine the microstructure of
the produced powders and cells. The FESEM was operated with an acceleration voltage
between 15 and 20 kV and a probe current of 8–10 nA for optimal elemental characterisation
of the samples. The thermal decomposition characteristics of the synthesised precipitates
were investigated in this study using a simultaneous differential scanning calorimetry
(DSC) and thermal gravimetric analysis (TGA) instrument (SDT Q600, TA Instruments,
New Castle, DE, USA). The samples were subjected to heating from 25 ◦C to 900 ◦C at a
rate of 5 ◦C min−1 under either air or N2 atmosphere.

Dilatometry experiments were conducted using a horizontal dilatometer (DIL 402C,
NETZSCH, Selb, Bavaria, Germany) to measure the expansion/shrinkage of the synthesised
samples and to determine the optimal sintering temperature for cell fabrication processes.
The sintering properties of the samples were analysed in the air over a temperature range of
25–1500 ◦C, with a heating rate of 4 ◦C min−1. Depending on the type of analysis, samples
were dwelled at temperatures from 1000 to 1500 ◦C and held for durations of 0–10 h,
with 0 dwell time, meaning that the sample cooled down immediately after reaching the
programmed sintering temperature. Regarding the dilatometric analysis of the formulated
anode powders (containing the pore former), disk-shaped specimens with a thickness
of ~2 mm and a diameter of 6.35 mm were also prepared using uniaxial pressing with
~300 MPa pressure. However, the specimens were calcined at 900 ◦C for 4 h (1.2 ◦C min−1)
prior to the dilatometric analysis to remove the pore former before the analysis.

3. Results and Discussion
Figure 2 illustrates the sintering behaviour of the synthesised NiO-GDC and GDC

powders before adding any pore former or making any preparations for the powders. Both
samples start to shrink at temperatures around 600 ◦C with an onset sintering temperature
around 500 ◦C (Figure 2b). However, the synthesised GDC reaches its maximum sintering
rate at 850 ◦C, while the NiO-GDC achieves its highest sintering rate at temperatures
as high as 1350 ◦C. A multistep densification behaviour can be clearly observed for the
synthesised GDC sample. In addition to its main sintering peak at 850 ◦C, two shoulder
peaks at 670 ◦C and 1100 ◦C can also be detected, each indicating a certain sintering
process. During sintering, the contact between GDC particles first results in particle
neck formation, followed by densification and grain growth [38]. At the initial sintering
stage, low temperatures and mass transport mechanisms mainly occur at the surface and
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grain boundaries. Thus, the number of contacts between the particles, which depends
significantly on the GDC powder’s initial particle and pore size, is of great importance.
However, during both the intermediate and final stages of sintering, the densification can
be significantly altered by the pinning effects of porosity [39].

 

(a) (b) 

Figure 2. (a) Linear sintering shrinkage and (b) Rate of the synthesised NiO-GDC and GDC powders.

It can be seen in Figure 2 that the densification behaviour of the synthesised NiO-GDC
composite is correlated to its GDC single-phase component. Similar to the GDC powder,
the densification of the NiO-GDC composite indicated three main sintering stages (SS) at
low (LSS), intermediate (ISS) and high (HSS) temperatures. However, the intermediate
(maximum at 1000 ◦C) and high (maximum at 1350 ◦C) temperature processes took place
at higher temperatures and significantly higher sintering rates than pure GDC.

Two main sintering mechanisms exist during the densification of GDC at intermediate
and high temperatures: grain boundary diffusion (grain welding) and grain growth, the
latter showing a lower sintering rate [40]. The low maximum sintering rate and corre-
sponding temperature of the synthesised GDC electrolyte could suggest that grain growth
is predominant during its densification process. However, in the synthesised NiO-GDC
sample, NiO could act as a discontinuous precipitate in the GDC matrix, competing with
the GDC grain growth. Such behaviour has been reported in the literature concerning
the sintering of alumina through the addition of MgO or NiO [41]. Such prohibition of
the GDC grain growth could increase the densification rate at intermediate temperatures
by keeping the grain size close to its initial value. In addition, it could promote densifi-
cation at intermediate temperatures by allowing the grain boundary and porosity (tiny
pores) to evolve simultaneously. On the other hand, in a single-phase material like the
synthesised GDC electrolyte, the diffusion processes along the grain boundaries are not
inhibited, which becomes completely different in the case of the NiO-GDC composite. Since
NiO and GDC are only scarcely miscible, the presence of a secondary phase dramatically
decreases the chance of same-phase particle contact in the anode composite, retarding the
mass diffusion in the anode composite by increasing the mass diffusion distance. Thus, the
higher densification activation energy of the NiO-GDC composite shifts the ISS process
to higher temperatures compared to the single-phase GDC. Large pores mainly influence
the maximum sintering rate at 1350 ◦C and can be related to their elimination at such
elevated temperatures.

One can observe that the GDC sinters more rapidly than the NiO-GDC at temperatures
below 900 ◦C, whereas above 900 ◦C, the sintering rate of NiO-GDC surpasses that of a
single-phase GDC sample, showing a much more significant linear shrinkage at 1500 ◦C
(ca. 18%). In the anode-supported configuration, such high sinteractivity of the synthesised
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NiO-GDC sample could be highly beneficial in promoting the densification of the supported
GDC electrolyte film during the co-sintering process. It has been illustrated that a high
shrinkage of the anode substrate could be beneficial for the electrolyte film densification
process at relatively low temperatures [9,42,43]. During the co-sintering process of an
electrolyte–anode bilayer, the electrolyte and the anode substrate shrink together. Thus,
different from the sintering of a pelletised electrolyte, in addition to the grain growth of
the electrolyte material, the sintering promotion of the anodic substrate could act as a
decisive driving force for the densification process of the supported electrolyte film. This
driving force is directly related to the sinteractivity of the anodic substrate; the higher
the sinteractivity of the anode support, the stronger the driving force that is provided.
Thus, the use of anode material with high sinteractivity is commonly desirable in the
anode-supported SOFC fabrication process [9,10].

A porosity of around 40 vol.% has been reported as appropriate to reach an acceptable
strength, gas diffusion and current collection in an operating cell [44]. On the other hand,
a good match between the sintering behaviour of the anode substrate and the electrolyte
film is of great importance in decreasing the destructive stress between the two layers [32].
The presence of such immoderate stress during sintering could not only result in the
delamination and cracking of the electrolyte layer but also constrain the densification of
the thin electrolyte film [9,45]. Given the low-temperate fabrication target of 1300 ◦C in this
study and the 11.5% linear shrinkage of the synthesised GDC electrolyte at this temperature
(Figure 2a), the shrinkage and porosity of the anode substrate should be controlled to be as
close as possible to 11.5% and 40% at the targeted sintering temperature, respectively.

Figure 3 illustrates the linear sintering shrinkage and rate of both A5%C-PF and
A10%C-PF anode substrates along with the sintering shrinkage and rate of NiO-GDC
and GDC powders, for comparison purposes. Since the evaluated anode substrates were
pre-sintered at 900 ◦C (in air), both illustrated a slight expansion up to 900 ◦C before
indicating a drastic sintering rate. The addition of 10%C-PF to the anode formula was
shown to reduce the final shrinkage mismatch between the anode substrate (10.8%) and
the GDC electrolyte (11.5%). However, a further match for the shrinkage rate at the ISS was
observed by reducing the amount of the C-PF to 5% (Figure 3b). As expected, the porosity
of the anode substrate increased with the increase in the amount of C-PF in the anode
composition. The porosity of the samples after sintering and reduction with hydrogen
at 900 ◦C was determined to be 37% and 45% for A5%C-PF and A10%C-PF, respectively.
Despite their close porosity, the final linear shrinkage of A5%C-PF was shown to be less
than half that of A10%C-PF. Such a small variation in porosity but an appreciable increase
in linear shrinkage could indicate that the micropores developed at the sites of C-PF are
rather unstable. Thus, a considerable amount of the pores disappears during the high-
temperature sintering of the substrate, causing a substantial rise in the linear shrinkage and
a small variation in porosity. The difference in the shrinkage behaviour of A5%C-PF and
A%C-PF at the ISS could be attributed to the higher number of micropores in the A10%C-PF
substrate. As mentioned before, such micropores will readily shrink during the ISS, and the
combined effect of the shrinkage of a large number of micropores gives rise to the larger
linear shrinkage and sintering rate in the A10%C-PF substrate. It should be noted that the
high shrinkage mismatch between the A5%C-PF substrate (4.8%) and the GDC electrolyte
(11.5%) could result in the cracking and/or delamination of the electrolyte film during the
co-firing process. The intense sintering rate observed at temperatures above 1250 ◦C for
both samples could be related to the expulsion of large pores from the substrate matrix.
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(a) (b) 

Figure 3. Linear sintering: (a) Shrinkage and (b) Rate of the A10%C-PF and A5%C-PF substrates
along with the synthesised NiO-GDC and GDC powders.

As an important component of SOFCs, the electrolyte layer should demonstrate a high
level of densification to successfully separate the fuel gas from the air. Figure 4a–d present
the FESEM images of the GDC electrolyte films deposited on A5%C-PF and A10%C-PF
anode substrates after co-sintering at 1300 ◦C. For comparison purposes, the FESEM micro-
graphs of the pelletised GDC electrolyte after densification at 1300 ◦C are also presented
(Figure 4e,f). For both A5%C-PF and A10%C-PF substrates, the GDC membranes were
rather porous after co-sintering, suggesting the need for higher sintering temperatures.
However, it can be seen in Figure 4e,f that the pelletised GDC electrolyte reaches high
densification levels at 1300 ◦C (over 94% relative density), which itself shows the high sin-
teractivity of the synthesised GDC electrolyte. Thus, considering the small linear shrinkage
mismatch between A10%C-PF substrate and GDC powder, along with the relatively high
sintering rate of A10%C-PF at ISS and HSS, one would assume a much higher electrolyte
densification for the GDC/A10%C-PF bilayer. However, on the contrary, the co-fired
GDC/A5%C-PF bilayer with a significantly larger shrinkage mismatch illustrated a much
higher densification for the electrolyte membrane (Figure 4c,d).

The difference observed in the densification of the pelletised GDC electrolyte and the
deposited GDC films is linked to the difference in the approaches applied in the preparation
of their green parts. The use of vacuum spin coating for the deposition of the electrolyte
layer onto the anode substrates could lead to a lower packing density compared to the
pelletised GDC electrolyte. The fast drying of the electrolyte ink during spin coating can
limit particle rearrangement due to the rapid decrease in the liquid vehicle. Contrarily,
the uniaxial press used to pelletise the GDC powder will force the electrolyte particles
to rearrange into a high-packing form, facilitating the densification process, especially at
low sintering temperatures. However, this does not explain the difference observed in
the densification of the GDC films between the two anode substrates, where the substrate
with a higher linear sintering shrinkage illustrated lower electrolyte film density. In the
anode-supported configuration, the sintering promotion of the anodic substrate could act
as a decisive driving force for the densification process of the supported electrolyte film,
where the higher the sinteractivity of the anode support, the stronger the driving force that
is provided.
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Figure 4. FESEM images of the top view (a,c) and cross-section (b,d) of the GDC electrolyte layer on
A10%C-PF (a,b) and A5%C-PF (c,d) substrates, co-sintered at 1300 ◦C for 5 h. (e,f) illustrate the top
view and cross-section, respectively, of the pelletised GDC electrolyte sintered at 1300 ◦C for 5 h.

Although thermodilatometry is a powerful tool to study the sinterability of ceramic
material, it can only provide a one-dimensional analysis during sintering, while in some
cases, the sintering changes do not take place uniformly over the examined specimen. With
the configuration used in this study, the dilatometer can only measure the axial shrinkage,
and thus, the radial shrinkage of the analysed samples is unknown. To evaluate the radial
shrinkage, an anisotropy factor (K) was required for the analysed specimens. To determine
the value of the anisotropy constant for the pelletised GDC electrolyte and the anode
substrates, first, the fired density (density after sintering) of the specimens was measured
directly using the Archimedes method. Second, based on the linear shrinkage data recorded
from the thermodilatometry tests and the measured green density of the specimen, the fired
density of the sample was calculated, assuming isotropic shrinkage. Then, the two fired
densities were compared and matched by choosing a K value for each specimen. Thus,
by defining K as the ratio of total axial to radial shrinkage, it was possible to estimate the
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total radial shrinkage based on the axial shrinkage and fired density. In this regard, the
shrinkage anisotropy factor for GDC, A5%C-PF and A10%C-PF was estimated to be 0.90,
1.06 and 1.21, respectively.

As can be observed, the synthesised GDC electrolyte illustrates higher shrinkage in the
radial direction, whereas an opposite behaviour is observed for the A10%C-PF substrate,
where the axial shrinkage is predominant. Thus, upon co-sintering of the GDC/A10%C-PF
bilayer, the shrinkage occurs mostly in the direction perpendicular to the anode substrate
(axial direction), where the in-plane shrinkage (radial shrinkage) of the thin electrolyte
layer is inhibited by the external constraints imposed by the anisotropic shrinkage of the
anode substrate. In fact, when the amount of C-PF pore former in the anode substrate was
decreased to 5%, a more isotropic sintering behaviour (K = 1.06) was observed for the anode
substrate, resulting in a higher densification of the thin GDC electrolyte film (Figure 4a,d).
Such a change in the shrinkage behaviour of the anode substrate upon variation in the ratio
of the pore former could be related to the morphological development of anisotropic pores
through the addition of C-PF.

Figure 5 illustrates the microstructural properties of the fabricated A%C-PF substrates
sintered at 1300 ◦C (after reduction at 900 ◦C in hydrogen). As shown, the microstructure
of the anode substrate seems to have been altered by variation in the C-PF ratio in the
anode powder. The substrate obtained with 10% C-PF showed a relatively anisotropic or
non-uniform pore structure, while reducing the ratio of C-PF to 5% was indeed effective
in decreasing the pore anisotropy in the anode substrate. Such microstructural differ-
ences between the two substrates can mainly originate from the geometrical anisotropy
of graphite in the C-PF mixture. As reported in the literature, anisotropic particles such
as graphite could illustrate different percolation behaviours depending on their volume
fraction in the anode composite [44,46]. Due to the relatively high specific surface area and
hydrophobic surface characteristics of graphite, its uniform dispersion is very difficult to
achieve, especially in an aqueous suspension. Thus, typically, graphite particles are the
agglomerates of many aggregates consisting of primary particles a few nanometres in size
that are bonded together [47]. This structure makes graphite geometrically anisotropic
and extremely porous, in addition to giving it a large surface area. Such characteristics of
graphite, which are very different from those of metal oxide particles, prevent the formation
of a well-dispersed anode composite during the wet ball milling process of graphite and
NiO-GDC powders. Thus, when anode composites containing geometrically anisotropic
graphite are uniaxially pressed, it is difficult to prevent mutual interactions between large
graphite particles in the anode matrix. In this case, increasing the C-PF ratio gives rise to
formation of a higher number of randomly dispersed anisotropic pores with non-uniform
size distribution (Figure 5b); thus, the linear shrinkage of the anode substrate tends to be
more anisotropic at higher C-PF loadings. However, by decreasing the ratio of C-PF to
5%, more uniform and isotropic pores were observed in the anode structure (Figure 5d),
increasing the isotropic sintering characteristic of the anode substrate (K = 1.06).

While C-PF was shown to generate additional porosity in the anode substrate, the
low pore stability and the anisotropic shrinkage behaviour of the A%C-PF substrates were
shown to constrain the densification of the GDC thin film during the co-firing process.
Therefore, a novel approach was applied to not only improve the permeability of the anode
substrate but also to greatly minimise the constraining effect of the anode substrate on the
densification of the thin electrolyte layer.

The difference between the sintering behaviour (linear shrinkage and rate) of the
fabricated A%C-PF and A%Green-PF-based substrates can be seen in Figure 6a,b. All
three A%Green-PF substrates illustrated almost the same shrinkage behaviour and were
very much similar to that of A5%C-PF. The slight difference in the shrinkage rate of the
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A%Green-PF samples at ISS could be attributed to the larger number of micropores in the
substrates with a higher Green-PF ratio. Thus, the combined shrinkage of such micropores
at ISS resulted in a slightly higher linear shrinkage and sintering rate for the A40% Green-
PF substrate. Despite such small differences, the shrinkage rate of all three A%Green-PF
substrates at ISS remained close to that of the synthesised GDC powder, with A30%Green-
PF showing almost the same shrinkage rate at 1100 ◦C (Figure 6b).

 
Figure 5. FESEM images of A10%C-PF (a,b) and A5%C-PF (c,d) substrates, sintered at 1300 ◦C
followed by reduction at 900 ◦C under hydrogen. Note: The red box shown in (a) has been magnified
in (b), and similarly, the red box in (c) is magnified in (d). The arrows in (d) shows the higher number
of randomly dispersed anisotropic pores with non-uniform size distribution, as explained in the last
paragraph of page 11.

It is possible to estimate the porosity of a pelletised electrode body, either green or
sintered, by comparing the envelope volume of the pellet with the skeletal volume of the
same sample measured by gas pycnometry, Vp. It should be noted that due to the limitations
of such measurements, the calculated porosity in this work is considered to be an estimation
of the porosity of the samples and not the absolute value. Such porosity calculations were
used to study the change in the porosity of an anode material when varying the amount or
type of the pore former in the anode formula. Thus, defining Ve as the envelope volume of
a pellet, the porosity of different pelletised samples was calculated by [48]
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Porosity (open pores)% =
(Ve − VP)

Ve
× 100 (1)

Similar to the A%C-PF substrates, the porosity of the A%Green-PF substrates increased
when the ratio of Green-PF in the anode composite was increased (Figure 6c). The porosity
of the samples after sintering and reduction with hydrogen at 900 ◦C was found to be 40%,
45% and 52% for A20%Green-PF, A30%Green-PF and A40%Green-PF, respectively. As can
be observed in Figure 6a, the sintering shrinkage did not change significantly according
to the amount of Green-PF added and remained around 4%, quite the opposite of what
was observed for the A%C-PF substrates. Such a negligible change in the shrinkage of the
anode substrate, despite the increasing amount of Green-PF added, indicates the fact that
the pores developed at the Green-PF sites are rather stable and therefore survive (or do not
shrink significantly) throughout the whole sintering process (both the ISS and HSS). Thus,
no additional shrinkage due to the addition of Green-PF can be observed.

(a) (b) 

(c) (d) 

Figure 6. Variation in (a) Linear shrinkage and (b) Rate, (c) Porosity after reduction by hydrogen and
(d) K value of A%C-PF and A%-Green-PF substrates with the amount of pore former added to the
anode powder mixture.

The shrinkage anisotropy factor for A20%Green-PF, A30%Green-PF and A40%Green-
PF was estimated to be 0.98, 1.00 and 1.01, respectively. Figure 6d provides a comparison
between the change in the K value estimated for the fabricated A%Green-PF and A%C-PF
substrates. As can be observed, A%Green-PF substrates illustrate a much higher isotropic
shrinkage than that of substrates fabricated using C-PF as a pore former. Such behaviour
could indicate the formation of an isotropic pore structure upon the addition of Green-PF
to the anode substrate.
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The microstructure of the A20%Green-PF substrate after sintering at 1300 ◦C is pre-
sented in Figure 7a,b. Isotropic spherical pores with a diameter of around 10 µm are uni-
formly distributed throughout the anode structure and are connected via well-distributed
microchannels, forming a pore network channel. Additionally, a porous microstructure
was observed surrounding the spherical pores, making the pore network highly bene-
ficial for gas phase transport (Figure 7b). Figure 7c illustrates the cross-section of the
GDC/A20%Green-PF bilayer after sintering at 1300 ◦C (5 h) and reduction at 900 ◦C under
hydrogen flow. The GDC electrolyte layer is about 12 µm thick and shows a high level
of densification without major process flaws, where a clear crystalline path between the
anode substrate and the top of the electrolyte film can be observed (inset Figure 7c). The
electrolyte thickness was shown to be easily controllable by varying the number of coating
steps, making it possible to fabricate electrolyte films in the range of 5–20 µm. Despite the
presence of a linear shrinkage mismatch between the A20%Green-PF substrate and the
electrolyte layer (Figure 6a), the induced stresses did not reach a critical value, and thus, no
cracking or delamination of the electrolyte membrane was observed.

 
Figure 7. FESEM micrographs of (a,b) A20%Green-PF after sintering at 1300 ◦C. (c) The cross-section
of the GDC/ A20%Green-PF bilayer after co-firing at 1300 ◦C and reduction under hydrogen flow
at 400 ◦C. (d) FESEM cross-section micrograph of the as-prepared NiO-GDC/GDC/LSCF-GDC
anode-supported SOFC.
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Figure 8 shows the TGA/DSC analysis of the as-prepared Ni-GDC sample. Since
the sample already underwent thermal decomposition, it mainly consists of metal oxides;
therefore, the weight loss associated with increasing the temperature from 21 to 850 ◦C
is primarily due to dehydration (below 281 ◦C, equivalent to 1.23 wt.%), followed by a
degassing stage (0.63 wt.%). The volumetric change during the phase transformation
of Ni-Ce-Gd-tartrate to NiO-GDC can develop micro-sized pores at the Green-PF sites,
where the high exothermic character and the sudden release of a large amount of gaseous
products during the burnout of Ni-Ce-Gd-tartrate precipitates (Figure 8) result in the
formation of a highly porous and stable pore structure in the substrate. Thus, the porosity
(ca. 40%), K value (0.98), resultant microstructure and sintering behaviour (shrinkage
and rate) of the A20%Green-PF substrate were considered to satisfy the requirements for
both electrolyte densification during co-firing and the fabrication of high-performance
anode-supported SOFCs.

 

Weight 

Heat Flow 

Figure 8. TGA/DSC curves of the thermal decomposition of the as-prepared Ni-GDC sample.

As indicated by the FESEM investigations, the electrolyte layer was shown to cover
the surface of the anode substrate in a fairly uniform manner with a very high thickness
uniformity, regardless of the presence of surface irregularities (e.g., high surface roughness).
Such an achievement is of great deal of importance, since the fabrication of defect-free thin
electrolyte films on the surface of anode substrates with high surface roughness is still
considered a key challenge, especially at relatively low sintering temperatures and dura-
tions [9,49,50]. Many studies have tried to overcome this problem by adopting electrolyte
sintering aids and/or improving the roughness of the anode substrate by applying a func-
tional layer with a fine and homogenous pore structure between the electrolyte and anode
substrate [9,50]. Although in some cases such approaches are effective, they commonly add
more complexity to the fabrication and operating processes surrounding SOFCs. Using
LSCF-GDC as the cathode material and spin coating as the cathode deposition process,
anode-supported single cells with thin GDC electrolyte films were fabricated. Figure 7d
illustrates a cross-section FESEM image of the as-prepared anode-supported single cell.
The fabricated cell shows the presence of an open-structured NiO-GDC anode layer, a thin
dense GDC electrolyte (6 µm) and a porous LSCF-GDC cathode. The GDC electrolyte layer
was shown to adhere very well with both the anode and cathode electrodes, without any
sign of cracking or delamination.
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4. Conclusions
In conclusion, the importance of lowering the sintering temperature in SOFCs cannot

be overstated. The use of non-calcined pore formers in SOFC fabrication has shown promise
in reducing energy consumption, lowering production costs and mitigating thermal stresses
associated with high sintering temperatures. Additionally, the environmentally friendly
nature of non-calcined materials reduces the carbon footprint of the manufacturing process.
Furthermore, the ability to control porosity and pore size distribution with non-calcined
pore formers offers opportunities for optimising gas diffusion, reactant transport and
overall fuel cell efficiency. Dense GDC electrolyte films with a thickness in the range of
5–20 µm were successfully coated on highly porous Ni-GDC anode substrates, using—for
the first time—non-calcined Ni-Gd-Ce-tartrate precipitates (Green-PF) as a reliable, cost-
effective and novel pore former. The use of Green-PF greatly promoted the densification of
the GDC electrolyte layer at 1300 ◦C (under air) without the need for additional sintering
aids and/or anode surface modification processes. Full electrolyte densification was
achieved at relatively low sintering temperatures and was based solely on minimising
the external constraints imposed by the anisotropic shrinkage of the anode substrate.
With regard to the fabrication of anode-supported SOFCs, all synthesised anode and
electrolyte powders illustrated a high sinteractivity, promoting the densification of the GDC
electrolyte film during the co-sintering process at reduced sintering temperatures. The
application of such techniques resulted in the successful fabrication of a structurally dense,
physically thin and chemically homogenous GDC electrolyte layer at considerably low
sintering temperatures (1100 ◦C). Overall, it is suggested that future studies should focus
on electrochemical performance testing, long-term redox cycling and scale-up implications.
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