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H I G H L I G H T S  

• Sintering conditions control phase purity and microstructure in PCFC electrolytes. 
• Optimum conditions for co-firing half cells were found at 1400 ◦C for 5h. 
• Longer sintering times resulted in increased residual stresses and reduced purity. 
• Anode reduction reduces compressive residual stresses in the electrolyte.  
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A B S T R A C T   

Yttrium-doped BaZrO3 is a promising electrolyte for intermediate-temperature protonic ceramic fuel cells. In the 
anode-supported configuration, a slurry containing the electrolyte is deposited on the surface of a calcined 
porous anode and sintered. Differences in sintering behaviour and thermal expansion coefficients for the anode 
and electrolyte result in elastic residual stresses that can impact the long-term stability of the cell during cyclic 
operation. 

Half-cells using BaZr0.8Y0.2O3-δ as the electrolyte were fabricated using the solid-state reaction sintering 
method under various sintering conditions. Comprehensive microstructure and residual stress analyses as a 
function of processing parameters were performed using two-dimensional X-ray diffraction, Rietveld refinement, 
and scanning electron microscopy, before and after the half-cells were reduced under hydrogen, giving a com-
plete picture of phase, microstructure, and stress evolution under thermal and reduction cycles like the actual 
operation of the cell. 

Our results reveal that a temperature of 1400 ◦C and shorter soaking times might be advantageous for 
obtaining phase-pure and thin yttrium-doped BaZrO3 electrolytes with improved microstructure and the pres-
ence of compressive residual stress. These findings offer valuable insights into optimising the fabrication process 
of BaZrO3-based electrolytes, leading to enhanced performance and long-term stability of anode-supported 
protonic ceramic fuel cells operating at intermediate temperatures.   

1. Introduction 

Electrochemical energy conversion holds immense promise for 
facilitating the transition towards sustainable energy sources [1]. 
Among various fuel cell technologies, ceramic solid oxide fuel cells 
(SOFCs) offer compelling advantages, including (i) high-power density, 
(ii) low weight and compactness due to electrolyte and electrodes being 

solid, (iii) reduced cost with no-noble metal electrodes, and (iv) flexi-
bility to utilise fuels such as H2 and hydrocarbons [1–4]. 
Proton-conducting perovskite-based fuel cells, also known as protonic 
ceramic fuel cells (PCFCs), are capable of operation at intermediate 
temperatures, leading to cost reduction and improved long-term oper-
ational stability [5]. However, operating at lower temperatures presents 
material design challenges like decreased electrolyte conductivity and 
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lower rates of electrocatalytic reactions [6]. 
In the late 1990s, Kreuer et al. [7,8] introduced yttrium-doped 

barium zirconate (BZY) as a high proton-conducting material for 
PCFCs exhibiting superior proton conductivity at temperatures below 
700 ◦C compared to the best oxide ion conductors and with good ther-
modynamic phase stability [9]. To date, cubic perovskite (ABO3) ma-
terials, specifically BaCeO3 and BaZrO3 doped with trivalent cations like 
Y and Yb have been a focal point for research in the field [10] and are 
widely studied as PCFC electrolytes. These electrolytes operate at tem-
peratures ranging from 400 to 700 ◦C, with low energy activation energy 
requirements and high energy efficiency [11]. 

The main synthesis processes used to obtain proton-conducting 
electrolytes are divided into two groups: (i) wet reaction methods 
such as sol-gel [12], and (ii) a solid-state reaction sintering (SSRS) 
[13–17] which simplifies the fabrication process and reduces the cost. 
Processing has an impact on the properties, and therefore it must be 
optimized to achieve optimal cell performance. In this context, the 
electrolyte properties play a crucial role, demanding reduced electronic 
leakage, dense layers, large grain sizes, and controlled electrolyte 
thickness [11,18]. However, obtaining large grain sizes can be chal-
lenging due to large grain boundary energies [13] in many 
proton-conducting ceramics. Grain growth is influenced by the sintering 
process, which can be tailored to enhance densification and grain sizes 
by increasing sintering temperatures, soaking times, and/or the amount 
of sintering aids. However, increasing soaking times and temperatures 
can cause a decrease of the conductivity by promoting Ba-loss and the 
diffusion of sintering additives to the B-sites on the BaBO3 perovskite 
structure [14,19–22]. A recent work by Duan et al. [15,16,23] utilising 
the SSRS technique with a small amount of NiO (1 wt%) as a sintering 
aid, showed promise in fully densifying electrolyte layers at reduced 
sintering temperatures (≤1450 ◦C). 

Moreover, for successful PCFC development, the electrolyte should 
exhibit good chemical and mechanical stability under operating condi-
tions. Fuel cells typically have a sandwich-type construction consisting 
of at least three layers: an anode, a cathode, and an electrolyte. The 
process of co-sintering and the thermal cycling during operation at 
elevated temperatures can lead to the appearance of residual stresses on 
the cell’s components due to differences in elastic moduli and thermal 
expansion coefficients [11,24] leading to cracks, delamination, and/or 
failure of the full device. Proton conducting ceramics are also affected by 
chemical expansion caused predominantly by hydration when protonic 
defects are formed in the oxide [25,26]. The lattice expansion due to 
hydration increases with increasing dopant concentration as oxygen 
vacancies are increased. Thus, it is crucial to ensure that each compo-
nent exhibits similar expansion coefficients in the fuel cell’s operating 
range, and some materials may not be suitable for the long-term per-
formance of the fuel cell [27–29]. These challenges limit the use of PCFC 
and are the reason why PCFCs lag behind SOFC’s performance [23]. 

In this paper, we investigate the effect of sintering conditions in the 
fabrication of anode-supported BaZr0.8Y0.2O3-δ (BZY20) electrolytes for 
PCFCs. Emphasizing simplicity and cost reduction, we employ the SSRS 
method for the fabrication of the components using BaZr0.8Y0.2O3-δ as 
the base proton conductor material due to its proven performance [12, 
15,16,19,20] in recent years. The electrolyte, the anode, and their 
integration are studied in two crucial steps: the co-sintering process and 
the exposure to a reduction cycle. The study of residual stresses on the 
electrolyte after integration with the anode is emphasized as it is in this 
stage of the fabrication process where residual stresses will develop 
[30]. Through an in-depth analysis of residual stresses, microstructure, 
and composition after electrolyte sintering and reduction, this study 
provides valuable insights into optimising the manufacturing pathway 
for PCFCs. 

2. Experimental details 

2.1. Half-cell fabrication 

BaZr0.8Y0.2O3-δ (BZY20) powders were synthesised by solid-state 
reaction sintering (SSRS) using raw BaCO3, ZrO2, and Y2O3 powders 
which were ball-milled with isopropanol using ZrO2 milling media, 
followed by drying and calcination in air up to 1100 ◦C at 5 ◦C⋅min− 1 

during 10 h [30]. The formation of the desired reacted powder phase 
was confirmed using x-ray diffraction with Cu Kα radiation (Bruker D8I). 

For the anode, a composite powder was prepared by mixing 40 wt% 
of the reacted perovskite-type powders (BZY20), 60 wt% of NiO, and 
then adding potato starch as a pore former up to 20 wt% weight of the 
BZY20 + NiO mixtures [15,16]. The resulting mixture was dry-pressed 
under ~400 MPa for 2 min in a 13 mm diameter steel die. The result-
ing pellet was then calcined at 800 ◦C using a heating/cooling rate of 
2 ◦C⋅min− 1 for 4 h to introduce bulk porosity upon starch combustion, 
and to obtain a porous anode in the green state with a thickness ranging 
between 1.2 and 1.5 mm. 

The electrolyte was prepared by mixing 3 g of the BZY20 reacted 
powders in a vortex mixer with 1 g of dispersant (20 wt% Solsperse 2800 
from Lubrizol dissolved in α-Terpineol) and 0.2 g of binder (5 wt% 
Butvar B-98 dissolved in α-Terpineol) [15]. Although no NiO was added 
to this slurry, the NiO in the anode will serve as a source of Ni to improve 
densification during solid-state reaction sintering (SSRS), as it has been 
shown that Ni can diffuse a few micrometers from the anode into the 
electrolyte layer [31,32]. A thin electrolyte layer was manually depos-
ited on one side of the anode green pellet using a brush. The half-cell 
resulting from the experiment was subjected to sintering at various 
sintering temperatures and soaking times: (i) 1200 ◦C for 5 h, (ii) 
1200 ◦C for 10 h, (iii) 1325 ◦C for 5 h, (iv) 1325 ◦C for 10 h, (v) 1400 ◦C 
for 5 h, and (vi) 1400 ◦C for 10 h. In all cases, heating/cooling rates of 
10 ◦C⋅min− 1 were used. 

2.2. H2-reduction of the half-cells 

The anodes in the half-cells consist of NiO and proton-conducting 
material post-sintering. A reduction process is necessary to convert 
NiO to Ni-metal, to render it electronically conductive, as well as to 
produce additional porosity. Typically, this reduction would occur 
during the first cell operation cycle when H2 is employed as the fuel in an 
operational system. To emulate this process, a sintered anode was placed 
inside a high-temperature chamber of a Bruker D8 ADVANCE diffrac-
tometer. The anode was subjected to a flowing gas mixture of 5 wt% H2/ 
Ar while the temperature was increased from room temperature to 
600 ◦C at a heating rate of 10 ◦C⋅min− 1. The reduction reaction was 
monitored in situ to determine the extent of the reduction reaction. 
During reduction, diffraction patterns were collected every 100 ◦C up to 
600 ◦C, and then every hour at this temperature, allowing us to track the 
transition from NiO to Ni-metal throughout the reduction process. 
Identical experiments were performed in half-cells to track the evolution 
of the electrolyte layer during reduction of the anode. 

2.3. Microstructural and structural characterisation 

The surfaces of the electrolytes were analysed using scanning elec-
tron microscopy (SEM, FEI Teneo). SEM images facilitated assessing 
grain size variations between the electrolyte and their sintered surfaces, 
aiding in identifying cracks or defects. From the analysis of around 500 
grains using ImageJ, we calculated grain sizes and form factors using 
lognormal statistics. Energy Dispersive X-ray Spectroscopy (EDS, Ame-
tek EDAX) analysis was performed to verify compositional variations in 
different grain formations. Ambient X-ray diffraction (XRD) patterns of 
the sintered electrolytes were acquired using a Bruker D8 Advanced 
diffractometer with CuKα radiation in the Bragg-Brentano configuration 
at room temperature. DIFFRAC. EVA and DIFFRACT. TOPAS software 
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from Bruker and the ICDD2022 database were used for phase identifi-
cation and structural parameter determination. The lattice parameter a 
of the BZY20-phase was refined using Le Bail analysis [33], which served 
to determine the amount of yttrium incorporated in the lattice (Yocc) via 
interpolation from literature data (Fig. S4 in the supplementary infor-
mation). Fig. S1 of the supplementary material shows how the lattice 
parameter tendency changes above 20 % of Yocc, which may be related 
to increasing Ba-loss, instead of going on linearly increasing since Y+3 

radii is slightly larger than Zr+4 one [34]. Quantitative-phase analysis 
was then performed using Rietveld refinement: the parameters to be 
fitted were 6-coefficient Chebychev background, sample displacement 
correction, lattice parameter, a Lorentzian broadening term describing 
crystallite size effects (L), a Gaussian broadening term describing 
microstrain (G) and scale parameters for Y2O3 (ICDD database, PDF # 
41–1105) and BaY2NiO5 (ICDD database, PDF # 81–1253). For 
BaZr0⋅8Y0.2O3-δ (ICDD database, PDF # 04-015-2511) the Zr and Y oc-
cupancies of the perovskite B-site were fixed using previously deter-
mined values for Yocc. 

2.4. Residual stress characterisation 

Macroscopic (type I) elastic residual stresses were evaluated using a 
diffractometer (D8 DISCOVER A25) equipped with a Eulerian cradle and 
an area detector (Väntec 500), where the half-cells were fixed to the 
sample stage using double-sided tape on the anode-side and the elec-
trolyte face was irradiated. The presence of this macroscopic stress re-
sults in a deformation of the crystal lattice (strain) that manifests as a 
variation in the interplanar spacings d compared to what would be found 
in the absence of stress (d0). This variation in d is observed as a 
displacement of the Bragg peaks, which occupy positions at 2θ instead of 
2θ0. The expression of the elastic strain can be obtained from the 
differentiated form of Bragg’s law assuming small variations of the 
interplanar spacing Δd (Eq. (1)). 

ε≈(d − d0)

d0
=

Δd
d0

≈ − cot θ0(θ − θ0) (1) 

As only elastic strain alters the mean lattice spacing, this method is 
sensitive only to elastic, long range macroscopic stresses [35]. The 
chosen plane for stress calculation was the (3 1 0) plane (equivalent 
2θ-angle 70.534⁰) due to its high angle and peak shift sensitivity [36, 
37]. It is important to note that this method probes the projection εψφ of 
the strain tensor εij along the scattering vector (Eq. (2)), which lies in the 
diffractometer plane and has direction given as nψφ = (sin ψ cos φ,
sin ψ sin φ, cos ψ) in the sample’s coordinate system, described by an 
azimuthal angle (φ) that indicates the rotation of the sample about its 
surface normal and a tilt angle (ψ) - in conventional Bragg-Brentano 
diffraction the scattering vector is perpendicular to the sample and 
thus ψ = 0. By determining the strain projections along different sample 
orientations, the full strain tensor can be estimated. 

Due to the small penetration of X-rays into the sample, the diffracted 
surface layer is thin enough that there are no normal or shear stresses in 
the diffracting volume (plane stress condition, σ33 = σ13 = σ31 = 0), 
and the stress tensor only has non-zero components σ11 and σ22. The 
strains were then correlated to stress components assuming an isotropic, 
homogeneous material (Eq. (3)). While the stress-free spacing d0 is 
generally unknown, it can be approximated by the lattice spacing 
measured at ψ = 0 (dφ0) since generally E>> (σ1 +σ2) [35]. 

In this study, XRD residual stress measurement was done through the 
sin2 ψ-method [36,38,39] that assumes plane stress at the sample sur-
face and is based on the linear relation between d and sin2 ψ given in 
equation (Eq. 3). Measurements were conducted by varying the tilt angle 
from 0⁰ to 60⁰ in increments of 10⁰ and determining the interplanar 
spacing dψφ, which was then plotted against sin2 ψ . Due to the sample 
geometry and since BZY possesses a cubic structure, the stress tensor is 
expected to be equibiaxial (σ12 = σ21 = 0) in the absence of texture, as 

was confirmed by performing the same measurements at three 
azimuthal angles (φ = 0∘,45∘,90∘). Taking these relations into account, 
the macroscopic strain projections were evaluated in a single exposure 
using the 2D detector [40] and the stresses calculated using known 
elastic constants for BZY20 are known: Young’s modulus E = 209 GPa 
and Poisson’s ratio ν = 0.248 at 20 ◦C [41]. 

εψφ = nψφ
[
εij
]

nψφ (2)  

εψφ =
dψφ − d0

d0
=

1 + ν
E

(
σ11 cos2 φ+ σ12 sin 2 φ+ σ22 sin2 φ

)
sin2 ψ −

2ν
E

σ11

(3)  

3. Results and discussion 

3.1. Structural characterisation and composition 

The sintering process plays an important role in the phase formation, 
densification and, subsequently, the electrical and mechanical proper-
ties of the electrolyte. 

Fig. 1 shows the XRD patterns of sintered electrolytes under various 
conditions of sintering temperature (1200, 1325 and 1400 ◦C) and 
soaking time (5 h and 10 h). The main reflections belong to the BZY20 as 
primary phase, along with additional minor reflections corresponding to 
BaY2NiO5 and Y2O3 as residual phases. Upon sintering at 1400 ◦C for 5 h 
only a small fraction (<1 wt%) of Y2O3 is observed. The results of 
Rietveld refinements of these diffraction patterns (examples in Figs. S2 
and S3 of the supplementary information, main results in Fig. 2, addi-
tional results in Table S1 reveal the robust BZY20 formation with min-
imal residual yttria at 1400 ◦C. Conversely, at temperatures below 
1400 ◦C, impurity phases are found in all samples. The presence of Y2O3 
and BaY2NiO5 alongside the dominant BZY20 phase may hold implica-
tions for future fuel cell performance [13,24,42]. 

The inclusion of NiO promotes the formation of BaY2NiO5, acting as 
a liquid phase that accelerates Zr diffusion, thereby reducing its re-
fractory nature. BaY2NiO5 tends to aggregate at grain boundaries in the 
final ceramic product [43]. However, the presence of BaY2NiO5 as a 

Fig. 1. XRD patterns of sintered electrolytes under different conditions:, (a) 
1400 ◦C 10h, (b) 1400 ◦C 5h, (c) 1325 ◦C 10h, (d) 1325 ◦C 5h, (e) 1200 ◦C 10h, 
(f) 1200 ◦C 5h. Sticks (|) indicate the 2θ positions of Bragg reflections for BZY20 
(ICDD database, PDF # 04-015-2511). Crosses (+) indicate the 2θ of XRD peaks 
of Y2O3 (ICDD database, PDF# 41–1105). Stars (☆) indicate the most signifi-
cant 2θ of XRD peaks of BaY2NiO5 according to (ICDD data-
base PDF#81–1253). 
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residue results in Ba-deficiency of the primary phase, influencing the 
incorporation of yttrium within the structure [14,22,43,44]. The rela-
tionship between impurity presence, Y-occupancy, and lattice parameter 
of BZY20-structure at various sintering conditions is shown in Figs. 2 
and 3. It is clear that, elevating the sintering temperature enhances 
yttrium occupancy within the BZY20-structure, subsequently leading to 
an increase in the lattice parameter [41]. The integration of the dopant is 
expected to have an influence on proton uptake as it creates vacancies 
[8,45]. Below 1400 ◦C, soaking time has no notable impact on reaction. 
In the case of reaction at 1400 ◦C, lower soaking times lead to higher 
Y-substitution (Fig. 3) and the absence of BaY2NiO5-phase (Fig. 2). 

3.2. Effect of sintering parameters on the microstructure 

Fig. 4 presents representative SEM images showcasing the surface of 
the sintered electrolyte at temperatures ranging from 1200 ◦C to 1400 ◦C 
for 5 and 10 h. With increasing temperature, grain growth becomes 
evident at 1325 ◦C, resulting in homogeneous grains sizes of 

approximately 1 μm in size for a sintering temperature of 1400 ◦C 
(Table 1). While the impact of soaking time on grain sizes appears less 
pronounced, elevating the sintering temperature is more effective in 
promoting grain growth [31]. At 1200 ◦C samples exhibit smaller, 
loosely connected grains. Increasing the sintering temperature, at 
1325 ◦C, the grain growth becomes more pronounced, and the grains are 
interconnected. However, the grains still exhibit relatively small size, 
which could result in non-favourable electrical conductivity properties 
due to a larger contribution of grain boundaries. At a sintering tem-
perature of 1400 ◦C the obtained grain size is the range 1–3 μm as re-
ported in existing literature [15,46,47]. Notably, there is no need to 
introduce additional NiO in the electrolyte precursor as the NiO 
diffusing from the anode proves sufficient for promoting densification 
[14]. Additionally, distinct and larger grains with different morphol-
ogies emerge, suggesting the presence of another phase, which was later 
identified as a (Ba,Y,Ni)Ox and confirmed through EDS to correspond to 
the BaY2NiO5 phase previously identified in XRD (Fig. 1). Such impu-
rities are typically observed in Y- and Ni-rich compositions as solidified 
transient-liquid residual phases [14,24,31]. The formation of impurities, 
especially Ni-rich areas, could lead to cracks and electronic leakage 
during NiO reduction to metallic Ni [24]. These secondary phases are 
less prevalent at higher temperatures, indicating the potential decom-
position and absorption of these phases into BZY grains [31]. However, 
for samples sintered at 1400 ◦C EDS analysis revealed the presence of a 
Y-rich phase, consistent with findings in other studies [22,43,44,47]. 
Consequently, this experimental setup yields three distinct sample 
groups, each characterized by a different sintering state, facilitating an 
investigation into the consequential effects on various material 
properties. 

3.3. Effects after H2-reduction of the half-cells 

After being heated to 600 ◦C for 6.5 h and exposed to a reducing 
atmosphere for 16 h, the electrolyte surfaces of the samples underwent 
microstructural and structural changes. Fig. 5 shows the XRD patterns of 
reduced electrolytes after sintering. These diffraction patterns exhibit 
reflections from the BZY20 primary phase (ICDD database, PDF #04- 
015-2511), along with additional minor reflections corresponding to 
secondary phases: Ni-metal (ICDD database, PDF #04–0850), ZrO2 
(ICDD database, PDF #00-037-1484), BaY2NiO5 (ICDD database, PDF 
#81–1253), and Y2O3 (ICDD database, PDF #41–1105). Fig. 6 shows the 
results of the phase quantification of XRD data, and Table S2 summa-
rizes the refined parameters from Rietveld analysis. As previously 
observed, different percentages of residual secondary phases appear at 
lower reaction temperatures. 

Fig. 7 shows SEM micrographs post-reduction, to be compared to 
Fig. 4. For samples sintered at 1400 ◦C and 1325 ◦C for 10 h, no sub-
stantial surface changes were observed. However, small particles with 
bright contrast emerged on the surfaces of the rest of the samples, which 
could be identified as metallic Ni, confirming the XRD observations. 

The presence of Ni-metal phase on less dense electrolyte surfaces 
implies the possible decomposition of the pre-existing BaY2NiO5 phase, 
resulting in the production of Ni, Y2O3, and Ba(OH)2 [42]. This may 
affect the fuel-cell performance [13,41]. These results suggest that the 
BaY2NiO5 phase exhibits a transient nature, a conclusion that aligns with 
findings reported by J. Tong et al. [14], Y. Huang et al. [31], D. Han et al. 
[42] and W. Deibert et al. [24]. The reduction temperature employed 
(600 ◦C) is higher than the Tamman temperature of Ni (581 ◦C) [15], 
enhancing Ni diffusion. Additionally, Ni-rich areas in the electrolyte 
could potentially cause cracks and electronic leakage [24]. The coexis-
tence of Ni-phase, residual ZrO2 phase, and Y2O3 observed in XRD 
patterns (Fig. 5) suggest a phenomenon of Ba-loss in the structure of 
these perovskites. 

Fig. 2. Quantitative phase analysis from Rietveld analysis (Deep blue: BZY20, 
Aqua: BaY2NiO5, Gold: Y2O3) along crosses ( × ) that indicate the Yttrium- 
occupancy (Yocc) in BZY20 structure. Yocc was calculated from the refined lat-
tice parameters by interpolation of literature data. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 3. Variation of the lattice parameter and yttrium occupancy of BZY20 at 
different sintering conditions. Full-square (■) represents the samples that were 
sintered for 10 h and the blank-square (□) represents the samples that were 
sintered for 5 h, both with a heating/cooling rate of 10 ◦C⋅min− 1. 
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3.4. Residual stress analysis 

Considering SEM and XRD findings on the electrolyte side, selecting 
a sintering temperature of 1400 ◦C appears prudent for cell fabrication, 
as it yields proper densification and grain growth of the BZY20 phase 
without residual phases. However, even with material selection aimed at 
minimizing thermal mismatch, NiO and Ni’s higher thermal expansion 
coefficients compared to the electrolyte-doped perovskite still induce 
compression on the electrolyte upon cooling [24,25,48]. For this reason, 
residual stress measurements were performed on the electrolyte side 
before and after reduction in a specifically designed diffractometer. The 
electrolyte layer is about 30 μm (as measured by SEM analysis of a 
cross-sectioned sample as shown in Fig. S4), which is thick enough to 
ensure only radiation diffracted at the electrolyte layer reaches the XRD 
detector. The much larger thickness of the anode (~1.3–1.5 mm) vs the 
electrolyte (~30 μm) implies that the substrate can be considered 
semi-infinite for our discussion on residual stresses. 

Fig. 8 shows the correlation between residual stresses and sintering 
temperature. This correlation is shown as a peak shift towards higher 
angles (2θ) with an increasing tilt angle ψ for the sample sintered at 
1400 ◦C compared to the one sintered at 1200 ◦C (Fig. 8 (b)). In Fig. 8 
(c), the linear regression of strain variation across measured tilt angles is 
displayed. The sample sintered at 1400 ◦C for 10 h exhibits greater 
variation compared to the same sample after reduction, and the sample 
sintered at 1200 ◦C for 5 h, which presents smaller variations. Using this 
fitting and equation (Eq. 3), the residual stresses for each sample are 
calculated and represented in Fig. 8 (d). As sintering temperature in-
creases, so does stress, an observation that is consistent with increasing 
densification of the electrolyte (Fig. 4). The measured residual stresses 
remain relatively stable after the reduction process, except for the 

sample sintered at 1400 ◦C for 10 h, which initially exhibited the highest 
compressive stress. However, this stress decreased after the reduction 
process (Fig. 8 (d)). It is important to note that this value is an average of 
three measurements obtained from different points on the sample sur-
face. The stresses measured at different and distant points on the surface 
did not vary significantly in magnitude, so the electrolyte surface ap-
pears to exhibit a homogeneous distribution of stresses. 

According to the results obtained from XRD analysis, the samples 

Fig. 4. SEM images of sintered BZY20 electrolyte surface under different sintering conditions. The microstructure of the samples differs from the grain formation, 
grain sizes, and presence of different phases at 1200 ◦C. Larger and more homogeneous grains appear at sintering temperatures of 1400 ◦C. 

Table 1 
Morphological parameters of BZY20 sample Surface: grain size (d) and form 
factor (F). Grain formation is not enough in samples sintered below 1325 ◦C.  

Sample compound Sintering conditions d (μm) F 

BaZr0.8Y0.2O3-δ 1400 ◦C 10h 1.2(6) 0.74(7)
BaZr0.8Y0.2O3-δ 1400 ◦C 5h 1.3(1.2) 0.73(7)
BaZr0.8Y0.2O3-δ 1325 ◦C 10h 0.5(3) 0.8(1)
BaZr0.8Y0.2O3-δ 1325 ◦C 5h 0.3(1) 0.75(8)

Fig. 5. XRD patterns of sintered and reduced electrolytes under different 
conditions: (a) 1400 ◦C 10h, (b) 1400 ◦C 5h, (c) 1325 ◦C 10h, (d) 1325 ◦C 5h, 
(e) 1200 ◦C 10h, (f) 1200 ◦C 5h. Sticks (|) indicate the 2θ of XRD peaks of 
BZY20 according to PDF 04-015-2511. Crosses (+) indicate the 2θ of XRD peaks 
of Y2O3 according to PDF 41–1105. Stars (☆) indicate the most significant 2θ of 
XRD peaks of BaY2NiO5 according to PDF 81–1253. Triangles (▴) indicate the 
most significant 2θ of XRD peaks of Ni according to PDF 04–0850. Inverted 
triangles (▾) indicate the most significant 2θ of XRD peaks of ZrO2 according to 
PDF 00-037-1484. 
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exhibit greater yttrium integration into the structure and fewer residual 
phases at 1400 ◦C for 5 h. This favours the conductivity properties of the 
electrolytes. However, achieving a dense and thin electrolyte layer at 
higher sintering temperatures, as seen in the SEM images for samples 
sintered at 1400 ◦C, comes with the trade-off of generating higher re-
sidual stresses in this layer due to differences in the thermal expansion 
coefficient of the materials in contact and increased densification. 
Although these residual stresses are mitigated when the anode is 
reduced, they persist at a significant level in samples sintered at higher 
temperatures. Notably, these compressive stresses should prevent me-
chanical failure in the electrolyte [24], but they result in a tensile stress 
on the anode, potentially leading to delamination. The relaxation of 
stresses shown in Fig. 8 (d) can cause cracks and defects that worsen 

with thermal cycling. The presence of stresses in the electrolyte un-
derscores the importance of achieving a good match between the con-
tacting components for the long-term durability of the cell [27–29]. 
While these stresses may not have catastrophic implications at labora-
tory scale, their impact may be substantial in larger industrial-scale fuel 
cell stacks. 

4. Conclusion 

Sintering at higher temperatures (1400 ◦C) with shorter soaking 
times is a promising approach for obtaining well-formed BZY20 elec-
trolyte layers with larger grain sizes that enhance the mechanical and 
electrical properties of the electrolyte for improved fuel cell 
performance. 

There are however challenges, including the presence of impurities 
such as Y2O3 and BaY2NiO5, particularly at lower sintering tempera-
tures, which can negatively affect fuel cell performance and long-term 
stability. Addressing this issue requires minimizing impurity formation 
and optimising the anode reduction process to prevent Ni-rich areas that 
could lead to cracks and electronic leakage. Additionally, residual 
stresses resulting from thermal mismatch between the anode and elec-
trolyte can impact cell durability. While compressive stresses on the 
electrolyte’s surface may offer some mechanical stability benefits, they 
can lead to tensional stresses on the anode, causing defects as it has been 
previously seen. Thus, careful consideration of material compatibility 
and sintering conditions is essential to ensure an adequate stress dis-
tribution across fuel cell components. The objective of establishing a 
correlation between six different sintering points with the structural 
formation of a BZY20-based electrolyte layer and residual stresses is 
achieved, emphasizing the measurement of these stresses and their 
importance for future studies. Overall, this research provides valuable 
insights into fabricating BZY20 electrolytes for anode-supported PCFCs 
facilitating further optimization of the sintering process and materials 
integration steps to enhance overall performance and long-term 
stability. 

Fig. 6. Rietveld quantification of the present phases (Deep blue: BZY20, Aqua: 
BaY2NiO5, Gold: Y2O3, Green: Ni, and Orange: ZrO2) along crosses ( × ) that 
indicate the Yttrium-occupancy (Yocc) in BZY20 structure. Yocc was calculated 
from the refined lattice parameters by interpolation of literature data. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 7. SEM images of sintered and reduced BZY20 electrolyte surface under different sintering conditions. The microstructure of the samples differs from the grain 
formation, grain sizes, and presence of different phases. Bright small particles of Ni appeared at 1200 ◦C and 1325 ◦C. Larger and more homogeneous grains appear at 
sintering temperatures of 1400 ◦C. 
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