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The chemical compatibility of thin electrolyte layers and their support materials at high temperatures is crucial
for the performance in solid oxide cells and membranes. This work describes the chemical interaction between
the electrolyte material, BaCeg 2Zr¢ 7Y0.103 + 0.5 wt% NiO (BCZY), and structural ceramics AlaO3, 8 mol% yttria
stabilized zirconia (8YSZ), TiO,, CeO2 and MgO during sintering. 1:1 wt% powder mixtures of the electrolyte
material and structural ceramics were annealed at 1500 °C for 5 h, with the phase composition being determined
through XRD analysis at room temperature. Subsequently, the material interaction between BCZY films deposited
on the most promising structural ceramic MgO was investigated by SEM and EDS. In particular, the complex
sintering requirements to form single-phase BCZY electrolyte layers is troubled upon coating and sintering BCZY
on MgO. Hereby, the diffusion of NiO into the MgO support leads to a deficiency of NiO in the BCZY layer,
making the solution and precipitation mechanism required to form the perovskitic phase unable to occur. In
extreme scenarios, the electrolyte layer depletion of NiO can even cause the decomposition of a single-phase

Barium Zirconates
Interdiffusion

BCZY into BaZrOg, Ce-Y fluorite and a BCZY perovskite phase of undefined composition.

1. Introduction

Co-electrolysis is a new and very efficient way of producing synthetic
fuels, such as methane or methanol, from CO; and water, thereby
enabling combustion engines to run on such fuels in a climate neutral
manner. Furthermore, the fuels can be used as long-term energy storage
system, which could help compensate the fluctuations of wind and solar
energy. If fed into the gas grid, they can be converted back into elec-
tricity in gas power plants as needed.

The prices of synthetic fuels, produced by methanol or Fischer-
Tropsch synthesis, of around 20 ct/kW and the related high invest-
ment costs are, however, still high [1]. A scalable technology with a
large potential for the reduction of production and investment costs are
electrochemical ceramic membrane reactors using a H™ and 0% con-
ducting co-ionic ceramic conductor [2],[3]. These electrochemical
co-electrolysis cells contain a dense, thin (< 20 um) ceramic electrolyte
supported by a porous substrate. The most researched co-ionic con-
ducting electrolyte material is the BaCe;_x.yZrxYyO3 system [4-13] of
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which the composition BaCeq 2Zr( 7Yo.103 (BCZY) shows excellent sta-
bility [5-10] and proton conductivity [5,6] in the envisaged environ-
ment (carbon containing and reducing atmospheres). In addition to the
BCZY, 0.5 wt% NiO acting as sintering aid is necessary to densify the
electrolyte layer during sintering [11,14,15]. According to [16], Ni
oxide is required to form a (Ba,Ni,Y)Oy liquid phase, which has a solu-
bility for Zr** and Ce** cations and thus leads to the formation of BCZY
single phase crystals via a solution precipitation mechanism.

For a high performance, a thin (< 20 pm) BCZY electrolyte is used.
Usually this layer is supported by a porous BCZY-NiO cermet to ensure
the mechanical stability of the electrochemical cell [17-20]. Although
NiO has a positive effect in terms of catalytic reactions, there are also
negative effects such as toxicity, the difference in thermal expansion
coefficient compared to BCZY [21,22], and the formation of BaY3;NiOs
[23]. During the synthesis of methane or methanol, steam will be pre-
sent, making the coefficient of thermal expansion in the range between
25-350 °C and 400-600 °C, respectively 9.610° K'and 8.1010° K
[24] relevant for application. Therefore, low cost and non-toxic
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Table 1
Powder sample nomenclature.
Abbreviation Nomenclature Description
NC Non-calcined Basic raw materials 24 h ball milled, dried
and sieved
PC Pre-calcined Non-calcined powder mixture pre-calcined
at 1100 °C, 5 h in air
PC-NiO Pre-calcined with pre-calcined powder, 0.5 wt% of NiO
0.5 wt% NiO added followed by additional ball milling,
drying and sieving
FC Fully calcined Pre-calcined powder including 0.5 wt%

NiO mixture calcined at 1500 °C, 5 h in air,
ball milled, sieved

structural ceramic can act as support for a BCZY electrolyte, with new
production technologies, such as additive manufacturing easing the
incorporation of the electron conductor and catalyst [25]. By multi
material 3D printing processes, the active electrodes and the in contact
electrolyte could be print in one-step together with the support [26,27],
making -the up to date- needed conductivity of the nickel obsolete,
lowering material costs. Therefore, this study focuses on the screening of
support materials, that are compatible with a thin BCZY electrolyte in
terms of manufacturability and chemical compatibility. Inexpensive,
commercially available structural ceramics such as AloO3, 8 mol% yttria
stabilized zirconia, TiO,, CeO3 and MgO were screened as support ma-
terial on their interaction with BCZY.

2. Experimental
2.1. Powder preparation

BCZY perovskite powder was made by a solid-state reaction. The
synthesis can be divided in three steps succeeding each other. First the
Barium carbonate, Cerium(IV)oxide Zirconium(IV)oxide and Yttrium
(IlDoxide (all Sigmar Aldrich, Germany) were mixed in the stoichio-
metric ratio corresponding to BaCeq 2Zr(7Yo.103. The powder mixture
was ball milled for 24 h alongside ethanol and 5 mm zirconium balls.
The suspension was subsequently dried and sieved through a 500 pm
mesh to obtain the non-calcined BCZY (NC powder) powder mixture.

In the second step, this powder was pre-calcined at 1100 °C for 5h in
air with a heating and cooling rate of 5 K/min inside a covered ZrO,
crucible. Towards the pre-calcined powder 0.5 wt% of NiO was added
and the powder mixture ball milled, using the same procedure as
described above. The dried powder was sieved through a 250 ym mesh
to acquire the pre-calcined powder of BaCe 2Zrp 7Y 103 + 0.5 wt% NiO
(PC-NiO powder).

The third and final step of the solid state reaction of BCZY was car-
ried out by a second calcination step at 1500 °C in air for 5 h, which
reflects the sintering parameters for electrolytes from pre-calcined BCZY
doped with NiO [11,28]. The fully calcined powder (FC powder) was
ball milled with the procedure, described above. The nomenclature of
the different powder synthesis steps is summarised in Table 1.

2.2. Sample preparation

For interdiffusion experiments, PC-NiO powder was mixed in a 1:1
ratio with the screened structural ceramic powders by the use of a
tumble blender. Samples for interdiffusion studies were manufactured
from the dried powder mixtures by dry pressing at 150 MPa in the di-
mensions of 20 mm diameter and 1 to 1,5 mm height.

Specimens for dilatometry were likewise produced by dry pressing at
150 MPa in the dimensions of 8 mm diameter and 5 to 8 mm height.

Two layered specimens for interdiffusion experiments were manu-
factured by screen-printing a PC-NiO powder containing layer onto a dry
pressed and sintered disc. The discs from the structural ceramic, pre-
pared as described above, were sintered at 1500 °C for 5 h. Afterwards

2763

Table 2
Studied support materials.
Purity CAS- Distributer
[%] Number
TiO2 > 99 13464-67- VWR Chemicals,
7 Germany
Al203 99,78 1344-28-1 Wester Mineralien,
Germany
Ce02 99.9 1306-38-3 Sigma-Aldrich,
Germany
8YSZ > 99.75 114168- TOSOH, Japan
Yttria (8 mol%) stabilised 16-0
zirconia
MgO >99 1309-48-4 Sigma-Aldrich,
Germany
Table 3

The djo, dso, doo and surface area of the non-calcined, pre-calcined and fully
calcined BCZY powder.

Powder dqo (um) dso (um) dgo (um) Surface Area (mz/g)
NC 0.52 0.75 1.07 3.45
PC-NiO 0.48 0.65 0.89 5.35
FC 0.49 0.71 1.05 1.21

the disc surface was polished to mirror finish. PC-NiO powder was mixed
and in a 1:1 ratio with a mixture of terpineol (94%) and ethyl cellulose
(6%) and homogenised in a three-roll mill. The paste was applied to the
fully sintered discs of MgO and 8YSZ by screen-printing, using a screen
with a mesh size of 175 ym and dried at 80 °C for 3 h. The screen-printed
PC-NiO layer was sintered at 1500 °C in air for 5 h with a heating and
cooling rate of 5 K/min.

2.3. Characterisation

Phase content of the powders and pellets was examined by X-ray
diffraction (XRD) at room temperature, using a D4 Endeavor (Bruker
AXS). Chemical composition of the different powders was verified by
inductively coupled plasma optical emission spectroscopy. The powders
were characterised for their specific surface area by nitrogen adsorption
and particle size distribution by laser granulometry using an AreaMeter
(Strohlein) and a Horiba LA-950V2, respectively.

Samples to be investigated by SEM were embedded at 300 mbar in
epoxy resin and subsequently polished to mirror finish. These cross-
sections were investigated with a Zeiss Ultra 55 SEM equipped with a
X-Mac (80 mm?) EDS-detector, by Oxford Instruments.

Differential thermal analysis coupled with mass spectrometry was
performed using a Netzsch F1 Jupiter. The measurement range was from
room temperature to 1500 °C with a dwell time of 30 min and a heating
and cooling rate of 10 K/min. For the measurement synthetic air was
used.

Sintering behaviour of non-calcined (NC), pre-calcined (PC) with
and without NiO and fully calcined (FC) powders was studies on dry
pressed 8 mm cylindrical pellets using a Netzsch dilatometer 402E.

2.4. Structural ceramic powders

The structural ceramic powders to study their compatibility with FC
BCZY powder are listed in Table 2.

3. Results and discussion
3.1. Powder characterisation

NC (non-calcined), PC-NiO (pre-calcined) and FC (fully calcined)
BCZY powders, were characterised by particle size analysis, BET
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Table 4
Stoichiometry of cations and weight percentage of NiO, together with the rela-
tive error margin.

Powder Ba (Mol) Ce (Mol) Zr (Mol) Y (Mol) Ni (wt%)

PC-NiO 1.01 + 0.2 +1.8% 0.68 + 0.1 + 0.47 £
1.8% 2.1% 2.1% 1.9%

FC 1.01 + 0.21 + 0.68 + 0.1+ 0.39 +
1.4% 1.7% 1.8% 1.9% 1.6%

measurements, chemical analysis (ICP-OES), x-ray diffraction and dila-
tometry. The d;0, dsp and dgg of the powders, obtained from the particle
size analysis together with their respective surface area, obtained
through BET is shown in Table 3. A ZrO; crucible was used to calcine the
powders. An interdiffusion zone was found in the contact area between
the crucible and the powder. However, due to the small contact area
compared to the powder volume, no detectable effects on the chemical
composition were found. The envisaged stoichiometry is confirmed
through ICP-OES and proven be within the + 3 wt% margin of mea-
surement accuracy, as shown in Table 4. It can be seen that the amount
of NiO in the powder is lower after annealing, which might be due to
NiO diffusing into the sintering crucible made from ZrO,.

PC and FC powders were subjected to X-ray diffraction, with the
obtained XRD powder patterns being depicted in Fig. 1. The XRD dif-
fractogram of the, PC powder shows the formation of two perovskite
phases BaZrO3 and Ba(Ce,Y)Og3 as well as a fluorite phase (Ce,Zr)O2. The
unassigned peak at a 20 angle of 24°, corresponds to the most dominant
peak of BaCOs. It is likely that the BaCOs, thereby indicates a non-
complete conversion BaCO3 during the pre-calcination.

The diffractogram of the FC powder, fully calcined at 1500 °C, shows
that a single-phase perovskite is formed. The signals of this perovskite
phase match the BCZY signals observed by Babiniec et al. [29]. The XRD
data, alongside the stoichiometry, calculated from the chemical anal-
ysis, indicates that the fully calcined BCZY powder is indeed the inten-
ded pure phase BCZY.

Proton conducting cells require a dense and gas-tight membrane,
where in the case of BCZY, a high sintering activity is required. For
manufacturing of cells by co-firing, the sintering activity of the elec-
trolyte determines the required sintering temperature of both electrolyte
and support. Therefore, the sintering behaviour of the NC, PC, PC-NiO
and FC powders was characterised by dilatometry. The linear
shrinkage profile of the different powders, together with a PC powder in
which no NiO was added, to make the influence of the NiO as sintering
aid visible, are depicted in Fig. 2.

The NC powder shows a significantly different curve compared to the
FC and PC powders, with an expansion due to the decomposition of
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residual BaCO3 and the individual oxides alongside with the formation
of new phases, occurring before shrinking in the temperature range of
1000 °C to 1500 °C. This decomposition of BaCOs is not observed for
PC-NiO and FC powders. However, the formation of the perovskite
phase is not completed by the pre-calcination, as seen from the differ-
ence in the PC and FC powder, Fig. 1.

Furthermore, the addition of NiO to PC powders leads to a strong
increase in sintering activity from 1100 °C onwards, which is evident in
the sintering shrinkage of 17.6%. The abrupt shrinkage starts at around
1100 °C, and is attributed to the formation of an eutectic of BaO and NiO
at 1125 °C. ZrO,, Y203 and CeO; react at increasing temperature with
the Barium from the liquid phase and form the BCZY perovskite phase,
with NiO remaining as the second phase [12,30]. The PC powder
without NiO only shows a linear shrinkage of 5.7%. Additionally, the
pure phase FC powder, which already contains NiO, shows almost no
sintering behaviour, with only a shrinkage of 1.6%. The formation of the
(Ba,Ni)Oy liquid phase required for sintering appears not to take place
with NiO in single-phase BCZY due to the missing free BaO and a suf-
ficiently thermodynamic stability of the BCZY at these temperature.

The use of PC-NiO enables the production of gas-tight electrolytes in
contrast to the other processed powders. For this reason, the investiga-
tion of the interactions with structural ceramics was conducted using
PC-NiO powder.
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Fig. 2. Dilatometry measurements on non-calcined (NC), pre-calcined (PC)
with and without NiO, fully calcined PC-NiO (FC) powder, sintered up to
1500 °C with a heating rate of 5 °C/min and hereafter a dwell time of 5 h.
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Fig. 1. The XRD diffractogram of pre-calcined (PC) and fully calcined (FC) BCZY powder.
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Fig. 3. Pressed pellets of ceramic and BCZY in a 1:1 wt ratio after sintering at 1500 °C for 5 h, PC-NiO and A) TiO,, B) Al;03, C) CeO, D) 8YSZ and E) MgO.
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Fig. 5. The XRD diffractogram of the mixed PC-NiO powder with A) CeO, and
B) 8YSZ and with C) with the reference signals of the single phase BCZY.

28 (°)
Al,03 mixture, single phase BCZY and pure Al;O3.

3.2. Interaction in powder mixtures

Chemical interactions between electrolyte PC-NiO was in a first step
screened by dry pressed pellets from a 1:1 wt ratio powder mixture
containing the respective structural ceramic material and PC-NiO
powder, as described in the experimental section.

The sintering of the BCZY — TiO2 mixture results in the formation of a
liquid phase during the sintering process Fig. 3A) and excludes TiO; as
potential support material.

The XRD diffractogram of the PC-NiO - Al;03 mixture is depicted in
Fig. 4, alongside the XRD powder pattern of the single-phase Al,O3
(sintered AlyOs3 pellet under identical conditions) and phase pure FC
powder. The obtained data shows the formation of multiple new phases
upon sintering, with the spinel phase of BaAly04 being the most domi-
nant one. These phases, however, were not identified in the XRD dif-
fractogram of the PC-NiO powder — Al;03 powder mixture due to the
large quantity of phases present. Nevertheless, due to the formation of
these additional phases, Al,O3 was also excluded as support candidate
material.

The XRD diffractogram of the PC-NiO powder - CeO, mixture
depicted in Fig. 5A, shows the formation of two crystalline phases, one
originating from a BCZY perovskite phase and the other from CeOa.
However, the observed perovskite signal is shifted towards lower 26
angles, due to the incorporation of cerium atoms from CeO; into the
lattice of BCZY [4,7]. Additionally, the broadening of the perovskite
signals indicates the presence of multiple perovskite phases with stoi-
chiometry deviating from BaCeg 2Zrg ;Y0 103. A possible increase of
cerium cations on the B-site of BCZY could improve the proton con-
ductivity [11], but will decrease the chemical stability in CO and CO»
containing atmospheres due to the formation of barium carbonates [31,

2765



F. Schulze-Kiippers et al.

A) ——PC-NiO - MgO - 5h
s A BaCeq2Zr97Y0.103[29]
A BCZY
* (Ce,Y)O,
B BaZrO;
3: b . ® Mgo
= 2 aa
> i : 4 i
= 4 x * <. N e AR
g T T T T T T
% B) A —— PC-NiO - MgO - 12h
- - A BaCe ,Zry7Y( 103 [29]
A Bczy
® Mgo
A 4
A
7N ° ° - A
A ) : ILL Jk x Aot
T T T T T T
10 20 30 40 50 60 70 80

Fig. 6. The XRD diffractogram of the PC-NiO — MgO powder mixture after
sintering at 1500 °C for A) 5h and B) 12h with the single phase BCZY
as reference.

32]. In operation, the chemical stability of the electrolyte is considered
more important than a potential increase in proton conductivity, making
CeO3 not suitable as support material in this application.

The XRD diffractogram of the PC-NiO — 8YSZ mixture, together with
single phase BCZY as reference is depicted in Fig. 5 (B and C). Three
main phases can be observed, a BCZY perovskite phase, a ZrO, phase
containing yttrium and a cubic (Y,Ce)O; fluorite phase. The perovskite
phase shows a shift towards higher 20 angles compared to the single-
phase FC material, indicating an increase in zirconia content on the B-
site of the crystal lattice [7]. However, no peak broadening is observed,
indicating a single perovskite phase. At the same time, the other B-site
cations, cerium and yttrium, are detected in a fluorite phase. A potential
increase in zircon on the B-site may result in enhanced chemical stability
and a decrease in proton conductivity. Given the preference of higher
stability over proton conductivity in application, 8YSZ might be inter-
esting as a support material, but is not further analysed here. The effects
of the (Y, Ce)O3 and (Y, Zr)O, fluorite phase on proton conductivity and
chemical stability should be investigated in further studies.

The last screened structural ceramic support material was MgO.
Similar to the PC-NiO powder — 8YSZ sample (Fig. 5B), an unintended
(Ce,Y)O, was observed, when using a dwell time of 5 h (see Fig. 6A).
Increasing the dwell time to 12 h leads to the perovskite BCZY and the
MgO phase. The observed peak positions match well to those of the

o}
>
S
>
N
O
[a1]
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references, with no shift in the signal observed in either direction.
Nevertheless, a minimal peak broadening was observed in comparison
with the pure phase FC powder, which might be caused by a composi-
tional inhomogeneity or a microstructural effect. The obtained XRD
diffractogram alongside the BCZY reference signal can be seen in Fig. 6B.
Although no formation of a third phase after a dwell time of 12 h can be
seen. However, the (Ba,Ni,Y)Oy liquid phase might precipitate towards
the pellet bottom, creating a concentration profile across the sample
height. This might lead to different BCZY compositions within a sample.

The interdiffusion studies on powder mixtures via XRD analysis
indicate minimal interactions between PC-NiO powder with MgO. To
verify the BCZY-MgO system for possible application, the interface be-
tween the two materials was investigated more in detail on two layered
samples.

3.3. Interdiffusion between BCZY and MgO

The BCZY - MgO interface was studied on polished cross sections of
screen-printed and for 5 h sintered layers from PC-NiO on already sin-
tered MgO discs, as described in the experimental section. The obtained
layered system was characterised by x-ray diffraction, scanning electron
microscopy and energy-dispersive X-ray spectroscopy.

The SEM images of the BCZY — MgO cross section shows no reaction
zone and no signs of interdiffusion. However, likewise the powder
mixture (see Fig. 6A), the presence of a BaZrOs phase, and an additional
(Ce,Y) rich fluorite phase beside the BCZY and MgO phases were
observed by X-ray diffraction as shown in Fig. 9A. The BCZY and the
BaZrO3 phases cannot be separated from each other based on the BSE
SEM images. Therefore, the cross section was subjected to EDS analysis.
The investigated locations, together with the elements detected in these
locations are depicted in Fig. 7.

The EDS analysis of the BCZY-MgO cross section shows a non-
uniform distribution of yttrium, which is detected in location 1, but
not in location 2. Nickel, used as sintering aid, was not detected in the
BCZY layer, whereas it is detected in the MgO layer after sintering,
indicating the diffusion of NiO into the MgO layer. No diffusion of MgO
into the BCZY layer occurred. The phase composition of the PC-NiO
layer is revealed clearly by an EDS mapping on a cross section
(Fig. 8). The cross section shows a non-uniform distribution of Yttrium
and Cerium. Overlapping of the cerium and yttrium rich regions can be
seen in Fig. 8D, indicating the Ce-Y fluorite phase observed by XRD
(Fig. 9 A).

The secondary phases present are not necessarily the result of an
insufficient calcination time for the PC-NiO layer. The same observation
of the formation of the different phases can be made on layers prepared

Elements 1 2 3 4
Ba v | Vv =

Ce v |V

7r v | Vv -

Y v

o I L | L | &
Mg Z |

Fig. 7. SEM image (BSE=Back Scattered Electrons) and qualitative EDS analysis on screen-printed BCZY layer from PC-NiO powder on a MgO support after sintering
at 1500 °C for 5 h in air, with the elements detected in each investigated location presented in table form.
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Fig. 8. EDS elements distribution of Ce and Y in the screen-print BCZY layer from PC-NiO powder on an MgO support after sintering at 1500 °C for 5 h, with A) BSE

image, B) the cerium, C) the yttrium and D) the cerium and yttrium mapping.
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Fig. 9. The XRD diffractogram of BCZY layer from A) PC-NiO powder on MgO,
B) FC layer on MgO and C) FC layer on NiO after sintering at 1500 °C for 12 h.

from FC powder on MgO using a dwell time of 5 h. In this case, the
formerly single-phase perovskite BCZY decomposes into the Ce-Y fluo-
rite phase, BaZrO3 and a BCZY phase of indefinite stoichiometry (Fig. 9
B). In contrast to this, sintering layers from PC-NiO powder on a NiO
substrate instead of MgO, only the NiO and the single-phase BCZY
perovskite phase can be detected in XRD at room temperature (Fig. 9 C).
This indicates the central role of NiO for the preparation and chemical
stability of single-phase BCZY layers.

3.4. Discussion for BCZY formation and decomposition on MgO

The decomposition of formerly single perovskite FC powder was
explained by Ba-oxide (BaO) evaporation at sintering temperatures
> 1500 °C [33,34]. This loss of Ba leads to a deficiency of A-site cations,
resulting in the formation of the thermodynamically favoured BaZrO3
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structure [12] and the formation of B-site cation rich secondary phases
[34]. The possibility of BaO evaporation was investigated by DTA/TG
coupled with mass spectrometry up to 1500 °C with 30 min dwell time
in air using PC-NiO powder, as well as a 1:1 wt mixture of PC-NiO
powder and MgO. The mass loss of about 0.8% was observed for
PC-NiO powder during heating up to 850 °C, which can be attributed to
the desorption of water and CO2. Above 850 °C and during the dwell
time at 1500 °C the mass of the sample remained constant. The mixture
of PC-NiO powder and MgO showed likewise no measurable change in
mass during the dwell time. During the heating process a mass loss of
0.9% was observed. In addition to the reasons, mentioned above, the
mass loss is due to the decomposition of magnesium hydroxide Mg(OH),
from the raw material and the associated release of OH ions and H,O. Ba
could not be detected in any of the measurements, but this does not
completely exclude evaporation during extended dwell times.

Since BaO evaporation is unlikely, another reason for the BCZY phase
decomposition can be found in the phase-stabilising role of NiO and its
diffusion into the MgO. The NiO migration was verified on the screen-
printed PC-NiO layer on a NiO support, which result in a single-phase
BCZY layer, as shown in Fig. 9C. Unlike on MgO, there is no driving
force for the NiO added to the PC powder to diffuse from the electrolyte
layer into the MgO support. As a result, the screen-printed PC-NiO
powder layer showed only the single perovskite phase after sintering.
The observed Ni depletion of the PC-NiO and FC powder layers on MgO
while sintering is caused by the formation of an Ni,Mg_x)O solid so-
lution. During calcination in air, a Ni/MgO mixture forms in the tem-
perature range between 400 and 1000 °C as reported by [35].
Nevertheless, according to [12,16] and [30], Ni oxide is required for the
formation of the BCZY perovskite phase via a (Ba,Ni)Oy and (Ba,Ni,Y)Ox
liquid phase from 1125 °C onwards. This liquid phase has a solubility for
Zr** and Ce*" cations and thus leads to the formation of BCZY single
phase crystals via a solution precipitation mechanism [16,30]. In par-
allel Y203 seems to form a liquid mixed phase with BaO-NiO at around
1450 °C [16,34]. ZrO,, and CeO; react at increasing temperature with
the Barium and Yttrium from the liquid phase and form the BCZY
perovskite phase, with the liquid phase becoming increasingly NiO-rich
until solidification at 1600 °C (for BaO-NiO system) [30]. Due to the Ni
depletion resulting from the formation of the NixMg(; _x)O solid solution,
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T > 1100 °C: molten (Ba,Ni)O,
T > 1450 °C: molten (Ba,Ni,Y)O,

1500°C, 5h
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Fig. 10. Schematics of the phase content while sintering from 1100 °C onwards (left) and after sintering (right) at 1500 °C, 5 h for PC-NiO on MgO.

(adapted from [16]).

a liquid phase can no longer be formed at the interface between PC-NiO
and Mgo. Furthermore, the formation of a solid NiyMg(;_x)O solution
leads to a concentration gradient of NiO across the PC-NiO layer height.
The resulting incongruent melting and precipitation due to NiO deple-
tion leads to a change in the phase composition of the sintered layer
compared to the initial powder.

While the initial PC-NiO powder also contains a Ba(Ce,Y)Os and a
(Ce,Zr)Og phase (see Fig. 1) beside the BaZrO3 phase, the phase content
changes during sintering. The secondary phase formation of BaZrO3 and
(Ce,Y)Oy is a result of the NiO depletion from PC-NiO during sintering
on MgO. Reason is the incongruent precipitation of Ba from the (Ba,Ni)
Ox liquid phase from 1125 °C, and respectively Ba and Y from the (Ba,Ni,
Y)Ox liquid phase from 1450 °C onwards. Therefore, the sintered PC-
NiO layers contains the new phases BaZrOs, (Ce,Y)Os and a Zr-rich
BCZY phase of unknown stoichiometry (Fig. 9A), as schematically
illustrated in (Fig. 10).

Nevertheless, the phase composition of sintered layers from single-
phase FC powder is likewise influenced by NiO depletion during sin-
tering on MgO. After sintering at 1500 °C for 5 h, these layers show the
same phase composition as the sintered layers, made from PC-NiO on
MgO (Fig. 9A). However, the mechanism of formation must be different.
The decomposition of the single-phase BCZY can only be explained by a
stabilising effect of NiO on the BCZY perovskite single phase. Appar-
ently, the NiO depletion of the FC layer by diffusion into MgO while
sintering destabilises the single phase BCZY. The loss of NiO from the
BCZY results in their decomposition into Ce-Y fluorite phase, BaZrO3
and a BCZY phase of indefinite stoichiometry (Fig. 9B). A decomposition
of BCZY due to the formation of the transient (Ba,Ni,Y)Ox liquid phase
while sintering is unlikely. The FC material undergoes almost no
densification while sintering (see Fig. 2), which is atypical for liquid
phase sintering and excludes the formation of such a phase.

4. Conclusion

In this work, the interdiffusion between BaCeg 5Zry 7Y.103 + 0.5 wt
% NiO and structural ceramics Al,O3, 8 mol% yttria stabilized zirconia
(8YSZ), TiOy, CeOy and MgO was investigated. Among the structural
ceramics investigated, MgO has no direct interaction with the BCZY
electrolyte. However, NiO and MgO form a solid solution, which leads to
diffusion of the sintering aid NiO from the thin electrolyte layer into the
MgO support. The depletion of NiO from the electrolyte material causes
the breakdown of the solution and precipitation mechanism needed
densification and to form the single-phase BCZY. In consequence, mul-
tiple phases are formed in the electrolyte layer, such as BaZrOs, a Ce-Y
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fluorite phase and a BCZY perovskite phase of indefinite composition.
The electrolyte layer depletion of NiO can even result in the decompo-
sition of the single-phase BCZY during sintering process.
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