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Bilayer electrolytes have potential in solid oxide cells to improve ionic conduction whilst blocking elec-
tronic conduction. GDC/YSZ bilayer electrolyte processing has proven problematic due to thermochemical
instability at high sintering temperatures. We first match the shrinkage profile of the two bulk materials
using a Fe, 05 sintering additive. Additions of 5 mol% of Fe;03 in the GDC layer and 2 mol% of Fe;03 in

the YSZ layer prevents delamination during co-sintering. The addition of Fe,03 promotes densification,
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enabling achievement of a dense bilayer at a reduced sintering temperature of 1300°C; ~150°C below
conventional sintering temperatures. Elemental analysis showed the compositional distribution curves
across the bilayer interface to be asymmetric when Fe,03 is employed. The Fe,0s increases the total
conductivity of the bilayer electrolyte by an order of magnitude; this is explained by the effect of Fe;03
on reducing the resistive solid solution interlayer at YSZ/GDC interface from ~15 to ~5 p.m.

© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Solid oxide electrolysis cells (SOECs) are important electro-
chemical devices that can be used for energy storage by converting
electricalinto chemical energy [ 1,2]. Research on SOECs has focused
largely on water reduction for hydrogen production and significant
development has been achieved in recent years [3,4]. In addition to
steam electrolysis for hydrogen production, SOECs have also been
demonstrated to be feasible for co-electrolysis of CO, and H,O for
syngas (Hy and CO) production [5-7]. In principle, co-electrolysis
with a Fischer-Tropsch (F-T) process could convert/store wind or
nuclear electrical energy into synthetic fuel by utilising CO, as a
feedstock.

High performance Solid Oxide Cells (SOC) typically consist of a
fuel electrode support with a thin yttria-stabilised zirconia (8YSZ)
electrolyte used to minimise the ohmic electrolyte contribution.
However, it is argued that electrode supported cells could suffer
from an increasing effect of diffusion polarisation due to the larger
CO, molecules and this may be more vulnerable towards carbon
deposition [8,9]. If sufficient ionic conductivity can be achieved,
electrolyte supported cells are an interesting configuration to be
further investigated due to ease of manufacturing.
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Gadolinium-doped ceria (GDC10) is considered to be a promis-
ing electrolyte material [10]. Whilst GDC10 has higher oxide ion
conductivity than 8YSZ, it suffers from mixed ionic and elec-
tronic conduction due to the partial reduction of Ce?* to Ce3*
during operation which is detrimental to cell performance [11].
A bi-layer GDC10/8YSZ composite electrolyte could enable high
power/current density SOCs [12,13] by utilising the higher ionic
conductivity of GDC10 whilst preventing electronic leakage by
using an 8YSZ blocking layer. This geometry will prevent partial
reduction of GDC and increase the chemical stability of ceria by
separating it from the fuel reduction environment [14,15]. The
interfacial Po, can then be controlled by the thickness ratio of the
component layers as illustrated in Fig. 1. This is a requirement
for designing a chemically stable bilayer electrolyte with mini-
mum electronic conductivity. In addition, further reduction of the
bilayer ASR value could also be achieved by minimising the thick-
ness of the YSZ layer [16]. While the bilayer electrolyte concept
is promising, bilayer electrolyte fabrication via cost effective wet
ceramic processing has proven to be challenging [17,18]. This is
due, in part, to the difficulty in depositing a YSZ layer on GDC due
to shrinkage mismatch that occurs during co-sintering of the lay-
ers. The shrinkage mismatch introduces mechanical defects such
as warpage and delamination at the interface [19,20]. In addition,
a difference in thermal expansion coefficient for each layer leads
to residual stresses within the bi-layers [21-23]. Furthermore, a
resistive solid solution phase can form at the YSZ/GDC interface at
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Fig. 1. Schematic ofabilayer electrolyte illustrating the effect of relative thickness on interfacial oxygen partial pressure, P, where Py is the low pressurep,, at the fuel/reducing
side, Py is the high pressure p,, on the air/oxidising side and P is the critical p,, pressure for GDC reduction.

sintering temperatures above 1400 °C[14,24-26]. In general, man-
ufacturing of composite electrolytes by commercial wet ceramic
techniques, such as tape casting and screen printing, where mate-
rials are subjected to a high co-sintering temperature (>1400°C) is
limited by deleterious interfacial reactions.

The compositional change at the interface region of GDC/YSZ
could dramatically change the electrical performance of the cell.
The electrical conductivity of the solid solution phase is reported
to be about two orders of magnitude lower than the zirconia elec-
trolyte and one to two orders of magnitude lower than that of
Samaria-doped Ceria (SDC) [27]. The thickness of the interdiffusion
layer formed at the YSZ/GDC interface plays a key role in the total
resistance value. Since interdiffusion is a process which is thermally
activated, reduction of sintering temperature and also the sintering
time could be an effective approach in limiting the interdiffusion
effect.

Tsoga et al. [28] have investigated the elemental diffusion
behaviour across the interaction zone using Energy and Wave-
length Dispersive X-ray analysis (EDS and WDS, respectively). They
prepared samples using screen-printing and sintering at 1400°C
in air for 4 h. Their results indicated a higher diffusion rate of Ce
and Gd cations inside the YSZ lattice compared with that of the
counter-diffusing Zr and Y cations. Most recently Liang et al. [25]
investigated the use of GDC as a diffusion barrier on a Sc-stabilised
zirconia (SSZ) electrolyte to mitigate the formation of zirconate
from zirconia reacting with cobalt-containing perovskite air elec-
trodes. The authors developed a multi-step sintering process where
one layer is first sintered before the next layer is applied, and
claimed this approach would reduce the effect of interdiffusion due
to the asymmetric diffusion phenomenon at the interface. Liang
et al. [25] further suggested that Ce or Gd diffusion towards the
SSZ electrolyte would be more difficult due to the already dense
microstructure of SSZ and the short dwelling time used.

Zhang et al. [14] fabricated an SSZ/GDC bilayer electrolyte using
screen printing and tape casting and fired at 1400 °C for 2 h. Using
impedance spectroscopy, they reported an interdiffusion length of
~1pm and a reduction in total resistance R by a factor of ~3 in
comparison to the reported value of 0.283 Q2 cm? for a SSZ/GDC
bilayer sintered at the same sintering temperature but for 4h [29].
Wang et al. [29] showed an interdiffusion zone of about 3 wm using
EDS analysis. Alternative processing techniques such as pulsed
laser deposition (PLD) where high sintering temperatures are not
required have also been investigated [30,31] for bilayer electrolyte
fabrication; however, these techniques are not cost effective and
are difficult to implement for large-scale production. Using tran-
sition metal oxides (TMO) as sintering aids is another option to
promote densification at lower sintering temperatures [32-36].
Among the various TMO'’s tested, Fe; O3 is reported as a good sinter-

ing aid which could improve the conductivity of GDC10 and 8YSZ
[32,37].

Here we present the use of Fe;05 as a sintering aid for match-
ing the shrinkage profile of the two bulk materials in a bilayer
8YSZ/GDC electrolyte. Tape casting and one-step, reduced temper-
ature co-sintering are used to fabricate the electrolyte support. We
also investigate whether Fe,03 could sufficiently reduce the co-
sintering temperature to avoid the formation of a resistive solid
solution interlayer. Achieving this objective provides a more cost
effective approach for efficient electrolysis of steam and carbon
dioxide to produce syngas, where CO, could be directly recycled
to hydrocarbon fuels for future transportation applications.

2. Experimental procedure

In this study both pellet and tape cast samples were prepared
and characterised. Pellet samples were used to study the shrink-
age behaviour of the two bulk materials (8YSZ and GDC10) used
in the bilayer electrolyte. Tape cast samples were used to fabri-
cate the bilayer support and to study the effects of Fe-dopant and
the sintering temperature on the densification behaviour. Electrical
measurements were performed on tape cast samples.

GDC10 (Gdg1Ceg901.95) powder (Fuel Cell Materials, US) and
8YSZ ((Y203)0.08(Z1r02)o.92) powder (TC grade, Tosoh, Japan), were
used as starting materials. 2 and 5 mol% of a-Fe;03 (>99%, Sigma-
Aldrich) was weighed and added to dry powders before mixing
in Isopropanol (>99%, Sigma-Aldrich) for 2 h, using zirconia (ZrO;)
milling media in an attrition mill (model: Szegvari 01HD, Union
Process). After milling, the milling media was removed and the
suspension dried in a polypropylene jar at 80°C in a drying oven.
After drying, the 5 mol% Fe-GDC10 was ground and calcined in air
at 1000°C for 2 h. The resulting powders were ground and sieved
before being pressed into pellets (8 mm diameter, 10 mm thick-
ness), followed by cold iso-pressing (model: CIP-BS EN-286, Vessel
Technology) at 150 MPa for 2 min. The shrinkage behaviour for each
powder was studied using push rod dilatometry (Netzsch 402C,
Germany). All measurements were carried out under air with a flow
rate of 30 ml/min between 25 and 1400 °C at a constant heat rate
(CHR) of 5°Cmin~! and a push rod force of 30 cN. The density of
sintered samples was determined using the Archimedes principle
and the dimension measurements of the samples. Phase purity of
the samples at room temperature were determined using an X-ray
diffractometer (model: Bruker D5000, Siemens) over the angular
range of 10—80° using a step size of 0.04° and an integration time of
60 s per step. Lattice parameter values and unit-cell volumes were
calculated from the most intense (111) reflection using WinXPOW
software.
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A tape casting slurry was prepared by mixing the Fe,03 doped
powders with polymeric surfactant (Hypermer KD-1) using zir-
conia balls in an azeotropic mixture (50:50 wt%) of Methyl-ethyl
ketone (MEK) and ethanol (EtOH) for 12h on a ball mill. After
milling the suspension was transferred to a polypropylene jar
and the milling media removed. Polyvinyl butyral (Butvar B94,
Sigma Aldrich) was added as a binder. Butylbenzyl phthalate (Sigma
Aldrich) and Polyethylene glycol (Grade 400, Sigma Aldrich) were
added as plasticizers. Final mixing was performed using a high
shear mixer (DAC 400 FVZ, Speedmixer) with a rotation speed
of 2000rpm and a mixing time of 10 min. This step also de-airs
the slip before casting. The tape casting process was performed
using a table-top tape caster (Mistler TTC-1200). The slips were
cast on a Mylar carrier substrate through a doctor blade gap set
at 200 wm at a casting speed of 30 cm/min. The cast slips were
left to dry overnight in a drying chamber. Tapes were then lam-
inated using a manual hydraulic press with heated plates (Atlas
Manual 15T, Specac) at 85 °C. A pressure of 4 MPa was applied for
15 min while the temperature was kept constant. Tape cast samples
with approximately 12 mm diameter and thickness of 100-300 pm,
were polished manually using 1200 grit sand paper before applying
electrodes. Organo-gold (Au) electrodes were painted and sintered
at 800°C for 1 h.

Impedance measurements were recorded using a Solartron
Modulab Frequency Response Analyser over the range of 0.1
Hz-1MHz with an applied voltage of 100 mV. Measurements were
recorded as a function of temperature between 100 and 500°C in
air. Impedance measurements are presented as impedance com-
plex plane, Z* plots and/or as M” or combined Z”, M” spectroscopic
plots. The analysis was based on a methodology proposed for
analysing impedance data on heterogeneous ceramics by Irvine
et al. [38] where each electrically distinct component is repre-
sented by a parallel Resistor-Capacitor (RC) element and these are
connected in series to create an equivalent circuit to extract R
and C values for each component. Different impedance formalisms
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highlight different aspects of the data, with Z” spectroscopic plots
highlighting elements with large R and M” spectroscopic plotsiden-
tifying elements with small capacitance (normally the bulk (or
grain) component), see ref [38] for more details. In principle, each
element should give rise to a Debye peak in both Z” and M” spec-
troscopic plots at the same frequency, fmax, and the Debye peaks
for the various elements are separated in frequency dependent on
their time constant, T=RC. For each Debye peak, the relationships
at the peak maxima are M,,,, = €0/2Cwhere g is the permittivity
of free space and Z"max =R/2 and these allow direct evaluation of
C and R, respectively. Using the relationship ®RC=1 at the Debye
peak maximum (where w = 27fax and fis the applied frequency in
Hz) allows R and C to be estimated from M” and Z” spectra, respec-
tively. Combining M” spectra with Z” spectra or Z* plots that are
dominated by RC elements with the largest resistance allows valu-
able information to be determined regarding conductive/resistive
and thick/thin layer elements in multicomponent systems such
as bilayered electrolytes. Furthermore, T (and therefore fi3«) is a
geometry independent parameter ( = &,.'/0, where ¢’ and o are the
permittivity and conductivity of the material, respectively) and is
characteristic for a material with given electrical properties.

An Inspect F with a Field Emission Gun, FEI scanning electron
microscope (SEM) equipped with an Oxford link pentafet energy
dispersive X-ray analyser (EDS) was used for microstructural and
compositional analysis. All SEM samples were cold mounted in
epoxy resin in cross-sectional orientation before being ground and
polished using an Automet 250 Buehler grinding machine, with
standard metallographic techniques, and coated with a thin film of
carbon to provide electrical conductivity.

260 (Degree)

Fig. 2. XRD diffractograms for samples with and without Fe, O3 additions sintered at
1250°Cfor4h(a). GDC10and (b) 8YSZ. Filled grey circles represent peaks associated
with Fe;0s.

3. Results and discussion

The effect of Fe;03 on the crystal structure for both materials
used in the bilayer electrolyte in the case of sintering at 1250°C is
described in Section 3.1. Section 3.2 describes the effects of Fe, 03 as
asintering aid on the densification and shrinkage profile for the case
where 2 mol% Fe, 03 was added to the 8YSZ layer and 5 mol% Fe, 03
was added to the GDC10 layer. Section 3.3 investigates the effect of
Fe, 03 on the elemental diffusion length at the YSZ/GDC interface.
The final section presents the electrical properties of the bilayer
electrolytes prepared by tape casting and co-fired at 1300°C.

3.1. Phase composition and crystal structure

XRD patterns of the sintered samples retained the cubic fluorite
structure after Fe-doping, Fig. 2. For GDC samples, however, small
additional peaks for Fe;03 appear when the addition level reaches
5 mol%, indicating that Fe; O3 has limited solubility in GDC. No addi-
tional peaks are observed in samples with 2 mol% Fe, O3 additive.
This may be due to the small amount of additive which cannot be
detected by XRD. Moreover, no secondary phase a-Fe;03 peaks
were observed for 5 mol% Fe,03-8YSZ.

Lattice parameter values are summarised in Table 1. The lattice
parameter of GDC samples decreases with increasing Fe,;03 addi-
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Fig. 3. (a) Back-scattered electron (BSE) image (where dark regions represent iron-rich phase) and (b) the corresponding EDX elemental map (where light regions represent

iron-rich phase) for a 5 mol% Fe,03-GDC10 sample sintered at 1200 °C for 4 h.
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Fig. 4. Constant heat rate dilatometry (CHR) of different powders conducted at 5°C/min in air. (a) Linear shrinkage as a function of temperature for as-received powders; (b)
linear shrinkage as a function of temperature illustrates shrinkage matching; (c) shrinkage rate as a function of temperature for different powders; (d) depicts dual maxima
points A and B for 5 mol% Fe,03-GDC10. HSA and LSA refer to high and low surface area powder, respectively.

tions, from 0.5432 to 0.5409 nm; the same trend is observed for
8YSZ. Guo and Xiao [39] also reported a gradual decrease in lattice
parameter and unit-cell volume with increasing Fe, 03 content. Val-
ues reported here confirm those results. The low solubility limit in
the case of GDC is rationalized in terms of the severely undersized
ionic radius of Fe3* (0.67 A) versus Ce** (0.97 A). The solubility of
Fe,03 in Ce,03 is small and reported to be below 1 mol% even at

1500°C [40,41]. The solubility content of Fe3* in 8YSZ is reported to
be 1.5mol% at 1200°C [42]. Back-Scattered Electron (BSE) imaging
for the 5mol% Fe,03-GDC10 sample sintered at 1200°C for 4h is
shown in Fig. 3. The darker grey regions shown in Fig. 3a. represent
iron-rich phases. EDX elemental mapping confirmed the Fe-rich
phase in the sample, as shown by the red regions in Fig. 3b.
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Table 1
Lattice parameter and unit cell volume fraction (AV/V%) for samples with different
Fe, 03 amounts.

Material Lattice parameter (nm) AV/V (%)
8YSZ 0.5135+0.0011 -

2 mol% Fe,03-8YSZ 0.5076 +0.0015 —0.0342
5mol% Fe,03-8YSZ 0.5069 +0.0026 —-0.0384
GDC10 0.5423 +0.0005 -

2 mol%Fe,03-GDC10 0.5410+0.0011 -0.7174
5mol% Fe,03-GDC10 0.5409 +0.0036 -0.7724

3.2. Shrinkage and densification

The linear shrinkage as a function of temperature for the as-
received GDC10 and 8YSZ powders are shown in Fig. 4a. They
exhibit different shrinkage behaviour and this is attributed to their
different particle morphology and size. The addition of 2 mol%
Fe,03 in 8YSZ and 5 mol% Fe;03 in GDC10 reduces the shrinkage
mismatch between the two ceramics. However, a further match
for the Tonset Of sintering is achieved by reducing the GDC10 sur-
face area from 8.5 m2/g (HSA - high surface area) to 1.5m?/g (LSA
-low surface area) by calcination to coarsen the powder. Topget for
both ceramics is well matched at a temperature of ~980°C after
decreasing the GDC10 powder surface area, Fig. 4b. The addition of
Fe, 03 reduces the temperature of maximum shrinkage (Tmax) to
~1150°C as illustrated in Fig. 4c. These results indicate the positive
effect of Fe; O3 additions in promoting sintering for both 8YSZ and
GDC10 ceramics. Furthermore, Fe; 03 additions increased the den-
sification rate and led to a narrower temperature range in which
most of the sintering is completed.

The formation of an Fe-rich phase due to low Fe-solubility in
GDC10 is also apparent from the dilatometry data. The shrink-
age rate for 5mol% Fe;03-GDC10 displays dual maxima points as
shown by points A and B in Fig. 4d. The first maximum corresponds
to the shrinkage step of ~10 % (%) with a Tmax of 1154°C and the

second maximum corresponds to ~5 % (%) shrinkage with a Tmax
of 1381 °C, as illustrated in Fig. 4d.

Tmax of the second maximum corresponds to the temperature at
which there is a reduction in density for the 5 mol% Fe,03 sample
when compared to the 2 mol% Fe,03 sample, shown by an arrow
in Fig. 5b,c. Since volatilisation of iron at this temperature is not
likely, the reduction in density could not be related to iron addi-
tive volatilisation at ~1250°C. The reduction in apparent density
at ~1250°C is not an actual drop in density but is a consequence of
the formation of a lower density iron oxide-rich secondary phase.

Selected micrographs of different samples with and without
Fe,03 sintered at 1200°C for 4 h are shown in 6. The Fe;03 free
GDC10 (Fig. 6a) is porous with only 69% relative density. Pores
are open and continuous with no obvious sign of grain growth. In
contrast, 5mol% Fe;03-GDC10 (Fig. 6b) has a relative density of
~93% with isolated pores and a larger average grain size. Fe;O3-
free 8YSZ ceramic is also porous (Fig. 6¢) with a relative density
of ~78% when 8YSZ with 2 mol% Fe, 03 (6.d) displays grain growth
and a higher relative density of ~95%. The relative density of vari-
ous green ceramics as a function of temperature is shown in Fig. 5.
The relative density (R.D) was extracted from the dilatometry data
at 1400°C; however, a peak value of ~91 R.D% for ceramics from
both powders with Fe; 03 additives is achieved after a cooling down
step in constant heat rate (CHR) experiments.

These results indicate Fe; 05 reduces the sintering temperature
and promotes densification of both powders. There are numerous
reports in the literature concerning the sintering mechanisms for
transition metal oxides (TMO’s). Kleinlogel and Gauckler [43], pro-
posed that TMO’s could form a liquid film at the grain boundary
which can enhance the densification mechanism of GDC by liquid
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Fig. 5. Relative density versus temperature for various powders, see legend for
details. Data from CHR dilatometry conducted at 5°C/min in air. Arrow shows the
reduction in density for a 5 mol% Fe;03-GDC10 sample at 1270°C.

phase sintering. However, the temperature range for the sintering
process reported by Kleinlogel et al. is within ~50°C whereas in
Fig. 4d it is apparent that the temperature range where sintering
occurs is too broad (~200°C) to be considered as liquid phase sin-
tering. The enhanced sintering behaviour in GDC10 is attributed to
an increase in grain boundary Ce** cation diffusion, whether via
liquid or in the solid state.
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Fig. 6. SEM micrographs of a (a) GDC10 sample without Fe,03; (b) GDC10 with 5 mol% Fe,03; (c) 8YSZ without Fe,03; and (d) 8YSZ with 2 mol% Fe;03. All samples were

sintered at 1200°C for 4 h.

3.3. GDC10/8YSZ microstructure and reactivity

SEM micrographs of the cross sections and relative thickness
of two bilayer samples studied are shown in Fig. 7. Samples con-
taining Fe, 03 additive are shown in Fig. 7a,b. These micrographs
show dense and crack-free bilayers fabricated using tape casting
and one step co-sintering and are also characterised by good adhe-
sion at the 8YSZ/GDC10 interface. The digital photograph for the
Fe,03 containing bilayer is shown at room temperature in Fig. 8,
showing no curviture development after sintering at 1300°C for
4h. Fe,03-free samples showed significant delamination between
the layers, curvature development and also poor sinterability. To
prepare Fe,03-free bilayer samples suitable for EDX measurement
an adhesive GDC10 layer with a higher amount of binder con-
tent was introduced between the GDC10 and 8YSZ layers when
co-sintered as this significantly reduced delamination at the inter-
face as shown in Fig. 7c¢,d. A back-scattered electron (BSE) image
Fig. 7a shows the interdiffusion layer at the 8YSZ/GDC10 interface.
The grey regions represent an iron-rich phase and black regions
are pores. The GDC10 is identified as the more porous side of the
interface. Between the 8YSZ and GDC10 a well densified zone is
observed, as presented as a slightly lighter region, and is indicated
by the double headed arrow in Fig. 7a. Measurements of the EDS
elemental mapping across the interface suggest this zone to be a
solid solution between 8YSZ and GDC10, formed during sintering.
The EDS elemental mapping in Fig. 9 shows Ce (blue) mainly in
the GDC layer, Zr (red) mainly in the YSZ layer. Fig. 9b also sug-
gests more interdiffusion of Zr and Ce at the interface in comparison
with Y and Gd. This was also confirmed with EDS line scans taken
at 10 different regions near the YSZ/GDC interface for both bilayer
samples.

The atomic distributions of Zr, Y, Ce and Gd ions across the
interface as a function of distance are shown in Fig. 10. The over-
all interdiffusion length is estimated as the distance where the
atomic% of each element reached between 5 and 90% of their max-
imum values. This length decreased from ~15 wm in Fe;03-free
samples to ~5 um in samples with Fe,03 additive. The reduced
interdiffusion in the Fe,03-containing samples is shown by EDS
analysis (Fig. 10). The diffusion behaviour for both Zr and Ce ions
in the Fe,O3-free bilayer seems to be symmetrical; Bano et al. [26]
have also reported an equal interdiffusion length for both Zr and
Ce ions in YSZ/GDC bilayer samples co-sintered at 1400 °C for 3 h.
However, asymmetric diffusion behaviour is observed for Zr and Ce
ions in bilayer samples with Fe,05 additives as shown in Fig. 10a.
The interdiffusion length of Zr ions in the GDC layer is ~4 pm and
is somewhat larger than that of the diffusion of Ce ions in the YSZ
layer, which is ~2 um.

The results presented for the Fe, O3 containing bilayers demon-
strate that Fe,O5 affects not only the interdiffusion length via
reducing the sintering temperature but also that the elemental dis-
tribution behaviour for Zr and Ce ions becomes asymmetric. Similar
asymmetric diffusion behaviour was reported recently by Tao et al.
[25] where multi step sintering was adopted to fabricate SSZ/GDC
bilayer electrolytes. Tao et al. [25] suggested the diffusion of Ce or
Gd ions (surface diffusion along pores or inter diffusion along grain
boundaries) towards the YSZ electrolyte is more difficult due to the
already dense micro-structure of YSZ. The diffusion coefficients of
Zr ions at ~1400°C in grains and along the grain boundaries of SSZ
arereported tobe ~2.8 x 10~ and 4.8 x 10~8 cm? s~1, respectively
[44]. Thus Zr diffusion towards the GDC side would be preferen-
tial at the grain boundaries. The asymmetric diffusion behaviour
in the Fe;03-bilayer could be due to the effect of the Fe;03 con-
centration on the grain boundary chemistry. It was shown that
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Fig. 7. (a, b) SEM cross section micrograph of Fe,03- YSZ/GDC bilayer sintered at 1300 °C for 4 h and (c,d) Fe;O3-free YSZ/GDC bilayer sintered at 1400 °C for 4 h and used for
EDX analysis.
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Fig. 8. The digital photograph of Fe;03- YSZ/GDC bilayer sintered at 1300 °C for 4 h at room temperature.
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Fig.9. (a) Back-Scattered Electron (BSE) image of a 5 mol% Fe,03-8YSZ/GDC10 sample sintered at 1300 °C for 4 h; (b) EDS element mapping for the Fe,0s- bilayer sintered at
1300°C for 4 h; (c) elemental mapping for Ce in blue; (d) elemental mapping for Zr in red; (e) elemental mapping for Gd in yellow; and (f) elemental mapping for Y in green.
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Fig. 10. (a) EDS line scan across a YSZ/GDC interface for a bilayer with Fe, 03 additive sintered at 1300°C for 4 h and (b) an Fe,Os-free bilayer sintered at 1400 °C for 4 h.

using 5 mol% Fe, 03 additions (above the solubility limit for GDC10)
results in segregation of undissolved Fe,03 at the grain bound-
aries. An increase in the activation energy for grain boundary
(GB) conduction in 5mol% Fe;03-GDC10 from 0.89 +£0.03eV to
1.024+0.02 eV from impedance measurements (not shown) also
provides evidence that the nature of the GB phase has changed.
It is proposed that Fe segregation at the GB core may act as a dif-
fusion barrier for Zr and Y ions. Direct evidence for this suggestion
requires analytical Transmission Electron Microscopy to provide
information about the location and concentration of iron at the
grain boundaries. It is challenging to avoid such ionic diffusion at
the atomic level, especially when high sintering temperatures are
required for electrolyte fabrication.

3.4. Electrical properties

The electrical properties of bilayer samples were also analysed
to investigate the effect of Fe,03 on the performance of the bilayer
electrolytes. Prior to this analysis, the impedance response of indi-
vidual electrolyte ceramics, with and without Fe, O3 additions were
collected and analysed to assist with the interpretation of the
impedance response of the bilayers. The Fe,03-free bilayer elec-
trolyte was sintered at 1400 °C for 4 h whereas the Fe,O03-containg
bilayer was sintered at 1300 °C for 4 h.

M” spectroscopic plots for all samples between 150 and 300°C
are shown in Fig. 11. In the case of the Fe,03-free bilayer, three M”
peaks are visible in the spectrum at 150 °C, labelled A, B and C (with
decreasing frequency) in Fig. 11a. Each peak has a time constant
(and therefore fax ) which relates to a distinct electrical component
in the bilayer. Comparison of fih,x values with the response of the
Fe,03-free single layer electrolytes reveals peak A in the bilayers is
associated with the M” grain (bulk) response of the GDC10 single
layer and peak B is associated with the M” grain (bulk) response
of the 8YSZ single layer. With increasing temperature, all peaks
move to higher frequency such that fy,,x associated with peak A and
the M” GDC10 response exceed the maximum frequency recorded
(1MHz) at >150°C, peak B and the M” 8YSZ response is visible at
200 and 300 °C, and peak C has fax ~ 100 Hz at 300 °C (Fig. 11b and
c). AZ* plot of the same data at 300 °C reveals a single large arc with
a Z” fmax ~100Hz and resistivity of ~2.75MS2 cm, Fig. 12a. The Z”
fmax value coincides with that from peak C in the corresponding M”
data and shows this element to dominate the impedance response
of the bilayer. Lower frequency Z* data indicate the presence of
electrode related phenomena and therefore the total conductivity,

o, of the Fe,03-free bilayer electrolyte can be estimated from the
diameter of the single, large arc observed in the Z* data (where
ag=1/R).

An Arrhenius plot of conductivity values extracted from the
three peaks in the M” spectra and from the large arc in Z* plots
is shown in Fig. 13. This clearly shows GDC10 (peak A) to be the
most conductive element, followed by 8YSZ (peak B) and given
the similarity of the conductivity data extracted from the Z* arc
and peak C in the M” data, this element dominates the resistance
of the bilayer electrolyte. It has been reported that a reduction in
the bilayer ceramic conductivity could be due to the formation of
a high resistance solid solution at the interface between GDC and
YSZ layers in bilayer electrolytes [14,25,26]. The equivalent circuit
for the Fe,05-free bilayer electrolyte ceramic (neglecting the low
frequency electrode response) can therefore be approximated to
three, parallel RC elements connected in series; these are GDC10
(peak A), 8YSZ (peak B) and a resistive interdiffusion layer associ-
ated with the Ce/Zr solid solution phase (peak C).

In contrast, only two M” peaks are observed in the spectrum of
the Fe,03-containing bilayer electrolytes at 150°C (Fig. 11d). The
fmax of peak A is coincident with that observed for the 5 mol% Fe-
GDC10ssingle layer ceramic, confirming this to be the same element
in both samples; however, although f,3x for the M” peak B in the
bilayer occurs at a similar frequency to that observed for the 2 mol%
Fe-8YSZ single layer ceramics, it occurs at a lower frequency, indi-
cating that 7 is significantly different for these two components
(Fig. 11d). Again, increasing temperature results in fi,,x for the M”
peak A exceeding 1 MHz and moving off-scale at higher frequency,
whereas fihax for the M” peak B remains within the measured fre-
quency range with fiax ~70kHz at 300°C (Fig. 11e,f). A Z* plot of
the same data at 300°C reveals two overlapping asymmetric arcs
with the lower arc dominating the response of the ceramic and this
is followed by low frequency electrode phenomena, Fig. 12b.

Based on the Z* data, the total resistivity of the Fe-containing
bilayer at 300°C is ~270 k€2 cm, Fig. 12b. The Z” fi,ax value for the
lower frequency arc coincides with that from peak B in the cor-
responding M” data and confirms this element to dominate the
impedance response of the Fe-containing bilayer. The electrical
resistivity of the Fe-containing bilayer is an order of magnitude
lower than the Fe-free bilayer electrolyte at 300°C, Fig. 12.

The impedance data and Z* plots provide a simple explana-
tion for the conductivity change which also accompany the EDX
results where a reduction in the elemental interdiffusion length
was observed in the Fe,03-containing bilayer. On the basis of con-
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Fig. 11. (a,b,c) M” spectroscopic plots for Fe,03-free bilayer and single layer electrolytes at different temperatures; (d,e,f) M” spectroscopic plots for Fe;03 containing bilayer
and single layer electrolytes at different temperatures. Single layer electrolytes are included to identify the bulk (grain) response of the electrolyte layers in the bilayers.

M" /g, (y-axis) has units of cm/F and Frequency (x-axis) has

unit of Hz.

ductivity data alone, it can be inferred that the higher conductivity
of the Fe;O3-containing bilayer is due to a decrease in the resistive
solid solution length. In fact, based on the M” data it is proposed

that the increased conductivity can be assigned to the formation ofa
higher conductive Ce/Zr solid solution composition in the presence
of Fe;053. To confirm this hypothesis we compare the fi,,x values
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Fig. 13. Arrhenius plot of conductivity for a Fe,Os-free bilayer. The total con-
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components identified by analysing the three peaks in the M” spectroscopic data.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

obtained from the M” spectra for selected samples across the mea-
sured temperature range where impedance data were recorded.

An Arrhenius-type plot of fihax values (log fM;nax) as a function
of reciprocal temperature is shown in Fig. 14 for single layers of
8YSZ and GDC10 with and without Fe-additions and for an Fe-
containing bilayer sintered at 1300°C in air for 4 h. Although only
limited data can be collected over the measured frequency and tem-
perature range, fmax values for the conductive GDC10 single layer
response (with and without Fe-additions) and for peak A in the
Fe-containing bilayer are very similar indicating that Fe-additions
have very limited influence (if any) on the electrical properties of
GDC10. In contrast, there is a significant difference in the fhax val-
ues for the Fe,03-bilayer (M” peak B) values with the single layer
2 mol% Fe,03-8YSZ ceramic, confirming the electrical response of
these materials are similar but distinct, adding evidence for the for-
mation of a resistive solid solution phase with similar composition
to 8YSZ.

In an attempt to compare the conductivity values of the two
types of Ce/Zr solid solution phases identified in each of the bilayer
samples, further analysis of the impedance data was performed. As
shown above, the large arc in the Z* plots and peak C in the M”
spectra dominate the sample resistance (and therefore limit the
total conductivity, o) for the Fe-free bilayer and can be attributed
to the interdiffusion Ce/Zr solid solution phase, Fig. 13. The total
bilayer conductivity, o is 0.353 wScm~! at 300 °C and, by consid-
ering the interfacial diffusion length of ~0.0015 cm obtained from
the EDX analysis, the sheet resistivity value for the solid solution
phase (Ripterface ) in the Fe,O3-free bilayer is ~4125 © cm? at 300 °C.

The total resistance of Fe;03- bilayer electrolytes (R.|) consists
of three parts Rejysz, Regpc and Ripterface- Based on the conductiv-
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Table 2

Total conductivity (or) and activation energy values measured for different samples,
at 500°Cin air. Activation energies for bilayer samples are taken in the temperature
range of ~150-500°C.

Composition O1(500) S cm~! O7(300) S cm! Er (eV)

Fe,03-Bilayer 6.44 x 1074 3.82x10°6 1.01+0.03
Fe,03-free Bilayer 5.00 x 10~> 3.53x 1077 1.08 +£0.02
2 mol% Fe,03-8YSZ 523x104 2.90x10°6 1.10+£0.02
5 mol% Fe;03-GDC10 592x1073 2.10x 107> 0.90+0.01

ity values for 2 mol% Fe;03-8YSZ and 5 mol% Fe,03-GDC10 layers
summarised in Table 2, and by considering the thickness ratio of
each layer shown in Fig. 7, the contribution of Rj,erface €an be esti-
mated (Table 3). Ripterface fOr the Fe,03- bilayer is estimated to be
~2670 €2 cm? at 300 °C, almost half the value measured for Ripterface
in the Fe,03 -free bilayer sample.

The corresponding Arrhenius plot for conductivity of different
samples over the temperature range is givenin Fig. 15. These results
demonstrate the agreement in conduction behaviour discussed. An
increase in o by an order of magnitude is observed for the Fe,O03-
bilayer in comparison to the Fe,Os-free bilayer. The activation
energy in the temperature range of ~150-450°C is also calculated
from the slopes and is equal to 1.01 +£0.02 eV and 1.08 + 0.03 eV for
the Fe,03-bilayer and Fe,03-free bilayer, respectively. The activa-
tion energy for the Fe,O3-free bilayer electrolyte measured in this
work is very similar to the activation energy of 1.1 for the Ce/Zr
solid solution reported by Tsoga et al. [28].

The bilayer sintering temperature in this study is 1300°C
which is lower than the temperature of formation of the ceria-
zirconia solid solution reported elsewhere in the literature [14,15];
however, it is higher than 1100°C where a solid solution was
reported when using electrostatic spray deposition as the fabri-

Table 3

T T
1.2 1.4 1.6 1.8 2.0 2.2 2.4
1000/T (K")

Fig. 15. Arrhenius plot of total conductivity, o, values of the Fe-free bilayer (®) and
the Fe,0s-bilayer (O) in air. Conductivity values for single layer 8YSZ electrolytes
(a)and GDC10 (m) are included for comparison.

cation technique [45]. The results presented here demonstrate that
the fabrication of bilayer electrolyte supports for planar SOC’s with
a YSZ blocking layer is possible by tape casting and co-sintering.
The techniques are cost affective and feasible. The interdiffusion at
the interface between GDC10 and 8YSZ can be reduced to obtain
better electrolyte performance. Future work will focus on cell per-
formance during high temperature electrolysis of CO, and steam.

4. Conclusions

Bilayer 8YSZ/GDC10 electrolytes have been successfully fab-
ricated by tape casting and reduced-temperature co-sintering at
1300°C. No significant microstructural defects or delamination
were observed after co-firing. The enhanced densification and
shrinkage matching of GDC10 and 8YSZ were achieved by using
different amounts of a Fe203 sintering aid in the electrolyte layers.
Micro-chemical and micro-structural analysis showed that increas-
ing the Fe,03 addition levels above the solubility content leads to
formation of an iron-rich phase. EDX analysis revealed asymmet-
ric elemental diffusion behaviour when using Fe,03 to co-sinter
YSZ/GDC bilayers, with lower diffusivity of Zr and Y ions in the
GDC10 layer compared to that of Ce and Gd ions detected in the
8YSZ layer, showing the positive effect of Fe,O3 on limiting the
interdiffusion behaviour.

Electrochemical impedance measurements in air revealed the
total conductivity of the Fe,0O3; containing bilayer electrolytes
increased by an order of magnitude compared to Fe,05-free bilay-
ers. This was attributed to two factors; first, by limiting the overall
elemental interdiffusion length from ~15 to ~5 wm and, second, by
achieving better contact between the 8YSZ and GDC10 layers and
higher sintered density when using a Fe, 03 additive as a sintering
aid. Also, the total conductivity of Fe,03 containing bilayer elec-
trolytes is 1.5 times of the single layer 8YSZ electrolyte. This work
demonstrates a cost-effective wet ceramic fabrication technique
such as tape casting can potentially be used for bilayer electrolyte

Estimated sheet resistivity values for a Fe-containing bilayer at 300°C and 500 °C, calculated from conductivity values in Table 2 and the thickness ratio shown in Fig. 7.

Temperature Rel (Q cmZ) Repe (Q cmZ) Rysz (Q sz) Rinterface (Q sz) T interdiffusion (cm)
300°C 5.92 x 10° 7.29 x 10? 2.52 x 10° 2.67 x 103 0.0005
500°C 3.51 x 10! 2.58 1.40 x 10! 1.86 x 10! 0.0005

Please cite this article in press as: A.S. Mehranjani, et al., Low-temperature co-sintering for fabrication of zirconia/ceria bi-layer elec-
trolyte via tape casting using a Fe, O3 sintering aid, | Eur Ceram Soc (2017), http://dx.doi.org/10.1016/j.jeurceramsoc.2017.05.018
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cell fabrication; however, additional studies are required to further
reduce the effect of interdiffusion between the layers.
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