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ABSTRACT

Mixed lonic electronic conductors find various dpations as SOFC cathodes and
oxygen transport membranes. Dual phase composiea promising class of thermochemical
stable materials, in which two ceramic phases avpled to provide a pure electronic and ionic
conducting pathway, respectively. Composites oifRi% Gadolinia doped ceria (GDC) and
FeCaO, spinel (FCO) are investigated. GDC-FCO 60:40 wte#o showed reasonable oxygen
permeation with ionic conductivity as the limitifector. Spinel content was reduced to as low as
10 wt-% in the composite and their correspondirgteical conductivity and oxygen permeation
were measured from which ambipolar conductivity wakulated. GDC-FCO 85:15 wt-% ratio
shows the highest ambipolar conductivity comparalie standard single phase
Lag s5eSh 4F& 8C0p 035 (LSCF) at 850 °C. The Microstructure analysis sbdweversible and
thus temporary spinel decomposition at sinteringpterature as well as phase interaction
forming a Gd- and Fe-rich orthorhombic perovskitéghwtraces of Ce and Co. To further
investigate the phase interaction and secondargepf@mation, Pulsed Layer Deposition of
FCO layer (~400 nm) on a polycrystalline GDC sudisttand annealing at varying temperatures
and times from 1000 to 1200 °C were carried outesehsamples were analyzed by XRD,
STEM, and SIMS to understand the interlayer intiioacof the phases.

INTRODUCTION

MIEC Oxygen transport membranes contribute to megsearch focus in the last two
decades due to its ability to separate pure oxygmn air more efficiently compared to other
technologiel Recently, increasing research interest is dramthé development of membrane
reactors, combining the separation task with alytatally promoted chemical reaction. Such
process intensification is interesting in differéetds such as energy applications as well as the
production of fine chemicdls® * >

In particular Ceria based MIEC are also attractivelydrocarbon fuel utilization due to
their resistance to reducing atmospheres as weladmon depositiofy °. Ceria based Fluorites
combined with transition metal oxides with spinglisture have proven to improve the sinter
ability and mixed conductivity of the composite® ° Moreover, dual phase composites like
GDC-LSCF have been studied as potential SOFC cathaeer'® * 2 Particularly for metal
supported SOFCs there is a need in cathode matenedlopment, which can be sintered in
relatively low @ in order to prevent catastrophic metal supportaton. However, standard
materials such as bgsSty.4Fe.eCo 2035 (LSCF) do not withstand such conditions. Hence, th
development of composite materials with good reidacstability is of great importance.

In this paper, various ratio combinations of GDQ@y§Gd20.5) and FCO (FeCD,)
were synthesized, and their dense pellets weréestdior their mixed conductivity by measuring
their oxygen flux performance at high temperaturélse work also focuses on the phase
interaction and secondary phase formation of tmeposite to better understand the conductivity
behavior of the composites. This work indicates pibssibility of highest oxygen transport in



this dual phase membrane with electronic condugihmase as low as 18.5 vol%. In addition, this
composite was tested for its cathodic activitydpplication in SOFC.

EXPERIMENTAL

GDC-FCO composites of ratios varying spinel confeotn 46 vol% to as low as 12.5
vol % be synthesized by modified Pechini proce$® powders were calcined at 700°C for 15h
to attain the desired fluorite and spinel phasdse different ratio composite powders were
pressed into cylindrical pellets of 20mm dia byaxml pressing at 80 Mpa for 90 seconds. The
pellets were sintered at 1200°C for 10h to obt&inse pellets with relative theoretical density of
~97 %, which were also tested for gas tightnesdHbljum leak test using Pfeiffer vacuum
apparatus. Electrical conductivity of bars was meas by DC four point conductivity between
temperatures 600 to 850°C. Thin layers of FCO weeposited on polycrystalline GDC
substrates by means of pulsed laser deposition JJFEDO target was ablated by a KrF excimer
laser (248 nm; 5 Hz repeat rate). The substratepdesture was 650°C (controlled by a
pyrometer), background pressure of pure oxygenhi@ thamber was 4xfOmbar, and
deposition times were ca. 25 min to obtain a fitmckness of about 100 nm.

X-ray diffraction (XRD) analysis of the dual phasempounds was performed on D4
Endeavor (Bruker AVS) with Cuiradiation measured at 18°20 > 80°, A20 =0.02°. X-ray
diffraction analysis of FCO thin films was carriedt on a PANalytical Empyrean diffractometer
with CuKa radiation. Thin film XRD measurements were conddatith 2° incident angle and
diffraction pattern was recorded at 15°20 > 90°. Data analysis was performed with the
software Highscore Plus in combination with ICDDwater diffraction database (PDF4%)
Phase identification and microstructure analysithefdense pellets were carried out using SEM
(Zeiss Ultra55). The Scanning transmission electnieroscopy (STEM) images were acquired
using Zeiss Libra 200FE equipped with a cold FE@Gs® operated at 200 KV, HAADF detector
from Fischione and X-Flash EDS detector from Bruke8PRIT software was used to analyze
and build the EDS elemental maps. SIMS investigatMas carried out using TOF-SIMS 4
(lonTOF, Germany) with Cs ion beam for sputteriadéV) and Bilgun (25KeV) for analysis.

The dense disk type pellets polished to a thickeédsnm each were measured for their
oxygen flux using the quartz permeation setup &-1Ein the temperature range of 600 to
1000°C. Air and argon were used as the feed anés\gas at the flow rate of 250 ml/min to
50ml/min, golden rings used to seal the sampldénsetup. Samples were screen printed with
catalytic LSCF layer on both sides and post sidtatel050 °C for 3

Symmetrical cells of 10 x 10 mm?2 were prepareddrgen printing of GDC-FCO (85:15)
slurry on both sides of 200 um thick 8YSZ substafiéerafol, Germany) and subsequent
sintering at 1080 °C for 3 h in ambient air. As antact layer ca. 300 nm Au were sputter
deposited on both sides of these symmetrical s@nplee polarization resistance of the
electrodes was tested at temperatures between r@D@Q0 °C by electrochemical impedance
spectroscopy (EIS) in order to estimate the suitalwf GDC-FCO composites as SOFC dual
phase cathode material. . Measurements were catloata PSM 1735 machine with 4 point
impedance analysis interface (both: N4L, UK); AGtage was set to 20 mV root-mean-square;
measured frequency range was between 10 mHz ankH20

RESULTS AND DISCUSSION

In the previous work, we investigated Fluorite-§bisomposite for oxygen transport
membrane by combining 60 wt % of GDC (@8d, 202.x) with 40 wt % of FCO (FeC®.) (54
vol% GDC — 46 vol% FCO) in comparison to standaedopskite material LSCH he detailed
investigation of the dual phase membrane revealembe interaction and secondary phase
formation during the sintering process i.e Gdgkpérovskite with traces of Ce and Co formed by



the interdiffusion during sintering at 1200°C. litepof this additional phase, Permeation tests
resulted in reasonable oxygen flux, when slow s@rfaexchange was facilitated by catalytic
active porous coatingsThus with elimination of surface exchange limdat, the activation
energy of bulk diffusion over the whole temperattarge of 650° C-1000°C was 66 kJ/fol
This clearly indicates that the ionic conductivisythe limiting step in the bulk transport as it
matches the activation energy of pure GDC corredipgrto its bulk ionic transport for the same
temperature range. Therefore, an increase in th€-Gihtent would be beneficial. On the other
hand, the proportion of both phases in a dual plcaseposite must be high enough to form
continuous phases in the bulk and surfaces, it fplwases need to reach a state of percolation.
To reach the percolation threshold, the volumetivacof the minor phase is usually no less than
30% for dual-phase materidls Nevertheless this is not necessarily applicabtlecbmposites
that tend to have phase interaction and grain baynphases. The grain boundary phase and
secondary phases formed are possibly conductingtriboting to the overall percolating
network of the composite impacting the oxygen tpans Hence, the spinel content is reduced
from 40 wt% to as low as 10 wt% in the composgeiaown irTable Ifor this investigation and
powders were synthesized by the one pot Pechicegs

Table | Composites with reducing spinel content gien in Weight % and Volume %

GDC-FCO GDC-FCO
ratios in wt | ratios in Vol
% %

60:40 54:46

65:35 59:41

70:30 64.5:35.5
75:25 70:30

80:20 76:24

85:15 81.5:18.5
90:10 87.5:12.5

Microstructure analysis

The XRD plots of the composites with varying spicehtent are shown in Figure 1. The
decrease in spinel content is evident from the e=e in intensity of the spinel peaks of the
composites particularly at 31° and 64F. Ih addition, the presences of orthorhombic péetives
peaks (between 24° and 338)2are confirmed in all the ratios. These results farther
supported by the SEM images as shown in Figurehg.ifages show the presence of fluorite
phase with decreasing distribution of the spine@gghcorresponding to the ratio and the presence
of orthorhombic perovskite phase in all the fousesd' 1> Going into in-depth investigation of
the microstructure by STEM analysis of the lowgsheal content ratio composite 90:10 GDC-
FCO, it is evident that the third phase Gdgé®thorhombic perovskite) contains traces of Ce
and Co elements as well. STEM-HAADF and EDS elemaagpping of 90:10 ratio composite is
shown in Figure 3. Semi quantitative estimationtloé elements from the EDS elemental
mapping image provides a hint on the approximatapmsition of the perovskite phase that is
formed in these dual phase composites during titergig process i.e., 15%Ce on A-site, 25%
Co on B-site in GdFe©perovskite phase. Thed,sCey 156 7:C00; (GCFCO) phase is also
observed to be individual grains with no obviousaigr boundary phase visible in this
magnification. Thus it would be worthwhile to intgsite this perovskite phase for its transport
behavior to identify its role in the composite éxygen permeation.
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Figure 1 XRD plots of the composites with varying gnel content from 40 wt% to 10 wt%
sintered at 1200°C for 10h
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Figure 2 SEM images of GDC-FCO composites with ratis 60:40 (top left), 70:30 (top
right), 80:20 (bottom left) and 90:10 (bottom righ).



Figure 3 STEM-HAADF and EDS element mapping of GDCFCO 90:10 ratio composite
sintered at 1200°C for 10h

Electrical Conductivity

Bars of all the composite ratios and their corresjirng individual phases were fabricated
and subjected total conductivity measurements hy fooint DC method. The electrical
conductivity results of GDC-FCO ratios are comparedtandard composition 60: 40 GDC-FCO
ratio, pure GDC, FCO and GCFCO ( composition semantgified from EDS elemental
mapping). Figure 4 shows the compiled results bthe varying ratio dual phase composites
and the individual phases constituing the compofite direct comparison. The electrical
conductivity of FCO being the higest as expectelibieed by decreasing spinel content

indicating that the electronic conductivity is lstibminant.
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Figure 4 Electrical conductivities of GDC-FCO compsites with varying spinel content
from 40 wt% to 10 wt% by four point DC method.

The conductivity decreases consistently with theedpcontent decreased upto 10 wt%.
Interestingly the 90:10 ratio sample still showghar electrical conductivity than pure GDC.
This signifies the presence of a percolating nekvadrelectronic conductor even with as low as



10 wt% of spinel content. The GCFCO phase shovadively high electrical conductivity than
pure GDC but lower than pure FCO signifying its +ionderance to the oxygen flux when
present in the dual phase composite and mighategorized as a MIEC phase contributing to
the oxygen transport. In our previous work, invgation of pure GdFefas indivivdual phase
indicated negligable electrical conductivity. Butist semi quantitative estimated perovksite
phase with traces of Ce and Co in the structurgheepossible promoters of the conducitivty
which in turn impacts the flux as wéft >’

Permeation measurements

The composites with the varying spinel content wegbjected to permeation
measurements between 700° to 1000°C temperatutesAwiand Argon as the feed and sweep
gas respectively. Catalytic porous layer coatingLBICF over all the composite ratios was
applied to eliminate surface exchange limitatiorigsclv was evident in the standard composite
reported in our previous work.
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Figure 5 Plot as a function of permeance for varyig spinel content in the GDC-FCO
composite and their corresponding calculated activigon energy between 800°-1000°C

The permeance of the samples are calculated naingalihe partial pressure gradient
which are plotted against the varying spinel confentemperatures 800°C, 850°C and 900°C.
Activation energy Efor each sample is also calculated from the measoxygen flux plotted in
the same graph as shown in Figure 5. The oxygemgance of the composites show steady
increase with decreasing spinel content eventwtbining the highest permeance value for 15
wt% spinel content composite. The permeance vatopsddown for 10 wt% spinel sample
indicating the lack of necessary percolating nekufor efficient oxygen transport. On the other
hand, activation energy maintains its constantcth wliecerasing spinel content upto 20 wt%
spinel ratio but begins to drop with further reddiepinel content. From 40 to 20 wt% of spinel
in the composite, the Bs constant at approx 66 kJ/mol indicating that ibnic conductivity of
GDC is the rate limiting step. Below 20 wt% spinel phase the activation energgrelases
indicating a change in the limiting transport preggrobably electronic conductivity.

Summarizing the permeance and activation energptsesit can be stated that electronic
conductivity becomes the limiting factor in the quusites possessing less than 20 wt % spinel



content. 85:15 ratio proves to be the highest omygansporting membranes among the
investigated compositions. Thus 15 wt% spinel aoniean be regarded as the appropriate
proportion at which the limiting process is chamgirbut still with significant percolating
network of electronic conductance that provideshésy oxygen flux. From the electrical
conductivity of GCFCO phase, it is evident thatréhare no hinderance to the oxygen transport
and might be categorized as a MIEC phase preséheinomposite. Nonetheless, the ambipolar
conductivity calculated from the permeation measiznet of GCFCO is negligable categorizing
it as a pure electronic conductor with no siginificeonic transport. Thus, it is clear that GDC-
FCO 85:15 ratio shows significant oxygen transpott 85 wt% GDC contributing to the ionic
transport, while GCFCO and FCO phases are resgdenfb electronic transport altogether
forming the efficient percolating network of the migrane.

Phase interaction study

In order to investigate the phase interactioncaatiin the composite with more depth, a
systematic study was performed. Polished GDC pelle¢re PLD coated with FCO and
subsequently subjected to different annealing teatpees for varying dwell times to investigate
the phase interaction and hence the formationeobtthorhombic perovskite phase.

Table Il Annealing temperatures and dwell times

FCO (PLD Coating @630C)

Temperature °C

;, FCO (PLD-coating@630°C) 1000 1050, 1100 1200
N 1 3 1 1
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Figure 6 STEM-HAADF image of a GDC substrate PLD cated with FCO layer as
deposited

XRD measurements were done in a mode with 2° imtidagle yielding less intensity
from the substrate and more intensity from the fiim. Directly after PLD-deposition , the
samples show patterns of GDC, as well as two spirehominallyCoCa0O, and FeCoO.
Taking into account the sintering temperature & tdomposites investigated above, samples
were first annealed at 1200°C for various timesnantioned in the Table Il. The X-ray
diffractograms clearly show that already after uhall of the spinel phase disappears and only
two main phases — GDC and Gd(Fe,Cgp@rovskite are present. In case of lower annealing
temperatures (Figure 7), the onset of Gd(Fe,G@&ovskite phase in XRD pattern seems to
occur at different dwell times such as a) at 1108ft€r 1 hour, b) 1050°C for 3h and c¢) 1000°C
for 15h. The three main phases — GDC, Calzespinel, and Gd(Fe,Co)}perovskite are
observed. In case of the EDS mapping in STEM asvshim Figure 8, the onset of phase
interaction can already be observed after 3h okalimg time at 1000°C. (Please note: Absent
perovskite signals in the XRD pattern of samplesirge annealed shorter than 45h can most
likely be explained by the low incident angle in BReading to lower sensitivity for signals
from phases at the film-substrate interface.)
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Figure 7 Diffraction pattern measured on thin film samples after annealing at
(@) 1100 °C (b) 1050 °C and (c) 1000 °C. The vetdiclines indicate literature pattern from
PDF database: GDC (green), FeG@®, (red), FeCoO, (pink), CoCo,04 (yellow),
Gd(Fe,Co)G; (light blue)

Figure 8(top) depicts the broader area of the samjth few grains of spinel and perovskite
phase non-homogenously distributed over the GDGtratle. This scarce distribution could
attribute to contraction of the spinel layer asatad with high reactivity of Fe cations with Gd in
comparison to the Co cations at the annealing testyoe. While Figure 8(bottom) looks into
one particular grain marked as Al at higher magaiibn and the EDS mapping confirms the
presence of Gd and Fe rich perovskite with traéeg @nd Co adjacent to &0, spinel phase.
Also due to non-uniformity of the coating thickne#ige intensity of interaction may vary from
sample to sample as observed by the STEM analysis.



Figure 8 EDS net count mapping of the 1000°C 3h(t9pand higher magnification EDS
mapping of Al(bottom) marked in image on the left.

Thus the Fe containing spinel seems to be mordivean terms of forming a perovskite phase
with Gd from the GDC, whereas the Co-rich spinetnse to be more stable. At elevated
temperature obviously the Fe is preferentially reetbfrom the spinel phase(s) leaving behind
the Co-richspinelphase.

Based on the XRD and STEM results it is evident the perovskite is formed at 1000°C
and above temperatures, while the distributiontages depends on the dwell time to a certain
extent. Hence for investigation by SIMS (Secondary Mass spectrometry) analysis samples
annealed at 1050°C for 6h and its as depositedtemart were chosen as shown in Figure 9.
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Figure 9 SIMS plot of as deposited (left) and 105@°6h annealed (right) samples.

The profiling of both the samples to a penetrati@pth of 70um was carried out to
observe the phase transition. The as depositedisatigarly separates the spinel phase by the
FeO and CoO high intensity profiles dominating docertain depth followed by CeO and GdO
profiles representing the flourite phase for theaming depth of the analysis. However the
annealed sample shows high intensity CoO profiteafoertain depth, whereas the FeO profile is
much lesser intensity proving its higher diffuspvin this material system. Moreover, GdO and
CeO profiles now are present upto the surface efsédmmple. The results supports the former
results leading to the conclusion that Fe is pedfigrextracted from the spinel phase forming a
new perovskite phase rich in Gd and Fe with tradgSe and Co. The remaining spinel phase in
consequence is rich in Co.

GDC-FCO cathode testing

Preliminary impedance results measured on symmaétgells (10 x 10 mm?2 85:15
composite of GDC-FCO on both sides of 8YSZ subsfrate shown in Figure 10. All spectra
consist of a rather uncommon high frequency featame a relatively unsymmetric low
frequency arc. The latter appears to contain &t e different contributions whereas the high
frequency part may be an artifact resulting from tlontacting of the sample and the relatively
poor in plane conductivity of the electrodes. A maletailed analysis of impedance data is,
however, not possible from the data available $oTaough, an estimation of the electrodes
polarization resistance is still possible from thempdance spectra. In measurements with
symmetrically extended metal electrodes the 8YSHssates showed about 0.4 — Q.50of
ohmic resistance at 800 °C. The measured totattegsie of the FCO-GDC electrodes at this
temperature is ca. 13 (see Figure 10), From these values an area speegistance (ASR) of
ca. 0.5 — 0.€xcm? can be estimated.
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Figure 10 Impedance spectra (Nyquist plot) of a sapte with symmetrical GDC-FCO dual
phase cathode measured at three different temperates.

This value is considerably higher compared to stéthe-art LSCF cathodes that exhibit
ASRs lower than 0.0cm? at 800 °C*? and ASRs of single cells of about @2m?2 .
Nevertheless, these results are promising bec#gse ts still a lot of potential improvement
possible via optimization of both material’s comitios as well as layer’s microstructure. Since
in-plane conductivity of the electrodes was ratheor, the low electronic conductivity may be
responsible for a large part of the measured alon resistance. Therefore, increasing FCO
content should improve the cathode performanceointrast to the use as oxygen transport
membrane. Further experiments with varying GDC-F&nposition for SOFC operation are
necessary in order to find its optimum as cathodaterral. Moreover, microstructure
optimization has to be done in order to maximize ¢htalytically active triple phase boundaries
(TPB) and, hence, minimize the observed surfachange limitation.

CONCLUSIONS

Dual phase composite GDC-FCO with varying spinehtent show corresponding
electrical conductvity in the order of spinel cart@resent in the composite. GDC-FCO 85:15
ratio content proves to be excellent oxygen trartsmembrane with highest oxygen flux. The
phase interaction between spinel and flourite phé&sdéorm the perovskite phase is investigated
in depth by PLD coating a thin film of FC&er GDC substrate and characterised using XRD,
STEM and TOF-SIMS. The FCO film after annealing1800°C for over 3h show phase
transition as Fe tends to be more reactive withd3wrm the perovskite phase leaving behind a
Co-rich spinel phase.

Due to its high mixed conductivity , the compositas tested for its suitability as a
potential cathode layer for SOFCs. EIS measuremaftssymmetrical cells (GDC-
FCO/8YSZ/GDC-FCO) confirmed catalytic activity redeg reduction of oxygen and
incorporation of the oxygen ions, resulting in aBRAof 0.6Qcm?. Increased performance as
SOFC cathode is expected by optimization of comjwsiand microstructure, since the initial
experiments were based on the composite optimizethé use as oxygen transport membrane.
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