N

N

Synthesis of Half Fuel Cell Ni-YSZ / YSZ on Porous
Metallic Support by Dry Surface Deposition Processes
Jérémie Fondard, Pierre Bertrand, Alain Billard, Stefan Skrabs, Thomas

Franco, Ghislaine Bertrand, Pascal Briois

» To cite this version:

Jérémie Fondard, Pierre Bertrand, Alain Billard, Stefan Skrabs, Thomas Franco, et al.. Synthesis of
Half Fuel Cell Ni-YSZ / YSZ on Porous Metallic Support by Dry Surface Deposition Processes. ECS
Transactions, 2013, 57 (1), pp.673-682. 10.1149/05701.0673ecst . hal-02537355

HAL Id: hal-02537355
https://hal.science/hal-02537355
Submitted on 8 Apr 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-02537355
https://hal.archives-ouvertes.fr

OATAO

Open Archive Toulouse Archive Ouverte

Open Archive Toulouse Archive Ouverte (OATAOQO)

OATAO is an open access repository that collects the work of Toulouse
researchers and makes it freely available over the web where possible

This is an author’s version published in: http://oatao.univ-toulouse.fr/24444

Official URL: https://doi.org/10.1149/05701.0673ecst

To cite this version:
Fondard, Jérémie and Bertrand, Pierre and Billard, Alain and Skrabs, Stefan and
Franco, Thomas and Bertrand, Ghislaine® and Briois, Pascal Synthesis of Half
Fuel Cell Ni-YSZ / YSZ on Porous Metallic Support by Dry Surface Deposition
Processes. (2013) ECS Transactions, 57 (1). 673-682. ISSN 1938-5862

Any correspondence concerning this service should be sent
to the repository administrator: tech-oatao@listes-diff.inp-toulouse.fr



https://doi.org/10.1149/05701.0673ecst
mailto:tech-oatao@listes-diff.inp-toulouse.fr
http://www.idref.fr/122284445

10.1149/05701.0673ecst

Synthesis Of Half Fuel Cell Ni-YSZ / YSZ On Porous Metallic Support By Dry
Surface Deposition Processes
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A new cell designwith metallic poroussupportwas selectedin
order to face with the reduction of IT-SOFC’s operation
temperature. Nevertheleghe excessivaoughnessof the porous
metallic interconnectinduce additional problems when a thin
electrolyte layer is required. In this work, an anode material (NiO-
TSZ) by AtmosphericPlasmaSprayingwas depositedon metallic
supports (ITM) produced by PLANSEE able to cover the
roughness of the support. Then, a second thin and dense electrolyte
layer (YSZ) by reactive magnetron sputtering was produced on the
anode material. In this study, for both processingroutes, the
optimal process parameters regarding the structural, morphological
and electrical characterizations were investigated.

Introduction

The industrialization of solid oxide fuel cells passesthrough a releasingof several
technologicalobstacles, thenain onesarethe reductionof manufacturingcostsandthe
increasing of life times. The considered solution to perform this challenge consists in the
reductionof SOFCsoperatingtemperaturdrom 1273to 973 K without deteriorationof

their performancesand with their improvementf possible. Thislectrochemicatevice

being strongly dependent on the temperature, the lowering of operating temperature leads
to adropin performances. Athe level of the core of the cell, two different ways could

permit to fulfill these costs reductions and performargass wishes. The elaboration of

the anode/electrolyte/cathodeuilding with thin layers (1) and/or the utilization of
innovative materials (2-3) are viable solutions.Moreover, theswitch betweenanode
supportedcells andthe porousmetallic supporttechnology(last generatiorcells) allows
significant gainsin term of coststhanksto a mechanicalkupportbroughtby the metal

piece and not by the functional materialsceramics(4). Theuseof this poroussupport
presentssome drawbacks. Thermomechanicalnd chemical compatibility problems
between metallic and ceramic materials need to be solved, in particular by avoiding a too
strong oxidation of the support which could causethe closing of its porosity (5).
Therefore, itis necessaryo useelaborationtechniquesof ceramicswith no requirement

of heattreatmentat too high temperaturesBecauseof theseconstraints, industrially
applicabledry depositiontechniquesare a crediblesolutionfor the manufacturingof the



heart of the cell. The thermal spray under atmospheric conditions technique (APS) allows
the realization of porous layers with very high deposition rate. This technique is perfectly
adaptedfor the anodedepositionon the poroussubstrate(6). The reactive magnetron
sputtering technique allows the deposition of thin layers being able to be used as
electrolyte layer in fuel cells (7).

Forthis study, anlTM type porousmetallic supportmanufacturecdoy PLANSEE SE
was employed for the half-cell assembling.This material presentsvery interesting
thermal cycling resistanceand durability properties keeping high electrochemical
properties. Firstlya NiO-TSZ anodecoatingis madeby APS. Inaddition, inorderto
realize the requirementsf IT-SOFC’s anodes, theéatter needto be able to cover the
porous support porosity in order to deposit a gastight electrolyte in the form of thin layer
(nearly 10 um). Then, anYSZ electrolyte layer is depositedby reactive magnetron
sputteringwith a closed loop control system(8). The structural, microstructuraand
morphological features were determined by XRD, SEM and 3D profilometry. Finally, the
electrical propertiesof the films were obtainedby four points probe measurementand
Electrochemical Impedance Spectroscopy (EIS) in function of temperature.

Experiments

Plasma Sprayed Process

The plasma was generated in air at atmospheric pressure (APS) by a F4 plasma torch
with a 6 mm internal nozzle diameter. A mixture of argon and hydrogen was used to form
the plasma. Theowderwasinjectedby the meansof carriergas.It wasintroducedinto
the plasmavia a 1.8 mm injector positionedat 6 mm from the exit of the outlet of the
torch with a 90° angle. Samplewere positionedon a fixed supportat a distanceof 90
mm from the plasmatorch. Thetorch was controlledby a robot programmedo sweep
samples surface with a step of 5 mm at a speed of 150 mm/s. Deposits were made of 10
passes in order to have a desired thickness.

Reactive Magnetron Sputtering Process

The experimentaldevice was a 100-litre Alcatel SCM 650 sputtering chamber
pumped down via a system combining XDS35i Dry Pump and a 5401CP turbo-molecular
pump. Thesputteringchamberwas equippedwith three 200 mm diametermagnetron
targetsandwith a 620 mm diameterrotating substrateholder parallelto the targetsat a
distance of about 110 mm. The distance between the targets axis and that of the substrate
holderwas 170 mm. A Zr-Y metallictarget(84-16%at) was poweredby a pinnacle+
pulsedcurrentgeneratofrom AdvancedEnergy.Substratesvere positionnedn front of
the targetat 170 mm from the axis of the rotative substratenolderin orderto deposit
homogenous coatings in terms of thickness and composition. Tests were conducted in an
argonand oxygenatmosphere. Thédow rateswere controlledwith Brooks flowmeters
and the pressurevas measuredisinga MKS Baratrongauge. Thalepositionstagewas
monitoredusing a closedloop control PEM (PlasmaEmissionMonitoring) systemby
meansof the optical emissionspectroscopyYOES) (8). Thetechniquewas basedon the
measuremenof the optical intensity of the Zr emissionline (I1,) in a volume nearthe



target. The signal was sentvia an optical fiber to a RopperScientific SpectraPrdb00i
spectrometerwith a 1200groovemm 2 gratinganda photomultipliertube (Hamamatsu

R 636). Subsequently, the information was transferred to a computer in which a program
developed under Labview® controls the oxygen flow rate for keeping optical
intensily I7,. constant.

Characterization Devices

The morphologyof the coatings/powdersvas characterizedby ScanningElectron
Microscopy (SEM) using a JEOL JSM 7800 F equippedwith Energy Dispersive
SpectroscopyYEDS) for chemicalmeasurementsl he structuralfeaturesof the supports
and coatingswere performedin Bragg BrentanoconfigurationX-ray diffraction usinga
BRUKER D8 focus diffractometer(CoKal+a2 radiations)equippedwith the LynxEye
linear detector. XRD patternswere collectedat room temperatureduring 10 min in the
[20°-80°] scattering angle range by steps of 0.019°. Samples roughnesses were measured
by an Altisurf profilometer by the meansof an optical sensorwithout contact. This
measurds conductedat a distanceof 17.5 mm with 10 measuredine by line. Surface
condition of sampless built by a 1 mm2 measuremerafter the signalfiltration andthe
ondulation component removal. The size of powders is determined by a Mastersizer 2000
lasergranulometer by dryay. The optical transmittance measuremevese performed
with a UV-visible-NIR Shimadzu UV-3600 Spectrophotometer control by UV probe 2.33
software. All measurements were carried out on glass slide to 380 — 780 nm wavelengths.

The electricalresistivity measurementaere performedwith HP 3458A multimeter
on the Ni-YSZ film depositedon porousmetal supportsubstrates. Theour-point-probe
techniquewith four Pt aligned electrodeswas employed.Two outer probesare the
current-carryingelectrodeql1, 12) andthe two inner oneswere usedfor measuringhe
voltage (E1, E2). Resistivitymeasurementare madeat room temperaturdy the means
of a Jandeldevice certified for allowing the determinationof the form factor of the
temperaturemeasurectcell. Electrochemicameasurementsiere doneon Ni-YSZ/YSZ
half-cellsunder60 sccmnitrogenby the meansof a SolartronS| 1260impedancd gain
analyser from 20 MHz to 0.1 Hz with 11 points per decade.

Results

Characterization of the Porous Metallic Support

ITM porous metallic supportswith a 1 mm thicknesspresent40% porosity. The
diameter of these porosities is ranging from 20 tu®0 The parameter characteristic of
the distance(Ra) in the averageroughnesgrofile line is near9 um while the distance
betweenthe deepestvalleys and the highestpeaksis around75 um (figure 1). These
values confirmed the strong roughness of the sample.

Elaboration of the Anode Layer by APS

Thermal spraying elaboration conditions are shown in Table I. The anode layer must
provide good mechanical strength and fill the large pores in the substrate that are between



20 and 60 microns. The pore size of the substrate extending over a wide range, two sizes
of dry-agglomerated but not consolidated powders were used for the synthesis of coatings
(figure 2). Therefore, aNiO-TZP powder (58-42 % wt) was chosenwith a tetragonal
zirconia thanks to its better mechanical properties than cubic zirconia (figure 3). Figure 1
shows that the realization of the APS anode layer reduces the roughness of the substrate.
In addition, an increasingthe hydrogenflow rate (for the samepowder size) allows a

better melting of the powderin the plasmaleadingto obtain a lower Ra (smoother
surface).

TABLE I. Thermal Spray Deposition Conditions

Parameters Condition 1 Condition 2 Condition 3
Feedstock NIO-TSZ powder (58-42 % wt)
Voltage (V) 61.4 61.4 60.2
Current (A) 500 500 500
Primary gaz (Ar) (L/min) 35 35 45
Auxilary gaz (H) (L/min) 8 8 7
Powder size g (um) 85 35 35
ITM support e Condition 1 1 Condition 3 1

Ra=9.3 um, Rz = 73.5um -s0 11 Ra=3.2um,Rz=22.6um -7

Condition 2 Condition 2 after reduction

+YSZ

7

- 9
Ra=3.2um,Rz=23.3um Ra=4.2um, Rz=24.8um No measurements 8

Figure 1. Surface condition and roughness of samples by profilometry measurements.
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Figure 2. NiO-TSZ powder granulometry.



The compositionanalysesdeterminedby EDS (shownin Tablell) did not allow to
find a significantinfluencesregardingthe preparationconditions.The Ni contentin the
film decreases as compared with that of starting powder. This behavior is imputed to the
high proportionof hydrogenin the plasmawhich leadsto a reductionof NiO to Ni and
causesits volatilization (9). This phenomenonis confirmed by the analysisof the
structureof coatingsby XRD where NiO and Ni phaseswere clearly detected. NiO
reducedrateis higherin the samplesdepositedwith a higherproportionof hydrogenin
the plasma(figure 3). The structureanalysisof the coatingsallowed to identifiy the
presence of an additional phase constituting the shoulder peak TSZ (figure 3). Analysis of
JCPDSdatasdid not allow to attribute all the phasesaccurately. Thidact, couldbe
ascribed to a TSZ phase with a different lattice parameter as an incorporation of Ni in its
structure is believed to take place.

TABLE Il. Composition of Different Samples

Atomic % Ni Zr Y (0] % vol Ni
powder 30.66 12.47 0.54 56.32 55.9
Condition 1 21.62+£0.38 18.11 £ 0.36 1.16 £ 0.02 59.11 £ 0.10 35.8
Condition 1 27.93+£0.37 21.19 +0.04 1.35+0.02 49.53 £ 0.37 25.4

reduced
Condition 2 21.00+0.35 18.64 £ 0.28 1.20 £ 0.04 59.16 + 0.04 35.5
Condition 2 28.01 £ 0.45 21.23+0.16 1.34 £0.02 49.42 +0.33 25.4
reduced
Condition 3 20.20 £ 0.57 16.25+0.20 0.97 +£0.01 62.58 + 0.36 38.1
Condition 3 31.27 £ 0.59 19.54 £ 0.27 1.16 £0.10 48.04 £ 0.22 29.3
reduced
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Figure 3. XRD measurements of NiO-TSZ powder, as-deposited, reduced samples and
half cell.



SEM observationson the BSE mode of the coating depositedby condition 2
morphology before and after reduction in an Ar (90 sccny (46 sccm) mixture at 773
K for 3his presentedn figure 4. Analysesof thesemicrographsconfirmedthe presence
of NiO and YSZphasesn additionto few quantitiesof metallic Ni in the form of thin
strips. It should be noted that the porosity of the coatingsis about 12% for the as-
depositedfilm and 15% for the reducedsample. Infact, theNiO initially presentn the
powderis believedto be stronglyreducedin the anode. Theorositywas calculatedby
averagingover 20 photosby imageanalysisfrom the ImageJsoftware. XRD analysisf
the reduced samplexhibited only the presence of metallic Ni highlighting the reduction
of the anode(figure 3). In addition, thistreatmentdid not significantly deterioratethe
roughness of the anode (figure 2).

Figure 4. Mlcrostruurofnode oatings deposited in the operalng onition 2 as-
deposited (a) and after reduction under 90 Ar / 1@nkkture at 773 K for 3h (b).

Figure 5 presents the electronic conductivity of the sample prepared in the operating
condition 2 and then reduced, measured by the four points probe method from 293 to
1173 K. The conductivity of the sample at the IT-SOFC operating temperatures is about

10 S/cm at 973 K, this value is relatively low for the employment as an anode in IT-
SOFC (minimum 100 S/cm) due to the low rate of NRb vol %).
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Figure 5. Conductivity of reduced anode deposited in the operating condition 2.



Elaboration of the Electrolyte Laver by Reactive Magnetron Sputtering

These coatings were made from a metallic Z1/Y target (84/16 at %). Table III
sunnnarizes the preparation conditions of the electrolyte. The objective is to obtain a
dense and high temperature resistant coating in the view of the cathode elaboration.
Samples were deposited on glass slides and on commercial NiO-YSZ anodes produced
by Jiilich. Sputtering a metal target in an argon-oxygen plasma generally leads to a
sputtering instability regime pheuomenon with a low deposition rate to obtain ceramic
film. To limit this behavior, control of oxygen levels in the room via closed loop control
was employed in order to control the optimum deposition rates (10).

TABLE III. Magnetron Sputtering Deposition Conditions

Draw distance Current applied Ar flow rate Setpoint (%) Deposition rate
(mm) on target (A) (sccm) (nm/h)
110 2.5 25 15-35 0.4-0.9

The analysis of the optical transmission of coatings (figure 6) allowed defining if the
film 1s transparent or absorbing. An absorbent coating (setpoint 35% in figure 6) presents
few oxygen while a non-absorbent coating 1s oxygen saturated (setpoint 15% in Figure 6).
Samples were then annealed at 973 K for 2 h 1n order to saturate the coating in oxygen
and also to allow 1t having an increase of volume which improves the densification (11).
Figure 6 shows the surface morphology of the samples after annealing at 1523 K for 2 h.
The coating made with a setpoint of 20% presented large cracks while the one deposited
at 35% did not exhibited the same morphology. The annealing at 1523 K causing severe
constraints in coatings.

100
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17013

ransmittance (%)
\

20

10
35%

n . : ) ; : T
380 430 480 530 580 630 680 730 780
Wavelength (nm)

Figure 6. Optical transmission and SEM to surface micrographs of samples dep051 ed
with different setpoints.

N1-YSZ/YSZ Half-cell Analyses

Samples (ITM/Ni-YSZ/YSZ) were oxidized at 923 K for 2 h and then reduced in the
same conditions. They were analyzed by means of X-ray diffraction (figure 3) exhibiting
the only characteristic peaks of the electrolyte face centered cubic structure zirconia. This



behavior is ascribed to the electrolyte thickness which was abpunt. The response of
the anode and the porous support are not clearly visible (figure 3). The structure of a half

cell sample was analyzed by XRD after mechanical polishing with 10 microns steps from
the surface of the coating to the interface with the metal support (figure 7).

Ni, YSZ and un-oxidized ITM were only observed (figure 7), reflecting the
effectiveness of the reduction treatment of the stack. Figure 8 showed the surface (figure
8a) and half-cell rupture (Figure 8b and c) observation. Irspite of the disturbedsurface
condition, electrolytecoatingwas coveringthe entire surface(Figure 8a). Thedifferent
layers were adherent (Figure 8b, c), anode and electrolyte layers thicknesses were 95 and
11 um, respectively. The electrolyte coating presented a columnar morphology caused by
the surfaceof the anodeafter annealingand reduction(Figure 8c). This behaviorhad
been already described on commercial anodes (7).

¥ CrFe, 03-065-4664 4 Ni 00-004-0850
- + Unidentified peak * 927r0, - 8 Y,0; (cub.) 00-030-1468
® ZrgoYos010s (tet.) 00-048-0224
»
; i
@ ha A + Surface
[ ]
ey +
E‘ A A __j:\.g & 10 um
3 _/N g )\ PS8
£ JK s A 20 um
= )
= & ¢
E g )0\. A 30 um
2 ! Q A o0
£ k e 40 pm
R D 2
. __k o4 ¢
Y N * M 60 um
J Q o Y 9
* I P N 70 um
‘K Lo \ ° 9
/ S . AL . 80um

50 55 60 65

2

30 35

20(7)
Figure 7. XRD measurements of half-cell sample after mechanical polishing with 10 um
steps from the surface to the interface with the metal support.
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Figure 8 showed the Nyquist diagram (Fig. 9a) and the Arrhenius plot (Figure 9b) of
the half-cell with an anode produced by condition 1 or 2. Measurements were performed
from 773to 1173K unde60 sccmof nitrogenin orderto preventthe anodeand porous
oxidation support. The response of the half-cell was imputed to three R-CPE elements in
series. The first element corresponded to electrolyte response at high frequency (10 MHz).
The othertwo were assignedo anoderesponseat mediumfrequency(1l kHz) andlow
frequency (10 Hz).

T(°C)
12 - 550
8000 - 9(:0 850 SCI)O 7_?0 7?0 e_fl,o ec::o :
-7000 - a) 1
~6000 - 10 1
-5000 27
[©) 4 c
= -4000 g &
N Electrolyte | «
-3000 - 6 . = = 71
7 4 a" 2
| 3 l. 6
-2000 4 7 Yy I ...- b)
| .. L
1000 { a" e node 5
0 2000 4000 6000 8000 08 08 09 09 1 105 11 115 12 125 13
rgle)] 1000/T (k)

Figure 9. Nyquist (a) and Arrhenius plots (b) of Electrochemical Impedance
Spectroscopy (EIS) at 923K for electrolyte layer deposited on anodes deposited in the
operating conditions 1 and 2.

Polarization resistances of the anodes are very important. The emploted values are
comparable to those made in the literature on a half-cell NiO-GDC/GDC (12). Analysis
by X-ray diffraction of samples after the test effectively indicates anode and porous metal
support oxidation. A test was performed under the same conditions on the metal support
alone with a sweeping of the sample under nitrogen for 2 hours before measurements.
The resistance of this sample was reduced, which means that if was oxidized during the
test. Regarding these results, it is necessary to perform electrochemical tests of the half
cells after sweeping 2 h under, b order to ensure the absence of oxygen in the
deposition chamber, or to work in a reducing environment. However, electrolyte
resistance measurements (figure 9b) allowed to define the activation energy which was
about 1.2 eV, being slightly higher than the literature (7, 13).

Conclusion

The different layers were deposited on the surface of the ITM porous metal supports
provided by Plansee by the means of dry deposition techniques. The anode layer was
deposited on the porous support by plasma spraying in atmospheric conditions. This
technique allowed covering the surface porosity and limiting the half-cell roughness.
Structure of the powder was modified during the deposition. On one hand nickel was
reduced during the deposition of the powder in the plasma which created coatings with
few porosity even after reduction. On the other hand, the elaboration condition 2 is the
one that provided the best results since the initial roughness was reduced in a half order.
The electrical conductivity of the samples was evaluated by four points probe
measurements. In the IT-SOFC operating temperature, the conductivity was below the



required minimum because of the few proportion of nickel in the coating. The electrolyte
was deposited by reactive magnetron sputtering. This technique allows depositing a layer
that accommodateshe surfacedefectsof the anode. Thiscoatingis also resistantto
annealingperformedat very high temperatures-alf-cells were successfullybuilt by the

means of two different dry deposition techniques with very good adhesion and interesting
microstructures.They were then testedby electrochemicaimpedancemeasurements
undernitrogenflow. Resistancaneasurementsf the anodewere abnormallyhigh, and

are certainly due to the presenceof NiO phasein the anodeduring the test. After
impedancemeasurementsanode layer and porous support were partially oxidized.
Measurementsn the electrolytewere usedto determinethe activationenergyof 1.2 eV

which is higher than the value of 1.0 eV foundin the literature. Asa future activity,
electrochemicameasurements a reducingenvironmentare envisagedwvith the aim of

getting rid of the oxidation of the anode.Finally, it would be interestingto refine
structural analysis of cells by means of Raman spectroscopy.

Acknowledgments
This study was granted by the Pays de Montbéliard Agglomeration Authors

acknowledgePlansedyy their contributionof the porousmetal supportemployedin this
study.

References

=

E. Ivers-Tifée, A. Weber, D. Herbstriftpurnal of the European Ceramic Socjety

21, 1805 (2001).

J.B. Goodenough, Y-H. Huang, Journal of Power Soyrcé3 1 (2007).

J. Molenda, K. Swierczek, W. Zajalgurnal of Power Source473 657 (2007).

M.C; Tucker, Journal of Power Sour¢cd®5 4570 (2010).

M. Brandner, M. Bram, J. Froitzheim, H.P. Buchkremer, D. Stdvelid State

lonics, 179 1501 (2008).

R. V@en, D. Hatiramani, J. Mertens, V.A.C. Haanappel, Vke, Surface and

Coatings Technology, 20299 (2007).

7. P. Briois, A. Billard, Surface and Coatings Technol@p4, 1328 (2006).

8. F. Perry, A. Billard, C. Frantz, Surface Coatings Technology 88251997).

9. M. Poon, O. Kesler, Journal of Power Sourc&H)] 204 (2012).

10. P. Briois, L. Yu, M. Arab Pour Yazdi, S. Georges, A. BilldPdoceedings of
SOFC XIII conferencé013).

11. P. Briois, C. Mazataud, S. Fourcade, F. Mauvy, J-C. Grenier, A. Billandnal
of the Electrochemical Societ§5 1275 (2011)

12. M.G. Chourashiya, L.D. Jadhawnternational Journal of Hydrogen Energ$6,
14984 (2011).

13. H. Wang, W. Ji, L. Zhang, Y. Gong, B. Xie, Y. Jiang, Y. S@ujid State lonics,

192 413 (2011).

abrwn

o





