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To overcome theageing issuesof the solid oxide fuel cells
(SOFCs), the proton ceramic fuel cells (PCFCalso called
intermediate temperature SOFQgere developedwhich operate

at intermediate temperatgre(400°-600°C).In this paper, we
present thesynthesis of Sdoped lanthanum zirconatgrpchlores

Lay 95S10.0£r2075 (LSZO) that can be udeas electrolyte materials.
Conductivity measurements of LSZO were performed in dry and
wet (5% HO) atmospher® using electrochemical impedance
spectroscopy As the sintering processdsave thepotential to
affectnot only the bulk conductivity but also the response of grain
boundariesfive samples prepared under various SPS conditions
were studied

Introduction

Solid Oxide Fuel Cells (SO have attraci® much attentionas potentialhigh
efficiency and low carbon emissiotechnology. Thie high operating temperatige
(800°C4000°C) can lead to thermamechanicaland chemical problems such as
densification of electrodesr formation of an insulating layext the electrode/electrolyte
interface by interdiffusior{1,2). To overcome thesdrawbacks, the Proton Ceramic Fuel
Cell (PCFC, also called intermediate temperature SQR&$Hhnology was developed.
This technology, wheréhe electrolytes an H" ion conductor in the form of ceramic
oxide material exhibitsthe intrinsic benefits of proton conduction in Polymer Exchange
Membrane Fuel Cells (PEMBLand thedvantages of the SOR€chnologes

Since the discovery of high temperature prataronductivity in cerate$3,4), many
other oxide ion conductors have been found to be potential candidatesefanadiate
temperatureSOFC (5-8). Many investigations about pyrochlemge proton conductors
wereperformed 9,10). These systems oftaaontain mixeevalence in cationéoften rare
earth) and anion vacancies as primary lattice defectsder to increase the quantity of
vacancy, the substitution of trivalent cations by divalent erasused.

Many factors impact on the ionic conductivity. Among them, the influence of different
synthesis methods on ionic conductivity has been investigate®irmoy et al. for
aliovalentdoped ceria(11). MarrercLépez et al.(12) also reported an effect of



microstructure on the transport properties of apagipe electrolyte. Other more specific
impacts could be attributed to the grain size and the-patgicle necksize (13) or the

pore structurg14). Moreover, high resistivity in the grain boundaries is observed for
many ionic conductors and is commonly attributed to blocking impurity phases at the
grain boundarie$15,16) Different sample preparation processes may cause all of these
factors leadingo an increase in resistivity.

The conventional route for the preparation of lanthanum zirconate pyro¢h&7z©)
via solidstate reactionsequiresmultiple milling and high temperature calcination steps.
Also, this method leads generally #éoheterogeneity of thénal product whereas wet
chemical route, which conssstof mixing precursors in a solution, could improve
compositional homogeneity and stoichiometry. In this work, we have synthesized nano
sized LagsSro£r075 using an oxalic cgrecipitation method As impedance
spectroscopy measurements regigh densificationpnly spark plasma sinteringPS)
is chosenOther sintering processes suchhasisostaticpressing induce a segregation of
strontium at the surface of the pel{@¥), and thereby decrease proton conductivitis.
present in this paper tloonductivity measurements differentLSZO SPS pelletén dry
and wet (5% BKO) atmospheressing electrochemical impedance spectroscopy.

Experimental

Powders ola; gsSy.0s£r207.5 (LSZO) wereprepared by wet chemical method based
on a ceprecipitation routeLa(NGO;)3.6H,0 (99.999%, Aldrich), Sr(N€).(99%, Aldrich)
ZrOCl,.8H,0 (99.5%, Aldrich) and deionized watsere first mixed at room temperature
in the following ratio 0.95 : 0.05 : 1 : 833 Aqueous ammonia (28%Aldrich) was
slowly added to the nitrate solution in orderatjust pH at approximately pH. Zhen
oxalic acid (Normapy Prolabo) wasised as chelating agemetal cations and oxalic
acid in al:4 ratio were mixed in a minimum of deionized water until a transparent
solution was obtainedGellike precipitates were instantaneously obtaingte solution
including theprecipitatewas thus dehydrated using a heating plate at low temperature
(T<100°C).The powders were then groundan agatemortar and calcined at different
temperature Different particle sizewere thus obtained.

X-rays diffraction analysis was perfoed to investigate the crystalline structure of
these ceramics, using a Bruker D8 Advance diffractonvatarCuKa radiation. Rietveld
refinements were carried out using the XND progfa®) to obtainthe structural data,
the crystallite size and the microstrain.

LSZO powderswere densified using SPS apparatus under different sintering
conditions: holding time, temperature and pressure. To maintain the same itprigoac
different grain sizes, starting powdewxere firstly calcined at different temperatures in
order to increas the particle size. Thus several pellets with either different relative
densities or grain sizes were obtained.

The proton conductivity behavior of those pellets was investigated by AC impedance
spectroscopy under dry and w@&% HO) atmospheresTwo symmetrical porousAg
electrodes were deposited by applyingjlaer paste onto both sides of the dense pellets.
Beforerecordingthe data, the electrode / electrolyte samples weatedat 400°C for 4h
in air. The data were measured in théHz —6 MHz frequency range (Materials mates



M2-7260 impedance analyzer) at intermediate temperatureSCGIIC.In order to verify
the dependence of total resistance aapacitance, a D®ias (W from 0 to 1V) was
applied. The Nyquist diagrams were modeled by edgmecircuits based on resistors
and constant phase elements (CPES).

Results and discussion

StructuralCharacterizatios

Figure 1 showshe XRD patterns of LSZO calcined at different temperaturAs.
single phase was observed. All the samples crystallized in the cubic struBrengous
work (17) shows thatthe 800°C calcined material crystallized in t@eype fluorite
structure, while the 1500°C solid crystallized in gygochlorestructure. he structures
of the intermediate temperature (9002@00°C) calcined powders werefined using
both Ctype fluorite and pyrochlore structures
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Figure 1 XRD patterns of the LSZO powders calcined at different temperatures.

Attempts to synthetize lanthanum zirconate,.|SxZr,O;s with higher strontium
concentrations were carried out without obtaining shpijlase materialsThe solid
solubility limit of strontium into the lanthanum zirconate pyrochlore structusexaa.05.
Beyond this contentesondary phases such as@gand/ or SrZ10; were observedin
enhancement of the ionic conductivisyobserved when the amount of dopant increases
Results presented hereafter were obtained with x=0.05.

The ionic radius of L¥ for coordination 8 is 1.16 A while thétte SP*is higher for
the same coordination (1.26 A). The radius off Zhowing octahedral environment is
0.72 A (19). The replacement of B4 cations by St cations increasethe lattice
parameter, hence shifting the peak position toward smaller angidRD patterns We
have applied Vegard's rule teerify the composition of the solid solution in LSZO
pyrochlore structure from its latticearameterg20). Assuminga linear variation in
lattice parameter with relative ionic radius, the lattice parameters of LSaénsy were
fit into a straight line(Figure 2).The sibstitution of L&" ions by St at 1500°C is
confirmed by the lattice parametelj.
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Figure 2.Plot illustrating the composition of pyrochmaterials using Vegard’s rule

(squareexperimental lattice parameter 0§Z,0; andcircle: our work).

DensificationProcesses

It is well known that electrochemical properta® influenced by thmorphologyand
the particlesizeof the sample. As describ&uour previous work on sintering conditions
(17), dense materialsan be obtainednly by SPSmethod.A series ofLSZO samples
were sinteredunderdifferent temperatueto study the influence of thparticle size on
electrical propertiesTable | lists the conditions used for the densification of LSZO
pellets.For the low temperature sinteriij200°C) two attempts weravestigatedFor
the 1200P one, as soon as the temperatasreached the pressumecreasedrom 50
MPa to 100MPa {n 2 minutes). For the other or(@200T),a pressure of 100 MPaas
appliedaround 400°Gnd maintained wtel the temperatureasprogressively increased
until 1200°C. After the sameholding time, the pressure and the temperature were
releasedBut this temperature was not enough to haviell densifcation of the LSZO
materials In order to havefull compacity pellets with different grain sizg several
starting powders were uséfdom 800°C to 1500°C)The samerocess wasmployedor
those sintering. The temperature was progressively increased (1003t&)m#round
600°C, a 100 MParessure waspplied untila complete densification of the material.
The pressure and the temperature were maintained during 9 minutes, and then.release
As shown inFigure 3 thetempeature of the full densification was strongly depenaemt
the initial particle sizeThe largeris the particle size, the higher temperature of the full
densification is observed.

TABLE I. SPSconditions.

Sample

identification with Starting powder In|t[al Time at Compacity Partlcle
S particle 100MPa size
the sintering (temperature) size (nm) (min.) (%) (nm)
temperature (°C) )
LSZ0O-1200P LSZO 800°C 55 36 73 81
LSZ0-1200T LSZO 800°C 55 30 80 83
LSZ0-1500 LSZO 800°C 55 9 96 105
LSZ0-1600 LSZ01300°C 100 10 96 150

LSZO-1700 LSZO 1500°C 108 11 96 165




Temperature (°C)
600 800 1000 1200 1400 1600 1800
3_0 1 1 1 1 1

| ——105nm/1500°C
| —— 150 nm 7 1600°C eooe
| —— 165 nm71700°C ™ 8

m
= = NN
[=] 4] L] (&)}

o
o
Derlvative x 100 (mm.°C™)

Linear shrinkage (mm)

e
=
1 L

0

- et
6 7 8 9 10 11 12 13 14 15 16 17 18
Time (min.)

Figure 3. Linear shrinkage cungeversudime / temperature for LSZO pelleat 100MPa
andtheir derivative curves (grelyjnes).

After annealingat 800°C to remove the graphite foils, a pyrochlore phase without
other parasitic phases was obtaife@dall the pelletsThe particle sizes of these pellets
were estimated from the width of the XRD lind$e software XND 18) enabled to
determine both the crystallite size and the strain using the\Midlilemson formula:

p cosf = I% + 4¢ tanf [1]

wherep is the full peak width at half maximum, K is a constant taken%shat depensl
upon the particle shape and the Miiedexes (hkl),6 is the Bragg angle) is the
wavelength of the radiation, D is the average particle sizeg @the mean strailhe
crystallite sizeof the LSZO nanoparticles obtained frofaquation lare repord in
Table I. Surprisingly the strain decreased whitee crystallite size increased with the
sintering temperaturébviously, he fine size of the powder helpsducethe sintering
temperature required teach thdull density.

ElectrochemicaCharacterizatios

Incorporation of Protons. Since the discovery of high temperature protonic
conductivity in cerates 4,22) many investigations about perovskiyge proton
conductors have been performe2B{25. These proton conductive perovskitiype
oxides exhibit protonic conduction under hydrogen containing atmosphere at elevated
temperatures. Generally, oxide ion vacandigsdre responsible for proton conduction at
high temperatures under® containing atmospher€o successfully incorporate protons
in a materialpxygen vacancies are needed. Here strontium has been chosen as dopant for
lanthanum zirconate pyrochlote create oxygen vacancieShe samples can then be
exposedto water vapor at elevated temperatures. The water gas is taken up into the
structure duea the dissociation of the water molecule into a hydroxyl group and a proton.
The hydroxyl group fills an empty oxygen site and the proton forms a covalent bond with




oxygen atom in the structure. This can be described by the Kvfiglernotation as
follows:

H,0 (g) + OX + V; 2 2 OH,, [2]

Electrical Properties Electrochemical impedance spectroscopy (EIS) was used to
evaluate the electrical conductivity of LSZO electrolyte in the B00°C temperature
range indry andwet (5% HO) atmospher® Figure 4ashowsthe typical ACimpedance
for the wet atmosphere, the same tendemag observed for the dgtmosphereAs
expected, it wasbservedhat the total conductivity imwet atmospheravashigher than
that underdry atmosphere. Aarge crystallite size enhandeionic conductionn both
atmosphere conditiongor all of the pellets, except the electrode polarization (at low
frequency), the ik and grain boundargontributionscould not be clearly distinguished
andthis factwas confirmed by the impedance Bode pl@®)(The experimental points
were fitted by a least squanecedure using an equivalent circuit composed of a serie of
(R ||CPE)in order todetermine electrical parameters of the LSZO ceranfiis. a pure
resigance and CPE is a nstant-lRase ElementThe complex impedance of these
contributions is given by Equation [3]

1

Zr =R Zere = 350w

[3]

where Yy is the module of the CPE apdh parameter taking accouwftthe depression of

the semi circleFor all pellets, wo (R || CPE) wereequired for the simulation of the
Nyquist plots except forLSZO-1700wherethree components (R || CPig)serieswere
necessaryAs seenon Figure 4ba CPE behavior was clearly identified at high frequency
The CPE exponenp was determined from the measured impedance spectra by the
complex nonlineafteast squarefitting method.Valueswerein the range 0:4.0 for all
pellets undedry and wetatmospheresp = 1.0 represenhg a perfect capacitof27).
However vhenp is close to 1.0, the CPg&eems to ba capacitor, but the phase angle is
not 90° In this case of theSZ0O-1700sample the semicircle was effectivelyepressed

by an angle of5°. One physical explanation for the CPE behavior couldthee
inhomogeneity and geometrical non-uniformity, which cause a frequency dispersion (28).
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Figure 4 Nyquist plots of impedance spectra for LSp€@lletsunder wet atmospheia
600°C(a) for all pelletgb) Simulation of the AC impedance spectrum of LSZO sintered
at 1700°C withan equivalent circuit composedtbfeeseries of (R || CPE



The total electrical conductivity olensepellets was presented figure 5in an
Arrhenius plot An increase in the electrical conductivity in wet atmosphere (below
600°C) was mainlybecause of proton conductiq29,30. Indeed the main charge
carrierswere protons in wet 5%tmospheravhile the ptype conduction is dominaffr
dry atmosphereThe activation energies for proton transport were determined tliem
Arrhenius plots for pellets in dry and wet atmosphlened were reported in Table II.
Except for theLSZ0O-1500 pellet the activation energies werslightly higherin dry
atmosphere than in wet atmosphéter. the full densified pellets, the ionic conductest
at 600°Cvaried from2.45<10° S.cni*to 7.96X0° S.cm®andfrom 3.30xD™> S.cm'to
1.19x10" S.cmi*under dry and wet atmosphsyeespectively.

In order to explain the origin of grain boundary contributioh®Z0O-1700 simple, its
impedance behaviavas compared with the LSZOPOOP undeapplied DC biasThe
grain boundary resistance i'5Z0-1700 was decreaseuth increasinghe applied DC
bias from 0V to 1V, while the impedance behaviot 87O0-1200P remainednchanged.
The dependencef grain boundary resistance and capacitance on DC bias is a powerful
proof of the existence of space charge depletion at goawvndary (31)When U
increasd, the relative depletion of the mobile charge carriers (oxygen vacancies)
decrease, leading to a decreased grain boundary resistance.
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Figure 5 Total electrical conductivity alense pellets dry and weatmospheres

TABLE Il. Activation energescalculated from the Arrhenius pldtr pellets in different atmosphere

Name with the sintering temperature (°C) Ea (eV) / dry Ea (eV) / wet
LSZO-1200P 0.75(1) 0.70(1)
LSZ0O-1200T 0.73(2) 0.70(2)
LSZ0-1500 1.08(1) 0.85(2)
LSZ0-1600 1.10(2) 1.05(2)
LSZ0-1700 1.03(2) 1.03(1)
Conclusion

In summary, we have synthetized-ddped lanthanum zirconate pyrochlores
Lay 955105212075 (LSZO) usinga wet chemical routeA full densification was obtained
only using a single stepspark plasma sintering. Several sintering conditions were
employed to obtainpellets with different particle size and relative densiti€ge



electrochemical impedance measurementoroed under dry and wet atmosphere
showed an enhancement of ionic conductivity under wet atmosphere.
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