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In this work we explore the effect of partial substitution of Ce for
Pr ions in BaCgxPrOs5 (0 < x <0.8) perovskites with the aim of
increasing the oxygen vacancies concentration ahdchdrge
carriers. The oxides were obtained by Pechini combustion method
and sintered at 1350°C. The Pr incorporation improves the
capability of to obtain dense samples at this temperature. Crystal
structure were studied by X-ray diffraction, while morphology by
SEM. The conductivity was studied by Electrical Impedance
Spectroscopy (EIS) under 20 %/8& and 10 % HAr, both with

2% humidity. We found that the Pr content diminished the lattice
parameters, increase the sintering capacity and the conductivity
under wet oxidant atmosphere, but it decreases the stability under
reducing atmosphere.

Introduction

Oxygen vacancies in BaCe@perovskite could be hydrated according to the following
reaction:

VE+H,0 +0§ — 20H"* (1)

In this compound, the proton conductivity is due to the hopping @b through O
sublattice. This mechanism of ionic conductivity is characterized by their low activation
energy (1) and the proton solubility which increases as T decreases (2). These features
would allow observing ionic conductivity at temperatures below 400 °C. Therefore,
these kinds of oxides are suitable for application such as sensors, H-permeable
membranes and electrolytes for Protonic Conductors Solid Oxide Fuel Cell (PC-SOFC)
(2-3). These applications are interesting because they improve the energy conversion
efficiency and allow the production of high purity.HHowever, the effort of materials
science is focused to develop new oxides with better properties, improving the ionic
conductivity, the long term stabilities, and decreasing the cost of processing materials.

Reaction (1) depends on vapor pressure@Hnd oxygen vacancies concentration
(vs) in the solid. Then, replacing Eefor lanthanides Lit ions should be the way to
increase the oxygen vacancies concentration in Ba§eO

2Ceée+ O(X)+ Ln203—> 2|_n'Ce+v'o‘ +2CeO2 (2)
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The effect of different substitution in these compounds has been widely studied. It
was found that the highest conductivities are achieved for Gd-doped compound (4). This
highest ionic conductivity has been attributed to the fact that the Gd-doped composition
presents the largest cell volume (5). Therefore, some strategies involving multiple doping
will be explored in order to improve the electrolytes performances and extend the
stability under CQ containing atmospheres. However, while in some cases the
lanthanides co-dopant enhances the conductivity (6), in other cases, the doping hampers
the proton conductivity. This is because proton conductivity is prevented when unit cell
volume decreases (7) or when local symmetry around doped sites increases (8).

Hence, in this work we explore the effect of partial substitution of Ce for Pr ions in
BaCq.PrOs5 (0 < x <0.8) with the aim of increasing the oxygen vacancies
concentration and Hcharge carriers.

Experimental

The dense electrolytes were obtained through Pechini modified method. The starting
materials, Ba(Ng)2, P01, and Ce(N@)3.6H,O, were dissolved using EDTA and citric
acid as quelating agents in a molar relation metal:EDTA:Citric acid of 1:1:1.5. Finally the
pH was adjusted to 10 using ammonium hydroxide. The polymerization was induced by
heating. The obtained polymers were heated until to produce self-combustion. The fine
powders were calcined and thermally treated at 900 °C for 12 h. Resulting powders were
uniaxially pressed at 50 kg/émnd sintered at 1350 °C for 12 hs.

Crystal structure of powders and phase purity were studied by X Ray Diffraction
(XRD) using a PANalytical Empyrean diffractometer. The crystalline structures were
refined fitting the structural parameters of BaCeO3 (9) by Rietveld method applied to
XRD data through Fullprof software (10).

Microstructures of dense samples were studied by Scanning Electronic Microscopy
(SEM) with a Philips 515 microscope. The elemental analysis was performed by energy
dispersive spectroscopy (EDS).

The thermodynamic stability of compounds was studied by Thermogravimetry (TG)
using a Cahn 1000 electrobalance (11) and analyzing the percentage of mass variation as
a function of temperature between 100 and 800 °C in 20.%r @nd 5 % H/Ar
atmospheres. During TG measurements, the equilibrium between sample and atmosphere
was achieved.

Electrical resistances of dense sample were determined by Electrochemical
Impedance Spectroscopy (EIS). Dense disc of samples were painted on both sides with Pt
ink. The EIS spectra were collected between 100 and 600 °C under wet,@po H
synthetic air (20 % @Ar) and 10 % H/Ar flow, using an Autolab PGSTAT30
potentiostat between 1 MHz and 0.1 Hz, with 50 mV of amplitude. The EIS spectra were
fitted using electrical equivalent circuit and the Zview software (12).
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Results and Discussion

Samples Characterization

Figure 1 shows, as an example, the XRD pattern of the BRGgOs; perovskite.
All samples present a single phase, corresponding to the orthorhombic spadengroup
N° 62 (9,13). Table 1 summarizes the cell parameters. As could be obaebvaddc
orthorhombic lattice parameters decrease as the Pr content increases. The starting
material, PgOy; presents two Pt for each PP. Therefore, it could be expected that,
while P#* ions substitute C&in B sites (ge+s’ = 0.87A), the P#° could partially replace
both, Bd? in A site (ga+s' = 1.61A) and C&* in B site. We expect that the replacement
of C€" by PP predominates over that of Baby PF* due to the stoichiometry of the
compound. In that case, the change of lattice parameter with Pr would indicate that two
effects compress the structure [13]: The reduction of the mean ionic radii in B site
because Pf (rpr.s”'= 0.85A) has a slightly smaller ionic radii than the*€eand the
creation of oxygen vacancies induced by the charge compensatioff ¢bR4" = 0.99
A) ions which could distort the lattice, but without causing a change of symmetry. In
order to prove these assumptions a detailed crystallographic study confirming the
substitution of B& by Pr substitution would be necessary.

Figure 2 shows SEM images of dense electrolytes sintered at 1350°C. BaCeO3-
composition presents sintered grain with high pores. As Pr content increases, the high
pores disappear and the density of the electrolytes improves.
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Figure 1. XRD profiles measured (Yobs), calculated (Ycalc) and difference (Yobs-Ycalc)
for BaCe gP1p.203 perovskite.

TABLE I. Cells parameters of orthorhombRmcn perovskites.

BaCePrOs;x  a(A) b (A) c(A)
0 8.7727 6.2337 6.2128
0.2 8.7649 6.2281 6.2082
0.4 8.7508 6.2200 6.1975
0.6 8.7499 6.2209 6.1965
0.8 8.7408 6.2152 6.1903
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Figure 2. SEM images of dense Ba(kr,055 pellets sintered at 1350°C.
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Figure 3. Percent mass variatiagn(/my %) as a function of temperature in dry synthetic
air and dry diluted hydrogen (5%H2/Ar) of a) BaGgO, b) BaCegPr Oz C)
BaCe ¢P15.4035 and d) BaCgPr 035 powders.
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Thermodynamic Stability

Figure 3 shows the mass variation in percent as a function of T for, B
(0< x < 0.8) compounds in air and 10%/Atr. No change of mass was detected in dry
synthetic air for all compositions. However, under diluted hydrogen, a progressive
decrease of mass can be observed above 400 °C as Pr content increases. This progressive
mass change is due to partial reduction of iRto Pr™> .

In order to evaluate if Pt reduction affects the crystal structure of Ba@0s; we
studied the powders by XRD before and after heat treated at 800 °C during 24 h in 10 %
H./Ar. Figure 4 shows how the reducing treatment affects the diffration peaks in the high
angle region (@ ~ 120-135°). From the whole diffraction patterns ceelld conclude
that BaCeQ@; and BaCggPrp 035 preserve the orthorhombic structuiBaCe ¢Prp 4035
andBaCe 4P1p.¢035 change the crystal symmetry and Ba@&, §03 broad its peaks due
to the sample amorphization. Therefore, we could conclude that the Pr content decrease
the stability of BaCgq POz compounds under reducing atmosphere above 400 °C.
This result is similar to those reported by Magrasé et al (15). The change of mass and
crystal structure also affects the mechanical integrity of dense pellets due to density
variation which induce cracks.
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Figure 4. XRD pattern between 120 and 135 ° of samples before and after of be heated at
800 °C in dry 10%H2/Ar for 24 h. a) BaCgf, b) BaCegPrp 035 C) BaCe ¢Pro.40z
and d) BaCg:P1.¢03.;.

Characterization of Electrical Conductivity in Wet Air

Figure 5 shows the Nyquist plots of the electrolytes in wet synthetic air at 200 °C. At
low temperatures, we could distinguish two high frequency arcs. These arcs were fitted
using an electrical equivalent circuit considering two series circuits, each of them with a
resistance in parallel with a phase constant element (Rcpe). These elements were
associated with the ionic conductivity through bulk and grain boundary electrolyte
contributions. The Pt-electrode response was discarded because it appears at lowest
frequency. The electrolyte contributions move thought highest frequencies and the
resistances decrease as the temperature increases. Therefore, the overal electrolyte
resistance is obtained from the interception of the impedance spectra with the real axis at
high frequencies.

2.0 .
E
g
1.5 0.04 / N foo’ .'*Q%
_ K 1 2
g z (chm& 0
h—x=
1.0- —m—x=02
% —0—x=04
~— 00880 Z_o(.uz )0.04 5 —O0—x=0.6
N Maem LO~U=0~0 =0—x=0.8
N 0.5- | Q/OfO@OOOOQ‘Q O\OO
0.0 — —
0.0 0.5 1.0 1.5 2.0
Z (MQcm)

Figure 5. Nyquist plots of EIS spectra for Bagler,Os.s electrolytes obtained at 200 °C
in wet synthetic air.
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Figure 6a shows the Arrhenius plot of total electrolyte conductigity: opt+ ogp,
where op is bulk conductivity andog, the grain boundary contribution. Pr doping
improves the total conductivity decreasing the electrolyte resistance between one and two
orders of magnitude and shifting the maximum frequencies of relaxation to higher values.
However, the increment of total conductivity is no linear with Pr content (See Figure 6b).
The conductivity takes similar values for Pr-rich Ba@¥®O3s compositions. One
possible explication to this behavior, is that at high Pr content, tAedrid partially fill
the Bd? A-site. In this case, the charge compensation 6fd&mands to fill the oxygen
vacancies, lowering the conductivity since the proton incorporation would decrease.
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Figure 6. a) Total electrolyte conductivity (= op+ ogy) Arrhenius plot for each
composition. b) Total electrolyte conductivity obtained in wet synthetic air as a
function of Pr content at 200°C.

Characterization of Electrical Conductivity in Wet 10% H

Considering the thermodynamic stability results discussed above, we studied the
electrolyte resistance in wet diluted,,Honly for BaCeQ@; and BaCe gPr O35
compositions. Figure 7 shows the Arrhenius plot of total electrolyte conductivity obtained
in wet synthetic air and wet 10%f#Ar for BaCeQ (a) and BaCgsPro 2035 (b).

BaCeQ; presents the same electrolyte response in both atmospheres, while
BaCe gP1p03;5 increases the electrolyte conductivity under reducing atmosphere. The
different behavior would arise from the fact that, while the oxygen non stoichiometry of
BaCeQ; remains practically constant with T regardless the atmosphere (see Figure 3a),
theBaCe gP1p 03 is partially reduced generating both oxygen vacancies and electronic
charge carriers. Similaresults were obtained for high Pr-doping Ba&@rGdy 202,
which was proposed as cathode materials due to their mixed H-ionic and electronic
conductivitieg[16]. However, with this information it is difficulto assign the increment
of conductivity to H-ionic conductivity, O-ionic conductivity or electronic conductivity.
Further studies on blocking electrodes will be necessary to understand the cause of this
improvement.

Downloaded on 2013-11-21 to IP 165.124.128.106 address. Redistriblliféh subject to ECS license or copyright; see ecsdl.org/site/terms_use


http://ecsdl.org/site/terms_use
http://ecsdl.org/site/terms_use

ECS Transactions, 58 (2) 173-181 (2013)

5 5
a) BaCeOH b) IBaCeo_epro.zoBﬁ
04 1.

IncT

IncT

10- - a

-151 I P— 1 \ -151 ®— wet synthetic air
—¢— wet synthetic air —O— wet dilute hydrogen

| —o—wet dilute hydrogen |
-20 v v v -20 T T T
1.0 1.5 2.0 2.5 3.0 1.0 1.5 2.0 2.5 3.0

1000/T (K'1) 1000/T (K™)

-104

Figure 7 Comparison of Arrhenius plot of total electrolyte conductivity as a function of T
obtained in wet synthetic air and wet 10%t for a) BaCeQ@; and b) BaCggPro 20s.

Conclusion

Studying the effect of BaCe@ partial substitution with Pr, we could observe that the
main effect on crystal structure was the decreasing of lattice parameter for orthorhombic
Pmcn phase. The Pr incorporation also improve the sintering capability of this
electrolytes. From point of view of thermodynamic stability, we could detect that all
composition were stables under oxidizing atmosphere, but the instability in reducing
atmosphere increases as the Pr content increases.

Besides, we found that the electrolyte resistances increase with Pr doping in both,
oxidizing and reducing atmosphere. However, remains unclear if the reason of this
behavior is the increasing on protonic, oxygen vacancies or electronic charge carriers.
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