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Abstract

We have prepared different compositions in the Gd,_,La,Zr,07 solid solution
by mechanically milling stoichiometric mixtures of the corresponding oxides.
Irrespective of their lanthanum content, as-prepared powder samples consist of
single-phase anion-deficient fluorite materials, although the long-range ordering
of cations and anion vacancies characteristic of pyrochlores was observed for
y > 0.4 after post-milling thermal treatments at 1200 °C. Ionic conductivity
was found to be thermally activated and almost independent of La content
for 0 < y < 1, since the pre-exponential factor decreases as structural
ordering increases; however, there is a concomitant decrease of the activation
energy Eg4. for oxide-ion diffusion, from E4. = 1.13 £ 0.02 eV for the
anion-deficient fluorite Gd,Zr,07 to Egc = 0.85 £ 0.03 eV for the partially
ordered pyrochlore-type Gd;,LapsZr,O7. Electrical conductivity relaxation
is well described by a Kohlrausch—Williams—Watts (KWW) function of the
form ® = exp(—(¢/t)' ™), where the fractional exponent n decreases as
the La content (ordering) increases. These results are explained in terms of
weaker ion—ion interactions in the better ordered structure and highlight the
importance of structural ordering/disordering in determining the dynamics of
mobile oxygen ions.

1. Introduction

Current technology in use in solid oxide fuel cells (SOFCs) is based on a combination of a
Sr-doped LaMnO; (LSM) cathode, the conventional 8YSZ solid electrolyte (yttria-stabilized
zirconia with 8 mol% Y,03) and a Ni-YSZ cermet anode. However, manufacturing this
system requires great care since solid-state reactions between components have been frequently
observed at the electrode/electrolyte interface; thus, undesirable insulating La;Zr,O; and

0953-8984/07/356212+11$30.00 © 2007 IOP Publishing Ltd  Printed in the UK 1


http://dx.doi.org/10.1088/0953-8984/19/35/356212
http://stacks.iop.org/JPhysCM/19/356212

J. Phys.: Condens. Matter 19 (2007) 356212 J A Diaz-Guillén et al

StZrO; zirconates are formed during co-sintering or long-term operation at temperatures as
low as 1000 °C. Different approaches have been suggested in the literature to overcome this
problem, such as using A-site deficient LSM perovskites [1] or replacing La by some other
smaller lanthanides [2]. Another possibility would consist of using the LSM cathode but
a different and compatible oxide-ion conductor as the electrolyte. Amongst the additional
ceramic oxides which have been examined as possible alternatives to the 8YSZ electrolyte for
SOFCs with a high operating temperature, pyrochlore oxides A;B,0(1)¢O(2), have attracted
a great deal of attention because of their chemical as well as structural flexibility, including
even non-stoichiometry (see [3] for a detailed description of the pyrochlore crystal structure).
Electroneutrality in pyrochlore oxides can be achieved by a combination of cation species A and
B, with different oxidation states; consequently their electrical properties vary from insulators
or semiconductors to compounds with high ionic, electronic or mixed conductivity, which
makes them suitable for the design of monolithic fuel cells [4]. Thus, while some pyrochlores
such as Gd,Zr, 07 are electronically insulating and fast high-temperature ionic conductors,
others such as Gd,Mo,0O; display a metallic conducting behavior at room temperature [3].
Interestingly, reported activation energies for oxygen migration are in general lower than
those with a corresponding fluorite-type defect. Thus, a maximum in ionic conductivity
and a minimum in the activation energy were found in the Gd,Zr;_,0,_,/, solid solution
for the stoichiometric pyrochlore phase P-Gd,Zr,O; when compared with the fluorite-type
defect regions located either side in the system [5]. It has been suggested that the existence
of preferential pathways for migration in the former and the associated decrease in the
strain energy term of the activation energy for oxide-ion conduction, might account for
these differences [6]. Furthermore, pyrochlore’s intrinsic concentration of anion vacancies
might be manipulated by using solid solution systems such as Gd,(Ti;_,Zr,)>O7 between
highly disordered (high Zr content) and highly ordered forms (high Ti content). Although
complete order, as in the ‘ideal’ pyrochlore, leads to very low conductivity values because of
oxygen vacancy ordering, optimal conductivity is obtained for partially ordered phases where
ionic interactions penalizing ion migration can be minimized. In this work we analyze the
effect of incorporation of lanthanum on the electrical properties of Gd,Zr,O7 and investigate
compatibility of these lanthanum substituted electrolytes with LSM perovskite cathodes in solid
oxide fuel cell technology.

Previous studies of pyrochlore-type oxide-ion conductors have mostly focused on
the A>(B1_,B),07 systems, with two tetravalent cations (B,B’ = Sn*', Ti*", Zr*")
simultaneously occupying the hexa-coordinated 16d site and a trivalent cation (A = Y3* and
Ln3*) on the octa-coordinated 16¢ site. Electrical properties in these systems are closely related
to the degree of structural disorder and a large increase in ionic conductivity is observed in
the Ax(Tij—,Zry)207 systems (A = Y>F, Gd**, Dy*") with increasing disorder, that is, with
increasing Zr content [7, 8]. The extent of the structural order/disorder in these solid solutions
is mostly governed by the size difference between cation species occupying the A and B sites,
that is, by the ionic radius ratio (Rx/Rp). When the disorder is complete this might render
a fluorite-type defect structure (A, B)4O7; thus, the pyrochlore stability field at atmospheric
pressure in zirconates and titanates is limited to the 1.46 < Ra/Rp < 1.78 range. These are the
ratio values calculated for Gd,Zr,O7 and Sm,Ti,O7, respectively, with anion-deficient fluorites
obtained for Ro/Rg < 1.46 [3]. However, defect fluorite showing significant stability at
elevated temperatures have also been prepared by mechanical milling in the Gd, (Ti;_,Zr,)>07
system, for compositions with R,/ Rp values well above 1.46 [9]. As for the solid solution in
our present study, Gd,_,La,Zr,O7, the Ry /Rp ratio value increases as the lanthanum content
increases, reaching a value of 1.61 for pure La,Zr,O;. Correspondingly, disorder enthalpies
estimated using energy minimization calculations are much higher in lanthanum zirconate than
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in its gadolinium analogue [10] and increasing La content should progressively drive the system
towards the ordered pyrochlore crystal structure. We investigate the existence of such structural
ordering as La content is increased and its possible effect on the dynamics of mobile oxygen
ions and consequently on ionic conductivity values.

2. Experimental details

Several compositions with the general formula Gd,_,La,Zr,0;(0 < y < 2) were
prepared by mechanochemical synthesis. This powder processing method has already been
successfully used by our group to prepare similar zirconate and titanate materials at room
temperature [11, 12]. Mixtures of high-purity (>99+%) A-La,03, C-Gd,O3 and monoclinic
ZrO, were weighed out as required by stoichiometry and placed in 125 ml zirconia containers
together with six 20 mm diameter zirconia balls (mass & 24 g) as to keep the ball to powder
mass ratio equal to 10:1. Mechanical milling was performed in air in a planetary ball mill by
using a rotating disc speed of 350 rpm. Phase evolution on milling was analyzed by using
x-ray powder diffraction in a Philips X pert diffractometer using Ni-filtered Cu Ko radiation
(A = 1.5418 A). Electrical properties were measured between 200 and 800°C on sintered
pellets (10 mm diameter and ~1 mm thickness) obtained by uniaxial pressing of the fine
powders prepared by mechanical milling. To increase their mechanical strength and obtain
dense samples, pellets were fired at 1200 °C for 6 h (heating and cooling rates 2°C min™").
AC impedance measurements were carried out in air by using a Solartron 1260 frequency
response analyzer over the 100 Hz to 1 MHz frequency range. Electrodes were made by
coating opposite faces of the pellets with conductive platinum paint and firing them at 800 °C
to eliminate organic components and harden the Pt residue.

3. Results and discussion

3.1. Structural characterization

Figure 1(a) shows a comparison between the XRD patterns obtained for selected compositions
after milling for 27 h as described above. The pyrochlore crystal structure might be considered
as a superstructure of an anion-deficient fluorite-like atomic arrangement with twice the
cell constant. Therefore, its x-ray diffraction pattern contains a set of strong reflections
characteristic of the underlying fluorite-type subcell plus an additional set of reflections (i.e.
the (111), (311) and (331) lines showing at ~15°, 29° and 37° (20), respectively), with
intensities depending on factors such as the degree of ordering, the differences in the average
scattering factors of the elements involved or the distribution of oxygen vacancies [13]. As
figure 1(a) shows, as-prepared powder samples show XRD patterns similar to those typical of
fluorites, irrespective of their La content, with no evidence of the reflections characterizing
the long-range atomic ordering of the pyrochlore crystal structure being present. As a far-from-
equilibrium processing method, mechanical milling allows the preparation of metastable phases
and defect structures existing at equilibrium only at high temperature and/or high pressure,
which are difficult to obtain or are even unattainable by any other synthetic route. Thus, powder
samples prepared by mechanical milling in the solid solution, even including La;Zr, 07, show
an average crystal structure similar to that of anion-deficient fluorites despite R5/Rp values
being well above 1.46.

The increasing shift towards low angle (20) as the La content increases indicates a larger
unit cell (Rgq(VIID) = 1.053 A versus Ry, (VII) = 1.16 A [14]) and confirms the existence of
a mechanically induced chemical reaction on milling. Figure 1(b) shows a comparison between
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Figure 1. (a) Comparison between the XRD patterns obtained for selected compositions in the title
solid solution, after milling for 27 h. As a reference, the reported XRD pattern of F-Gd,Zr, 07
is shown at the bottom whereas numbers in parenthesis are the Miller indices of each reflection.
(b) XRD patterns collected for the same powder samples after firing for 6 h at 1200 °C. Reflections
characterizing the pyrochlore crystal structure are evident for at least y > 0.4. As a reference, the
reported XRD pattern of P-Gd,Zr,O7 is shown at the bottom. Vertical dashed lines are only shown
to emphasize structural changes as the La content increases.

the XRD patterns collected for the same samples after firing for 6 h at 1200 °C. Superstructure
reflections characterizing the long-range atomic ordering of the pyrochlore crystal structure,
such as for example the (331) peak at ~37° (26), are now evident, at least for y > 0.4,
suggesting that a thermally driven ordering process has taken place. A similar behavior was
observed in samples prepared by mechanical milling in the Gd(Ti;_,Zr,),07 system, with
the temperature of the fluorite-to-pyrochlore phase transition decreasing as expected as the Ti
content increases, that is, as the Ra/Rp increases. Interestingly, as-prepared Gd,Zr,O; and
Gd, gsLag »Zr,O7 powders retain the fluorite-type structure even after firing at 1200 °C.
Therefore, processing powder mixtures of ZrO,, La,O3 and Gd, 03 in a planetary ball-mill
with a moderate rotating disc speed allows the room-temperature preparation of single-phase

4



J. Phys.: Condens. Matter 19 (2007) 356212 J A Diaz-Guillén et al

2
(@) 5 6000 Gd1_sLa°_4Zr 207
3] 800¢ XXXKRRAKKHK %,
700 500 %o,

B00KKK X XKKKKIRE>

500

log 6 (Scm-1)
&
%
log ¢’

Gd, La, 7,0,
8 T T 7 T T
2 3 4 5 6

log f (Hz) log f (Hz)

Figure 2. Frequency dependence of the real parts of (a) conductivity and (b) permittivity of
Gd; gLap4Zr,07, at selected temperatures.

Gd,_,La,Zr,07 powders. Irrespective of their La content, as-prepared metastable samples
show XRD patterns similar to those characteristic of anion-deficient fluorites, and for samples
with y > 0.4, post-milling thermal treatments facilitate the long-range ordering of the cation
and anion sublattices characteristic of pyrochlores.

3.2. Electrical properties

Figure 2(a) shows the frequency and temperature dependence of the real part of the electrical
conductivity, o’(w), for the as-prepared pyrochlore-type Gd; ¢Lag4Zr,O7 sample fired for 6 h
at 1200 °C, selected as representative of the series. Similar conductivity plots were obtained
for all samples analyzed in this work. As this figure shows, the frequency dependence of
conductivity at low temperature may be well described by the so-called Jonscher empirical
expression [15], o'(w) o ", with a fractional exponent n (0 < n < 1), consistent
with a power law-type dependence at high frequencies and an almost frequency-independent
conductivity plateau associated with the dc conductivity regime, oq., at low frequencies. The
existence of blocking effects at grain boundaries is also evident in this graph as a small decrease
in the conductivity values, at low enough frequencies, thus marking the end of the conductivity
plateau. At the highest temperatures (above 700 °C) blocking effects at the electrodes are also
visible at the lowest frequencies. Thus, o4 at a given temperature can be directly obtained
from ac conductivity measurements as the conductivity value in the plateau region of the
isothermal curves in figure 2(a). The presence of the above-mentioned dispersive region has
been linked to the existence of cooperative effects in the dynamics of hopping ions [16],
with the fractional exponent n determined by the strength of the ion—ion interactions in the
ionic hopping process; i.e. in the absence of interactions among mobile ions (completely
independent and random ion hopping), the exponent n would be 0. Figure 2(b) shows the
real part of the dielectric permittivity as a function of frequency for the same composition
and temperatures. Again, blocking effects at grain boundaries and electrodes are observed at
low frequencies with increasing temperature. The value of the high-frequency permittivity,
€00 = 22 % 4, is found to be almost independent of temperature and La content in the whole
series.

Electrical relaxation data may also be described in terms of the electric modulus, which is
the inverse of the dielectric permittivity, and thus is directly related to the conductivity through
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Figure 3. Frequency dependence of the imaginary part of the electric modulus for Gd; gLag 4Zr,O7,
at different temperatures. Solid lines are best fits to peak maxima according to a KWW relaxation
function.

the equation:
M*(w) = 1/e"(w) = jweo/o™ (w). (1)

The electric modulus can then be expressed by the Fourier transform of the time
derivative [17, 18]

o [
“r= €00 0 dr ¢

of the so-called Kohlrausch—Williams—Watts (KWW) relaxation function of the form [18, 19]
® (1) = exp(—(1/1)' "), 0<(l-n<1 3)

where € is the dielectric permittivity at high frequencies and 7 the characteristic relaxation
time of the ion-hopping process which is thermally activated with the same activation energy as
the dc conductivity. Correspondingly, the time dependence indicated in equation (3) is reflected
by the spectral shape of the imaginary part of the electric modulus as an asymmetric relaxation
peak at a characteristic frequency w, ~ 7~ !, which increases with increasing temperature. The
fractional exponent n defines the power law dependence of M” (w) above the peak frequency
as »"~!, and consequently the power law dependence of the real part of the conductivity
(0/(w) =~ ") at high frequencies. Thus, the value of n is a measure of the departure from
the pure exponential or Debye behavior expected for uncorrelated ion hopping. Figure 3
shows the frequency dependence of the imaginary part of the electric modulus at three selected
temperatures for the same Gd, gLag4Zr,O; powder sample. The figure also shows best fits
according to equations (2) and (3), in excellent agreement with experimental data, and from
which the values of the exponent n are obtained and observed to be temperature independent
for each sample.

As LaZr,O7 has been shown to be a mixed p-type and ionic conductor at high
temperature [20], we have limited our analysis of oxygen dynamics in the series to samples
with y < 1.2 where the electronic contribution is negligible and dc conductivity is purely
ionic. The value of the exponent n was found to decrease with increasing lanthanum content
from 0.52 + 0.01 for GdyZr,O7 to 0.46 & 0.01 for Gdggla; »,Zr,O7. This is consistent with
the previous finding that the exponent 7 is related to the degree of structural order/disorder
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Figure 5. dc conductivity versus La content for the Gd,_ yLa,Zr,O7 solid solution at three selected
temperatures.

in ionically conducting pyrochlore oxides [21]. In the present case, a more ordered structure
is induced by increasing lanthanum content as found in the structural characterization, and n
decreases accordingly.

Figure 4 presents Arrhenius plots showing the temperature dependence of the dc
conductivity for selected compositions sintered at 1200°C. All samples show a thermally
activated behavior of the form o4, - T = (0p) exp(—Eq./ ks T), where oy is the pre-exponential
factor which is related to the effective number of mobile oxygen ions and E4. denotes the
activation energy for the ion conduction process.

Activation energy values for dc conductivity, E4., obtained from the slope of these plots
were found to decrease significantly with increasing lanthanum content, from 1.13 £ 0.02 eV
for the highly disordered anion deficient fluorite Gd,Zr,O7(0p = 2.9 x 10°) t0 0.85 £ 0.03 eV
for partially ordered pyrochlore-type compositions with 0.8 < y < 1.2 (69 = 6.8 x 10%).
Simultaneously, the dc conductivity for the series (see figure 5) shows a maximum for y = 0.4
at low temperatures whereas it is almost independent of La content above 500 °C. As the XRD
patterns revealed (figure 1(b)), Gd; ¢Lag4Zr,O7 turns out to be the first composition in which
the pyrochlore superstructure reflections become evident. Therefore, the onset of long-range
ordering of cations and anion vacancies characteristic of pyrochlores is linked to a conductivity
maximum, in good agreement with previous observations in the Ln,O3-ZrO; system [5, 6].
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What do we know about oxygen migration in pyrochlores? Oxygen ions in ‘ideal’
or ‘ordered’ pyrochlores fully occupy two crystallographically different sites, 48f and 8a
according to Wyckoff notation, leaving another possible position, 8b, systematically empty.
Therefore, vacancies must be created by disordering the anion sublattice before migration can
take place with the three anion positions, 48f, 8a and 8b, ending up partially occupied in ‘defect’
or ‘disordered’ pyrochlores. By using computing simulation techniques, van Dijk et al [22]
predicted a defect structure for pyrochlores consisting of ‘split vacancies’, a 48f vacancy pair
in the (110) direction with an interstitial ion in between, a scenario slightly more stable than
a single 48f vacancy. A diffusion mechanism consisting of sequential jumps of oxygen atoms
along the 48f sites, either between (i) nearest neighbor sites (along (100)) and/or (ii) along (110)
involving the ‘split vacancy’ structure (next nearest neighbor), was proposed to be responsible
for the migration of vacancies. It has been also suggested that the ‘split vacancy’ configuration
enhances ionic conductivity by providing greater geometrical flexibility and longer effective
jump distances, becoming more stable with respect to the 48f single vacancy as disorder
increases, i.e. Ra/Rp ~ 1.46 [23]. However, according to atomistic simulations, oxygens
in 8a also play an important role in vacancy migration by providing low-energy mechanisms
for diffusion at low disorder [24]. Despite the oxygen ions in 48f being coordinated by two B4+
and two A3 cations, it has been suggested that activation energies for migration should be more
dependent on the B** cation radii than on the A3t size. Thus, according to [23], intermediate
to large B** cations should give the lowest Eq4., whereas intermediate size lanthanides (Sm to
Er) in the A3* position would render lower activation energies than the larger trivalent elements
(La to Nd). Taking all this into account, we will now discuss the observed relationship between
structural order and ionic conductivity in terms of cooperative effects among mobile oxygen
vacancies.

Different models have been proposed to analyze electrical relaxation data in ionic
conductors [16, 25, 26] which take into account the existence of cooperative effects among
mobile ions in the diffusion process. Interestingly, our results of a concomitant decrease of
the activation energy Eq4. for the dc conductivity (see figure 6) and of the value of n, with
decreasing disorder, can be rationalized in terms of the coupling model (CM) [16, 25, 27, 28].
The CM starts with the consideration of independent hops of ions to vacant adjacent sites
with exponential correlation function, ®(t) = exp(—f/1,), and relaxation time 75. Such
independent hops cannot occur for all ions at the same time because of ion—ion interactions
and correlations. The result of ion—ion interactions is the slowing down of the relaxation rate
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Figure 7. Activation energies E4c (squares) and E, (circles) as a function of the R /Rp ratio
for the Gd,—yLay,Zr,07 (GLZO, empty symbols) and Gd; (Tij—yZry)207 (GTZO, solid symbols)
solid solutions. Dashed and dotted lines represent the average E, values found for each series. All
samples were prepared by mechanical milling and sintered at 1200 °C.

at times longer than 7. of the order of 2 ps, changing the correlation function from a pure
exponential to a KWW function, ®(¢) = exp(—(¢/t)' "), wherein the value of the fractional
exponent n is a measure of the cooperative effects. A major result from the CM is that the
effective relaxation time t is related to 7y by

T = [1;"7,]/0. 4)

For ions vibrating in their cages and hopping to neighboring sites through barriers of energy E,,
the relaxation time for independent ion hopping is 7,(7T) = 7 exp(Ea/kT). The reciprocal of
Too 18 the attempt frequency of ions. It follows from equation (4) that the activation energy for
the dc conductivity or T will be larger than the energy barrier and is given by the relation

Ege = Ey/(1 —n). ®)

The increase in ion—ion interaction leads to a higher degree of cooperativity in the ion hopping
process which corresponds to a higher value of n and, consequently, to higher activation energy
for long-range ionic transport due to the energy penalty that ion—ion interactions impose on
the ionic diffusion process. In fact, the activation energy E, for the barrier that oxygen ions
must overcome to hop (independently) between neighboring vacant sites in the Gd,_,La,Zr,O
series (0 < y < 1.2), can thus be estimated according to equation (5) by using the experimental
values obtained for E4. and n. A value E, = 0.4940.04 eV is found, independent of La content
within experimental error (figure 6).

As deduced from the XRD data, a lower La content leads to a higher degree of structural
disorder, where enhanced ion—ion interactions are expected, and consequently also to higher
values of the exponent n according to the CM. The more disordered structure fosters ion—ion
correlations, and leads to an increase of the energy penalty that these correlations impose on
long-range or dc ionic conductivity. This explains the larger difference found between Eg4. and
E, (larger value of n), the lower the La content for the Gd,_,La,Zr,O; series (see figure 6).

Itis of interest to compare these results with those obtained by ourselves in powder samples
with different Ti/Zr ratio values in the better known Gd,(Ti;_,Zr,),0O7 solid solution, also
prepared by mechanical milling and fired at 1200 °C. As figure 7 shows, and for similar values
of the Rs/Rjp ionic radius ratio, La substitution for Gd renders lower activation energies Egc
and E, than that of Zr for Ti (average E, values are 0.49 £ 0.04 eV versus 0.57 & 0.03 eV,
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Figure 8. dc conductivity values measured at 500 °C for both solid solutions Gds_,Lay,Zr;O7
(GLZO, circles) and Gdy (Tij—yZry)207 (GTZO, squares) as a function of the Ra/Rp ratio.

respectively). Correspondingly, as one can see in figure 8, both solid solutions have similar
dc conductivity values at 500 °C (at least for La substitution for Gd up to 50%). These results
suggest that the A cations also play an important role in determining the energy penalty for
migration and therefore that the use of mixed lanthanide solid solutions might be an interesting
strategy to achieve lower activation energies for oxide-ion conductivity in pyrochlores. Finally,
it is worthwhile noting that atomistic simulations in the Gd,(Ti;_,Zr,),05 solid solution [24]
have predicted activation energies close to 0.6 eV for the diffusion mechanism through the
48f to 48f path, in good agreement with our estimations for E,, giving further support to our
findings.

4. Conclusions

We have shown that compositions in the Gd,_,La,Zr,O7 solid solution having different Gd/La
ratios can be easily prepared at room temperature by mechanically milling stoichiometric
mixtures of the corresponding elemental oxides. As-prepared powder samples show XRD
patterns similar to those characteristic of highly disordered anion-deficient fluorites, while post-
milling thermal treatments at 1200 °C give rise to a partial redistribution of cations and oxygen
vacancies and the appearance of the long-range atomic ordering characteristic of pyrochlores
for y > 0.4. Accordingly, activation energy for migration decreases as ordering increases (La
content) and dc conductivity in the series reaches a maximum for y = 0.4 at low temperatures
(<500°C) whereas at high temperatures it is almost independent of La content for y < 1.
From the analysis of electrical conductivity relaxation in terms of Ngai’s coupling model we
conclude that this behavior is due to the weakening of ion—ion interactions promoted by the
more ordered structure in samples with higher La content. Interestingly, the Gd,_,La,Zr,O
series show high oxide-ion conductivity values for y < 1, similar to those measured in the better
known Gd,(Ti;—,Zr,),07 solid solution, as a consequence of the lower activation energies for
ionic conduction.
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