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Cooperative oxygen ion dynamics in GgTi,_,Zr, Oy
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We report on dispersive conductivity measurements in the oxygen ion condugtdri£&grr, )O;. Increas-
ing Zr content leads to higher concentration of oxygen vacancies and results in higher activation energies for
long-range ion transport, whilst the microscopic energy barrier for single ion hopping remains constant. We
find evidence that, besides oxygen binding energy, enhanced cooperativity in oxygen ion dynamics determines
the activation energy for long-range diffusion.
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Oxygen ion conductors of fluorite structure, such as yttriasmaller than that observed in experimental conductivity
stabilized zirconigYSZ), are used commercially as electro- data!®'?These facts make the series £i}_,Zr,O; an ideal
lytes in solid oxide fuel celld? Temperatures for applica- system to investigate the possible existence of cooperative
tions of oxide conductofs' are typically higher than 500 °C effects in the oxygen hopping dynamics and its influence in
due to low conductivity values at lower temperatures. A ma-determining the activation energy of long-range ionic trans-
jor challenge is to increase oxygen conductivity to allowport. Impedance spectroscopy is the appropriate technique to
room temperature applications. Long-range migration Ofyrobe ion hopping dynamitsand will allow us to investi-
oxygen ions takes place by thermally activated hopping t‘E\ate this issue. Although electrical conductivity measure-
adjacent oxygen vacancies, which yields a dc conduqtlylty Oents of GelTi,,Zr,0; have been reported in the past, pre-
the form o= (0w./ T)exp(~Eqc/KT). Increasing conductivity, yjous works are only concerned with dc conductivity, and no
thus, would require increasing the prefacter and/or de-  gnavsis of the dispersion of the ac conductivity data has
creasing the activation enerd,.. However, increasing the 0.0 made to gain information on the oxygen dynamics. We
.“Ug‘ber of cha_rgEe carrlders to |tncr”eas;glleads to an duntqe.f' report here on impedance spectroscopy measurements of
Ire mlcrease_m_ dc and eventually 1o lower conductivity Gd,Ti,_Zr,0; at relatively low temperatures, where fre-
values, _th_us limiting the strategies to obt.al_n h'gh. oxygen quencyydeypendence of the ac conductivity can be observed.
conductivity at lower temperatures. The origin of this behav- G,(Ti,,Zr,)0; samples with different Zr content

ior has remained not well understobd.Here we show that o : .
the increase of the activation ener&y. is determined by <y=2, were prepared from the corresponding oxides. Cy-

cooperative effects in oxygen dynamics. lindrical pellets 0.7 mm thick were prepared for electrical
Among Odee_lon ConductorS, those of pyrochlore Struc_measurements, and Slntered at 1500 °C. S”Ver e|ECtrOdeS

ture AQBZO7 have been Shown to be promising Candidates tdW|th diameter 7 mmWere painted at both faces. Impedance
substitute materials currently used in fuel Ccétis. spectroscopy measurements were performed by using a LCR
Gd,Ti,-,Zr,0; pyrochlores are particularly interesting since meter HP 4284A, in the frequency range 100 Hz-1 MHz,
the concentration of mobile oxygen vacancies can be inand varying temperature between 200 °C and 600 °C. All
creased by substitution of Zr for Ti, and oxygen ion conduc-measurements were made under gds flow to ensure an
tivity shows the highest value found among materials withinert atmosphere. Measurements were also done under air
pyrochlore structure. Foy= 1.8 the conductivity is compa- flow and no difference was observed.

rable to that of YSZ(102 S/cm at 700 °G5 It has been Figure Xa) shows the frequency dependence of the real
recently suggested from molecular dynarfftand static lat-  part of the conductivity at several temperatures for a repre-
tice energy minimization simulatiotsthat oxygen diffusion  sentative composition Gdiiy ,Zr;, §O;. At low temperature, a

in Gd,Ti,_,Zr,O; occurs by hopping from 48to 48f sites.  power law dependence is observed at high frequencies while
This result has been later confirmed by XPS measurementsconductivity is frequency independent at low frequencies.
The oxygen occupancy of 4&ites is 1(or very close to 1 =~ The decrease observed in conductivity values at low frequen-
for Zr contents below=0.6, but decreases progressively ascies for the highest temperatures is due to blocking effects at
Zr content is further increaséd These vacancies in 48ites  grain boundaries. For the samples under study we distinguish
are responsible for oxygen hopping and diffusion, and exbulk conductivity, grain boundary, and electrode blocking ef-
plain the increase of more than two orders of magnitude irfects by measuring complex impedance at different tempera-
dc conductivity at 600 °C observed when increasing Zr contures. In Fig. 1 temperatures have been chosen to show bulk
tent from GdTi, ,Zr (O, to Gd,Zr,0,.5 On the other hand, conductivity (the only pertinent to our analy3isThe fre-

the energy barrier for oxygen hopping fromf4® 48f sites  quency dependence of bulk conductivity is well described by
has been previously calculated and shown to be muckhe so-called Jonscher empirical expres¥ion
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FIG. 2. Dependence of the exponentobtained from fits of
electrical relaxation data to Eq®) and(3) in the text, as a function
of Zr content in GdTi,_,Zr,O;. The inset shows the imaginary part
of the electric modulus for samples with=2 (¢), 1.3 (O), 0.9
(A), and 0.5(0J). Note that experimental data in the inset have been
horizontally and vertically shifted for clarity.
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FIG. 1. Electrical relaxation measurements of,Gig »Zr; gO7.
(a) Frequency dependence of the real part of the conductivity, at
several temperaturd$00 (M), 500 (CJ), 400 (A), 339 (A), 300 independent of temperature and of Zr content in the whole
(), 247 (©), 200 °C (@)]. (b) Frequency dependence of the Series.
imaginary part of the electric modulus at the same temperatures Different models have been proposed to analyze electrical

shown in(a). relaxation data in ionic conductot$® where fractional ex-
ponentsm and n appearing in Eqs(1)—(3) characterize ion
o () = ogd 1+ ] wloy)™, 0=m<1, (1) hopping dynamics and are often related to the existence of

cooperative effects among mobile ions. The coupling
which is the sum of the dc conductivity,, and a power law  model®-2°(CM) starts with the consideration of the indepen-
term with fractional exponenm. The characteristic fre- dent hops of ions to vacant adjacent sites with exponential
quency w, marks the onset of the power law dependencecorrelation functiond®(t)=exp-t/7,), and relaxation time
[0’ (w) x©™], and it is thermally activated with the same ac- 7,. Such independent hops cannot occur for all ions at the
tivation energyEg, of dc conductivity. The frequency disper- same time because of ion-ion interactions and correlations.
sion of the ac conductivity is related to the hopping dynam-The result of ion-ion interactions is the slowing down of the
ics of mobile ions. dc conductivity can be obtained fromrelaxation rate at times longer thanof the order of 2 ps,
plateau values at each temperature in Fig.1 . changing the correlation function from exjt/7,) to the

Alternatively, in terms of the electric modulu$/ (w)  Kohlrausch function in Eq(3), wherein the fractiom is a

=1/ (v)=jweol o (w), the ion hopping ac conductivity can measure of the cooperative effects. A major result from the
be expressed by the Fourier transform of the timeCM is that the effective relaxation timeis related tor, by

derivative315 B /
r= [t 7. @

« e A
M (w) = —[1 —f (— a)e_""tdt} 2 For ions vibrating in their cages and hopping to neighbor-
0 ing sites through barriers of enerdy, the relaxation time
of a Kohlrausck1®stretched exponential relaxation function for independent ion hopping is,(T)=7.. exp(Ea/KT). The
of the form reciprocal ofr, is the attempt frequency of ions. It follows
B 1o from Eq. (4) that the activation energy for the dc conductiv-
dH)=exp- ¥/, 0<(1-n=1. 3) ity or 7 will be larger than the energy barrier and given by
In Eq. (2) «.. is the permittivity at high frequencies. The the relation

characteristic relaxation time is approximately the inverse E,.=E/(1-n) 5)
of wp in Eq. (1), 7= ot and it is therefore thermally acti- de™ —a '
vated with the activation energy of the dc conductivity. Fig- Increase of ion-ion interaction leads to higher degree of
ure 1(b) presents the frequency dependence of the imaginargooperativity in the ion hopping process, which corresponds
part of the electric modulus for the same composition ando a higher value oh and consequently a higher activation
temperatures. An asymmetric peak is observed at each teranergy for long-range ionic transport.
perature at a characteristic frequengy~ -1 and good fits The inset of Fig. 2 presents the imaginary part of the
are obtained to Eq$2) and(3) from which the values of the electric modulus for samples with different Zr contents and
exponeni1-n) are obtained and observed to be temperaturghows how the peak broadens when Zr content is increased,
independent for each sample. The value of the high freeorresponding to higher values in the Kohlrausch function
guency permittivity,e.,=35+6, is found also to be almost fit [Eq.(3)] to electric modulus spectra. The main part of Fig.
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FIG. 4. Activation energiegy. ((J) andE;=(1-n) Ey4. (@) as a
function of Zr content in Gglli,_,Zr,O;. Solid line represents the
average valu€&,=0.60 eV obtained for the energy barrier for oxy-

gen hopping.

static lattice energy minimization simulatidfi$0.58 e\j for

: : ; : the energy barrier oxygen ions must overcome to hop from
increasing Zr content aboye=0.5 results in creating vacant 48f to 48f sites. Moreover, while the dc conductivity activa-

48f sites which are responsible for oxygen hopping motion. t'&on energy increases systematically with Zr content, the en-

Recent XPS results have shown that increasing Zr Conterérgy barrier remains constant within experimental error, in-

involves higher disorder in both the cationic and anionicdicating that the difference between the obsergdand E
sublatticed. Higher charge carriefoxygen vacancies at 48 is due to the increasing slowing down of the oxyger? ion

site9 concentration enhances mutual interactions and th@qnning dynamics with decreasing temperature by the many-
more disordered structure fosters correlations. The trend ghps cooperative dynamics. Naturally the degree of cooper-
increase of the coupling parametemwith ion concentration ativity in the dynamics of the oxygen ion is enhanced by
(Fig. 2) is in accord with the precept of the CM that the jncreasing ion concentration, and explains the larger differ-
coupling parameten increases with ion-ion interactions en- ence betweef,. andE,. We would like to point out that the
gendered by higher density of ions. observed correlation betwedf —n) and Ey4. might be af-
Figure 3 shows the temperature dependence of the dc COfiscted in ionic glasses by other factors like the Coulomb
ductivity in an Arrhenius plot for different compositions. DC jnteraction among mobile ions and their charge compensa-
conductivity is thermally activated with activation energiestion centergl-23
Eqc in the range 0.7-1 eV. At this point the question remains 1o conclude, we have obtained evidence for the impor-
W_hy the_dc conductivity activation en_er@gc, as observedin  gnce of cooperative effects in oxygen hopping dynamics in
Fig. 3, increases systematlcz_ill_y Wlth _Zr content z_ib(yve the oxygen ion conductor G€i,,Zr,)O;. Increasing the
=0.5. This is shown more explicitly in Fig. 4. Interestingly, & concentration of mobile oxygen vacancies results in en-
result in the coupling modéf2° Eq. (5), predicts that an  pancement of cooperativity and consequently in higher acti-
increase in the coupling parameter obtained from fits 10\ ati0n energies for long-range ion transport. Therefore, be-
electrical relaxation data by Eq&2) and(3), leads to a cor-  gjges the concentration of vacancies and the energy barrier
responding increase &.. According to the coupling model, o single ion hopping, cooperative oxygen ion dynamics are
E, is the activation energy for independent ion hopping Orshown to be a key factor in determining ionic conductivity

the microscopic energy barrier for oxygen ions to hop into,g)yes. This result might illuminate the search of novel con-
neighboring vacant sites. Since bathand Eyc have been  ctors with optimized properties.

obtained from experiment, we can calculate now the energy

E,=(1-n)Ey, and get an estimate of the energy barrier for ~ Authors from CINVESTAV-IPN thank CONACYT for fi-
oxygen ions to jump from 48to 48f sites in the structures. A nancial support. Authors from Universidad Complutense ac-
value of E;=0.60+£0.03 eV is obtained. Interestingly, this knowledge financial support from MCYT. K.J.M. thanks
value is in excellent agreement with recent calculations fromCINVESTAV-IPN for financial support during her stay at
molecular dynamics simulatioh® (0.57-0.64 ey and from  Universidad Complutense.

FIG. 3. Arrhenius plot of dc conductivity in the series
Gd,Ti,-,Zr,0O; for different Zr content§y=0.5 (), 0.7 (#), 0.9
(©), 1.3(A), 1.8(A), and 2(W)].

2 shows the systematic and significant increase s Zr
content is increased frop=0.5 to 2.0. It is known that
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