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Abstract

Materials of the system Pr,05;-ZrO,, namely the Pr,Zr,0;-based pyrochlores, have received considerable attention in the
last decade, being a very interesting structure for defect chemistry because of its high solubility for various dopants, anti-
site behaviour between A and B, and the multitude of possible combinations of A and B that are compatible in this type of
structure. The compositions (Pr,_,Zr )Zr,0,,,, (x = 0.15), Pr,Zr,0, and Pr,(Zr,_Pr,)O,_,, (x = 0.1), were prepared in
previous works through the coprecipitation method and were characterised by impedance spectroscopy as a function of the
oxygen partial pressure. In the present work, a defect chemistry model is proposed, and, based on the previously obtained
experimental conductivity data, the relevant thermodynamic parameters were obtained by fitting, using a non-linear opti-
misation numerical method. The mobility of oxygen vacancies and interstitials oxygen were accurately determined, as well
as the equilibrium constant of the formation of anti-Frenkel defects. It was observed that deviations from the stoichiometry
promote an increase in ionic conductivity, respectively, 1.3x10™%, 1.4x1073 and 1.7x10°2 S/cm, for the stoichiometric, excess
of Pr and excess of Zr composition. The higher value obtained for the composition with an excess of Zr*", suggests a higher
interstitial oxygen mobility when compared with the oxygen vacancy mobility. It is also demonstrated that the novel applied
methodology of fitting conductivity experimental data with an optimisation numerical method is suitable for determining
the thermodynamically relevant parameters of defect chemistry models, allowing the prediction of material properties.
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Introduction

It is known that for practical use in SOFCs, electrolyte oxy-
gen ion conductivity should be at least 8.4 x 10~> S/cm at
700 °C [1]. High oxygen ion conductivity, up to 7.4 x 107>
S/cm at 700 °C, is offered by several solid electrolytes, such
as 8YSZ, GDC (Ce ¢Gd, ;O ¢5), and scandium-doped ZrO,
(ScSZ) [2-7].

The Ln,O; - MO, (Ln=La — Gd; M=Ti, Zr, Hf) systems
are of special interest because they contain not only fluorite
solid solutions but also pyrochlore solid solutions, which also
have high oxygen ion conductivity [8—13]. As a rule, there
is a relationship between the properties of compounds and
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solid solutions in these systems and a pronounced tendency
toward the formation of cation and anion defects as a result of
order—disorder (pyrochlore-fluorite) transitions [14].

This work is focused on Pr,Zr,0,-based pyrochlores,
which have received considerable attention in the last
decade. The magnetic properties of praseodymium zir-
conate and its solid solutions have been actively studied
[15-17]. It has been found that Pr,Zr,0,-based pyrochlo-
res (e.g. Pr,  Ca, Zr ¢sIng 507,5 (x=0.02)) can be used as
part of solid-state sensors for NO, contained in industrial
emissions that pollute the atmosphere [18, 19]. It is pro-
posed to develop safe, environmentally friendly pigments
(Pr,Zr, [Fe, O, 4 (x=0, 0.05, 0.10, 0.15, 0.20, 0.25)) based
on Pr,Zr,0, [20]. High-activity catalysts have been dis-
covered for the CO oxidation reaction (PryZr,_,Fe O,
(x=0.10)). This catalyst provides 100% CO conversion
[21]. In all cases, the strategy of acceptor doping either
into one sublattice or co-doping into both cationic sublat-
tices proved effective. For direct solid oxide fuel cells using
ammonia, a cathode based on defective Pr,Zr,0,, rich in
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oxygen vacancies, has been proposed [22]. The XRD and
TEC results of the pyrochlore PZO indicate that there is
good chemical and physical compatibility between the PZO
and the YSZ electrolyte at T<1200 °C. The SOFC using
the PZO-60YSZ composite cathode exhibits higher output
power than that using the commercial LSM-60YSZ com-
posite cathode [22]. The anode-supported PZO-based SOFC
yields a peak power density of 1.22 W cm~2 at 800 °C and
0.28 W cm™2 at 600 °C using H, as fuel [22].

In previous works [12, 13], the authors studied the tem-
perature-dependent transport properties of pyrochlore- and
fluorite-like PrZrO solid solutions in air and as a function
of oxygen partial pressure. The change of the ratio Pr/Zr
on Pr,Zr,0; is expected to promote the formation of point
defect to compensate for the excess of negative or positive
charge induced by the deviation from the ideal stoichiom-
etry of this pyrochlore, with consequent changes in transport
properties of this material. Particular attention has been paid
to pyrochlore-like ((Pr,_,Zr,)Zr,0,,, (x=0.15), Pr,Zr,0,
and Pr,(Zr,_,Pr,)O;_,,» (x=0.1)) compositions. These
works compared the conductivity of the prospective mate-
rial with an interstitial oxide ion conductor to that of a mate-
rial with possible oxygen vacancy conductivity. Also, was
investigated the effect of the Pr’*/Pr** ratio on the oxygen
ion transport process. Following these previous studies, the
present work aims to evaluate the relevant thermodynamic
parameters of this system, to allow simulations of defect
concentration of each defect as a function of the temperature
and oxygen partial pressure. In this way, it is possible to
understand the role of each dopant on the transport proper-
ties of this material, which have not yet been investigated.

Experimental part

The experimental methods that were employed were consistent
with what was presented in earlier publications [12, 13]. Using
coprecipitation followed by heat treatment at 1550 °C for 4 h,
we prepared pyrochlore-like PrZrO solid solutions containing
30, 33.3 and 35.5 mol % Pr,05, which corresponds to the fol-
lowing compositions: (Pr,_ Zr,)Zr,0;,,, (x=0.15), Pr,Zr,0,,
Pr,(Zr,_,Pr,)O;_,» (x=0.1). For simplicity, these compositions
will be referred to, respectively, by Zr015, Stoich and PrOl.
All compositions were obtained by reverse co-precipitation
(pH 11.6-11.2). The initial substances used were PrCl,-6H,0
(99.9% TU 6-09-4773-79, Russia) and ZrOCl,-8H,0 (99%,
CHIMMED, Moscow, Russia) powders, which were dissolved
in distilled water. Solution concentrations were determined
gravimetrically. The concentrations of the chloride solutions
were 0.09 M (Pr) and 1.085 M (Zr). Titrated praseodymium
chloride and zirconium chloride solutions were added to aque-
ous ammonia. After the formation of light green gel-like pre-
cipitates, they were aged at room temperature for 4 h. Next, the
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mother liquor was decanted and the rest was centrifuged. The
precipitate was washed with water to remove CI™ ions and then
dried in air for 66 h at 75 °C, which allowed it to remain light
green, typical of trivalent Pr.

The dry hydroxide precursors, thus, prepared were
pressed at 216-259 MPa into pellets, which were then fired
at 1550 °C for 4 h.

The density of the resultant samples was determined by
measuring their mass and dimensions and ranged from 85
to 90% of their X-ray density.

Total conductivity versus oxygen partial pressure data
was obtained between 700 and 1000 °C, by the reoxidation
method, using a mixture of 95% N, and 5% H, to reduce the
oxygen partial pressure (measured by a ZrO, -based sensor,
close to the sample). Subsequently, the gas flow was shut off
and the impedance spectra measures, using a Hewlett-Pack-
ard 4284 A precision LCR bridge, in the frequency range of
20 Hz to 1 MHz, were taken every 10 min until the oxygen
partial pressure increased to air conditions, which took more
than 6 h. In this temperature range, the spectra show only
one arc, which is related to the electrode reaction process,
so the interception of each spectrum with the real axis of
the Nyquist plot was used to evaluate the total conductivity.

As this work objective is to find some thermodynamic
parameters, to avoid some mistakes due to some sample’s
porosity, all conductivity data was corrected using the
Bruggeman correlation [23] which is widely used in differ-
ent fields, namely in calculating electrical properties [24]

DefChem - Defect Chemistry Toolbox [25] was used to
generate the Brouwer-type diagrams and extract the thermo-
dynamic parameters by fitting data obtained by experimental
electrical conductivity measurements as a function of the
oxygen partial pressure.

Defect chemistry model

Pyrochlore A,B,0; is a very interesting structure for defect
chemistry studies because a large number of different possible
combinations of A and B are compatible in this type of struc-
ture. There is also high solubility for different types of dopants,
and the anti-site behaviour between A and B can occur.

In this work, the change of the ratio Pr/Zr on Pr,Zr,0; is
expected to promote the formation of point defect to compen-
sate for the excess of negative or positive charge induced by the
deviation from the ideal stoichiometry of this pyrochlore, with
consequent changes in transport properties of this material.

The expected point defects on the pyrochlore-type structures
have already been published [26-28] and structural disorder
on the oxygen sublattice can be interpreted as Frenkel defects
because oxygen ions shift from regularly occupied 48f sites into
normally unoccupied 8b sites. In addition, one must consider
equilibration with the gas phase, e.g. via reduction as well as
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intrinsic electron—hole generation. As praseodymium is an alio-
valent ion, it is also necessary to foresee its eventual reduction.
Based on the aforementioned knowledge about the defect
chemistry of this type of material, using the Kroger-Vink nota-
tion [29], the equilibrium defect reactions can be described by
the following equations.
The intrinsic defects include ionic and electronic defects:
e The ionic anti-Frenkel defects

o/[v;
o g 0/ + Vywith K = % )

o

o The electronic band-band transfer

Ke
0 ¢ +h withK, =np (2)

The equilibrium with the atmosphere can originate an oxy-
gen non-stoichiometry and can be expressed by:

[og]r?

1
[VslpO;

1 o Krea . .

) 3

As the praseodymium ion can assume the valence Pr** and
Pr**, it will also be necessary to provide for the eventual reduc-
tion of this ion to its more stable form:

[Pr]

[Py, |p

. Kp, . .
Pr, +h < Pr, with K, = 4)

As we change the Pr/Zr ratio, we have to predict that the excess
of one cation will occupy the lattice positions of the other cation,
originating defects to compensate for the difference of charge of
the two cations. The following equations are written assuming
an ionic compensation mechanism. Positive oxygen vacancies
formation to compensate for the negative defect of PrZr’, and the
formation of negative oxygen interstitials to compensate for the
positive Zrp,*. This ionic compensation can be changed by elec-
tronic compensation, depending on the values of the equilibrium
constants in Egs. (1), (2), (3) and (4).

The above-described charge compensations can be
expressed by:

o for Pr/Zr> 1:

x pryir0q ,
(1 + §>pr203 +Q2-x)2r0, = 2P7;, +xPr,,

x x . )
+@—x) 25+ (7—5) 043 V;
o for Pr/Zr< 1:
Pprazr, o7
(1 + §>pr203 +Q2-2r0, = (@-y) Pr, o

+yZr;, +2Zr, +70; + % O;

In order to keep the overall electroneutrality the following
conditions should be satisfied:

A07] + [Pr'z] +n=p+2|V5] + [2r,] 9

To draw a Brouwer-type chart, with the logarithm of the
defects concentration as a function of the logarithm of the
oxygen partial pressure, we need to solve the above equa-
tions, which constitute a system of nonlinear equations. To
solve this complex system of equations, we used the web
application DefChem [25], which solves this numerically.
The use of numerical methods has the advantage of enhanc-
ing the accuracy of the defect concentration on transition
zones when the diagram is solved using simplified electro-
neutrality conditions.

Results and discussion

A detailed structure and microstructure characterisation of
all compositions under study were already reported in previ-
ous papers [12, 13], and it is highlighted that after sintering
at 1550 °C all compositions present a single phase with the
pyrochlore-type structure, with relative density from 85 to
90% of their X-ray density. The grain size changes between
1 and 10 pm, being about 1.5 pm for PrO1, 3.5 pm for Zr015
and 10 pm for Stoich.

Conductivity behaviour as a function of the oxygen par-
tial pressure was measured during reoxidation by impedance
spectroscopy, and depending on temperature, it is possible to
identify or not the different microstructure contributions to
the overall electrical conductivity, as can be seen in Fig. 1.
While at 300 °C, it is possible to see the impedance arcs;
at 700 °C and above, it is only possible to obtain the total
conductivity, which is calculated from the impedance values
near the real axis. Using this methodology, the true total
conductivity (bulk + grain boundary) is obtained, avoid-
ing electrode impedance arc interference. Furthermore,
due to the higher activation energy of the grain boundary
conductivity, compared with the activation energy of the
bulk conductivity, it is expected that at the measurement
temperatures (> 700 °C), the conductivity observed will
be controlled by the bulk conductivity, making the results
related to the bulk and independent of microstructural issues,
namely on the grain size.

With all the data obtained from each impedance spectra,
it was possible to show graphically (Fig. 2) the dependence
of the total conductivity as a function of oxygen partial pres-
sure. On this chart, it is evident the ionic plateau for all com-
positions and an onset of p-type conductivity for high oxy-
gen partial pressures. It is also obvious the increase of the
ionic conductivity for both nonstoichiometric compositions,
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Fig. 1 Typical impedance spectra of different compositions obtained at different temperatures (A, B) and different oxygen partial pressures for

the Stoich composition at 700 °C (C)

independently of the ratio Pr/Zr value. This result suggests
that, according to the proposed defect chemistry model
(Egs. 5 and 6), the conductivity of the PrO1 composition is
based on oxygen vacancies, while oxygen interstitial con-
ductivity is present for the Zr015 composition.

According to XPS data, all prepared pyrochlore samples
contain only Pr** oxidation state at room temperature [12],
and as it is not expected to oxidise to Pr** at high tempera-
tures, the defect model can be simplified because it is not
necessary to include the redox equilibrium of praseodym-
ium on Eq. (4). As it was not observed (Fig. 2) as evidence
of n-type conductivity, the band-band transfer of Eq. (2)
can also be discarded. So, to evaluate all defect chemis-
try relevant parameters of this system, it is necessary to
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calculate the thermodynamic data of the equilibria on Eqs.
(1) and (3) and the mobility of all charged species.

Assuming the usual dependence of the electrical con-
ductivity (o), with the mobility (¢) and concentration ([])
of charged carrier species, and also considering that the
non-stoichiometry Pr/Zr ratio controls the ionic conduc-
tivity, we can calculate the oxygen vacancies, the intersti-
tials concentration and the corresponding ionic mobilities,
using the following equations:

o = [luze (8)

vy) = 22 o)
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Fig.2 Dependence of the total conductivity, at 1000 °C, of the three
studied compositions as a function of the oxygen partial pressure with
data from [12]

0] = [Z%P] (10)
_ _Gi

T Vele (v
0;

Ho, = [O;’]e 12)

with Z and e, respectively, the defect charge and the electric
charge of an electron, and o; the ionic conductivity value at
the observed plateau.

Based on the experimental measurements of the electrical
conductivity as a function of the oxygen partial pressure of
71015 and PrO1 compositions (Figs. 3 and 4), where it can
be seen a significant increase of the electrical conductivity
when compared with the Stoich composition, it is evident
in the strong effect of the non-stoichiometry. So, we can
assume that variation of the value of ratio Pr/Zr from the
unity will control the ionic conductivity value. Combining
Egs. (8), (9) and (10) and assuming the ionic conductivity
given by the observed plateaus (Figs. 3 and 4), it is possible
to calculate the oxygen vacancy and interstitial mobility,
using the following equations:

_ o
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Fig.3 Dependence of the total electrical conductivity of Zr015 as a
function of the oxygen partial pressure at different temperatures.
Experimental data (dots) and fitting curve (lines)

As expected after the observation of the experimental
data in Figs. 3 and 4, the calculated mobilities show that, in
this material, the mobility of the interstitial oxygen is higher
than the observed mobility for the oxygen vacancies.

Plotting the obtained mobility values for different tem-
peratures on an Arrhenius-type chart, we can get the pre-
exponential and the activation energy for these mobilities
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Fig.4 Dependence of the total electrical conductivity of PrOl as
a function of the oxygen partial pressure at different temperatures.
Experimental data (dots) and fitting curve (lines)
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(Fig. 5), assuming the usual temperature dependency of the
mobility for ionic (i;) and electronic (¢,) defects, given by:

_ Heo ex. _Ee,a 15
He = —exp| =7 15)
.= U.EX —@ 16
Hi /’lz,() P kT ( )

with . o, ;o and E, ,, E; ,, respectively the pre-exponential
term and the activation energy for the electronic and ionic
mobilities. It should be highlighted that interstitial oxygen
has a higher mobility than oxygen vacancies, suggesting
that the ionic conductivity of the Stoich composition is
based on interstitial oxygen, in which the concentration of
oxygen interstitial and vacancies should be equal because
these defects are created by the intrinsic anti-Frenkel reac-
tions (Eq. 1).

Using the Levenberg—Marquardt non-linear optimisation
numerical method, available on DefChem software [25], one
can fit the experimental conductivity results obtained for
isothermal conditions by optimising the thermodynamic
variables. The optimization routine was started over the Sto-
ich composition, keeping constants the already calculated
ionic mobilities uy, and u;, leaving free the equilibrium
constants K and Ky 4 and also the p-type electronic mobil-
ity u,» This procedure allows us to get a good determination
of the K value because the ionic plateau only depends on
this value and on the already calculated oxygen interstitial
mobility. Fittings of PrOl and Zr015 compositions were
performed with only two free variables (K.q and y,,), and it

-2
3t
2
EF -4 ep
£
L
<
551 *0i
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Fig.5 Arrhenius-type plot of the calculated mobility of different
defects
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Fig.6 Dependence of the total electrical conductivity of Stoich com-
position as a function of the oxygen partial pressure at different tem-
peratures. Experimental data (dots) and fitting curve (lines)

was observed almost the same p-type mobility value for all
three compositions for each temperature, and then, it was
assumed that this p-type mobility should be composition-
independent. Following these deductions, the variables iy,
Hoi and K, were kept constant, and the numerical method
was repeated to find K4 for each of the three compositions.

It should be noted that the fitting of the p-type conductiv-
ity component can be achieved by optimising the value of the
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Fig.7 Arrhenius-type plot of the calculated equilibrium constants of
defects formation
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;r}?ebrlrilldﬁzirer:;in\t/alues obtained Composition iy, Foi Fr Kar Kiea

by fitting the experimental data Ho E/eV o py  E/feV py E/eV K, E/eV K, E,
Stoich 728 1.14 1129 097 625x10° 1.5  223x10° 026 4.75x107'% -2.66
71015 240x10713 243
PrO1 8.80x 107 -1.71

concentration of the electron holes (dependent of K.4) or
their mobility (p,,), creating an undistinguishable dependence
with these two parameters. Thus, should be necessary to use
complementary methods to confirm these obtained values.

Fittings are present in Figs. 3, 4 and 6, and the Arrhenius-type
plot of the obtained values for each temperature is represented
in Figs. 5 and 7, with all relevant parameters in Table 1. The
obtained results appear to be within the expected values for this
kind of parameter, but in the absence of literature information,
comparisons are not possible, except for the anti-Frenkel equi-
librium constant, whose obtained value for the activation energy
is close to 0.13 eV, as reported by Yu [28].

After obtaining all the thermodynamic parameters, it is
possible to estimate the behaviour of these materials, such as
the nature of the conductivity, as represented in Fig. 8, where
the transport number is shown as a function of the oxygen
partial pressure. In this figure, we can see that the Zr015,
in addition to having the highest conductivity, also has the
largest electrolyte domain.
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Fig.8 Dependence of transport number as a function of the oxygen
partial pressure for different compositions

Conclusions

The defect chemistry approach was used to evaluate the
relevant thermodynamic parameters of the Pr,05-ZrO,
system, based on the conductivity behaviour as a function
of the oxygen partial pressure. The observed plateau for
reduction conditions was attributed to the ionic conduc-
tivity, and the increase of conductivity for high oxygen
partial pressures was interpreted as a p-type electronic
conductivity contribution.

The increase of the ionic conductivity for the nonstoi-
chiometric compositions, according to the proposed defect
chemistry model, was attributed to the ionic compensation
of the defects ZrPre and PrZr’, respectively, by the formation
of interstitials and oxygen vacancies.

Using the proposed defect chemistry model, the rel-
evant thermodynamic parameters were obtained by fit-
ting, using a non-linear optimisation numerical method.
The mobility of oxygen vacancies and interstitial oxy-
gen is accurately determined, assuming the concentra-
tion of these defects is fixed by the nonstoichiometric
values, and using these values and the ionic conductiv-
ity of the stoichiometric composition, it was possible
to get the equilibrium constant values of anti-Frenkel
defect formation.

Applying the same procedure to several temperatures,
it was possible to obtain the activation energies for the
mobility of oxygen vacancies (1.12 eV) and intersti-
tials (0.97 eV) and for the anti-Frenkel defect reaction
(0.09 eV).

This work also shows that the use of numerical methods
to fit experimental results with defect chemistry models
can be an important tool for obtaining the relevant ther-
modynamic values of each system.
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