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Oxygen Nonstoichiometry and Defect Chemistry Modeling

of CeygPr,0,_;

C. Chatzichristodoulou™”* and P. V. Hendriksen®

“Fuel Cells and Solid State Chemistry Division, Risp DTU National Laboratory for Sustainable Energy,

DK-4000 Roskilde, Denmark

®Niels Bohr Institute, University of Copenhagen, DK-2100 Copenhagen, Denmark

The oxygen nonstoichiometry (8) of Ce,gPrg,0,_5 has been measured as a function of P at temperatures between 600 and
900°C by coulometric titration and thermogravimetry. An ideal solution defect model, a regular solution model, and a defect
association model, taking into account the association of reduced dopant species and oxygen vacancies, were unable to reproduce
the experimental results. However, excellent agreement with the experimentally determined oxygen nonstoichiometry could be
achieved when using either a nonideal solution model with an excess enthalpic term linear in 8 (AH}," = ayd) and a completely
random distribution of defects (referred to as “d-linear”), or a “generalized 3-linear” solution model, where the excess Gibbs
energy change in the reduction reaction of the dopant linearly varies with 8 (AG};® = agd). A comparison of the partial molar
enthalpy and entropy of oxidation, estimated from the defect models with those determined directly from the oxygen nonstoichi-
ometry, suggests that the d-linear solution model is the most appropriate in accounting for the observed nonideal reduction

behavior of Pr.

© 2010 The Electrochemical Society. [DOI: 10.1149/1.3288241] All rights reserved.
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Ceria-based mixed oxides have been extensively studied as their
properties can be tailored by appropriate doping to match the re-
quirements of a variety of applications, such as electrol2ytes and
electrodes for solid oxide fuel cells,' three-way catalysts,” oxygen
sensors,” and oxygen permeation membranes.

The oxygen nonstoichiometry (8) of pure and doped ceria in-
creases with decreasing oxygen partial pressure and increasing tem-
perature, accompanied by the partial reduction of Ce** to Ce>*. The
partial molar enthalpy for oxygen incorporation (ho — hQ) of pure
ceria strongly depends on 8.7 The absolute value of ho — h rap-
idly decreases up to & = 0.1 and goes through a minimum at &
~ 0.15.>° The & dependence of hg — h() was less pronounced for &
between 0.1 and 0.25.>° The absolute value of ho — hQ in ceria
doped with 10 atom % Gd also rapidl;/ decreases up to a total oxy-
gen vacancy concentration of ~0.12." For Ce,gGdj,0, ¢_5, Where
the total oxygen vacancy concentration at oxidizing conditions is
already 0.1, no clear & dependence of o — h¢ could be observed.®
Despite the strong 8 dependence of hg — hQ), the absolute value of
ho — hg is only slightly affected by the degree of doping, when the
values are compared at the same total oxygen vacancy concentration
(or at the same concentration of trivalent cations).9

Examples of nonideal behavior with 8-dependent i — h¢) have
been reported for other oxide systems as well. A regular solution
behavior (which for small & corresponds to a linear dependence of
ho — h¢ on d) has been observed for the reduction of the perovskite
compounds La;_,Sr,CrO;_g 10 and Lal_}CerCoO3_5.11 In both cases,
the partial molar enthalpy of oxidation linearly decreases with in-
creasing oxygen nonstoichiometry. A generalization of the regular
solution model has been proposed, allowing for a 8 dependence of
the excess free energy (AG®*) because an excess entropic term that
varies with oxygen nonstoichiometry may also exist.'> Furthermore,
for La;_,Ca,CrO;_s, a linear relationship should be expected be-
tween the excess Gibbs energy change (AG™°) and & based on the
estimation of pair potential changes due to the defect-induced lattice
expansion.12 A significant deviation from ideality has also been ob-
served for the redox energetics of SrFeO3_§,.13 For this material, a
regular solution model was unable to account for the deviation from
ideality, which, however, could be successfully interpreted by a non-
ideal nllodel with an excess term of a purely configurational entropic
origin.

* E-mail: ccha@risoe.dtu.dk

When doping CeO, with Pr, a change in the oxygen nonstoichi-
ometry with varying oxygen activity is expected in the high Po,
range, corresponding to the reduction of Pr, as well as at low P,
values, corresponding to the reduction of Ce. Some discrepancies
exist in the literature on the solubility limit of Pr in CeO,. A solu-
bility limit of 30 atom %, as determined by X-ray diffraction (XRD),
was reported by Shuk and Greenblatt'* and Ftikos et al.' In contra-
diction to this, single-phase fluorite samples with Pr doping up to 55
atom %'® or even 70 atom % were reported by Knauth and Tuller"’
and Rajendran et al.'® The oxygen nonstoichiometry of 20 atom %
Pr-doped ceria has been investigated in the high Po, regime
(107-10"" atm) in the temperature ranges of 800-950°C (for mi-
crocrystalline powder)19 and 600-750°C (for nanocrystalline
powder)20 by coulometric titration (CT). In both cases, a simple
defect model treating the reduction of Pr** to Pr** in an ideal man-
ner (i.e., not allowing hg — h¢ to vary with the degree of nonsto-
ichiometry) accounted well for the determined nonstoichiometry
data.

Here, the oxygen nonstoichiometry of CegPry,0,_g is reported
(for microcrystalline powder, Dpyicle ~ 1 to 5 um), as determined
by CT and thermogravimetry (TG), over a wide Po, range, covering
both the reduction of Pr and Ce at temperatures between 600 and
900°C. Five defect models have been considered to analyze the
experimental data.

1. Ideal model: ideal reduction of both Ce and Pr (i.e., constant
standard enthalpy, AH®, and entropy, AS°, of the reduction reaction
and random distribution of defects).

2. Association model: ideal reduction of Ce and Pr, but defect
interaction among reduced Pr and oxygen vacancies is assumed,
leading to the formation of singly charged defect associates.

3. Regular model: ideal reduction of Ce and regular solution
behavior®! for Pr (i.c., AHp, = AHp 5o + XCey gPry 10,5 Ce 5Py 20, oL 1
ASp, = const, and randomly distributed defects; () represents the
magnitude of the deviation from the ideal solution).

4. Nonideal (3-linear) model: ideal reduction of Ce and linear d
dependence of the excess enthalpic term for the reduction of Pr [i.e.,
AHp, = AHp 5. + ayd, ASp, = const, and randomly distributed de-
fects; ay represents the rate of change in the partial molar enthalpy
for the reduction of Pr with oxygen nonstoichiometry, (dAHp,)/d3].

5. Generalized 8-linear model: ideal reduction of Ce and linear &
dependence of the excess free energy for the reduction of Pr (i.e.,

Downloaded 30 Jun 2010 to 192.38.67.112. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



B482 Journal of The Electrochemical Society, 157 (4) B481-B489 (2010)

M &
A6 =——|1()dt
2Fm! U

LSM/YSZ + Pt Pt
IR drop YSZ
ox
l ‘
Alumina glass Ve

|
R YSZ |

Figure 1. Experimental setup used for CT.

AG}, = AGp, + agd; ag describes the deviation from the standard
Gibbs energy change for the reduction of Pr).

The ability of each defect model to reproduce the experimental
3(log Poz) curves is examined, and the thermodynamic parameters
estimated from the different defect models are compared to values
directly determined from the oxygen nonstoichiometry data.

Experimental

Sample preparation and phase analysis.— Ce gPry,0,_5 pow-
der was synthesized by coprecipitation. Aqueous solutions of
Ce(NO3)3-6H,O (Alfa Aesar, 99.99%) and Pr(NOs);xH,O (Alfa
Aesar, 99.9%) were prepared. The solution concentrations were
measured both gravimetrically and by titration. Appropriate amounts
of each solution were mixed with ~400 mL distilled/filtered water
in a glass container at 200°C. Oxalic acid (1 M) was added while
stirring the solution to achieve coprecipitation of the metal oxalates.
The solution was dried overnight at 300°C, and the resulting powder
was calcined at 600°C. The powder was shaped into disks at a
uniaxial pressure of 3 MPa and further isostatically compressed in
an evacuated latex container suspended in water at a pressure of 325
MPa. The disks were sintered at 1500°C in air for 12 h and slowly
cooled to room temperature at a rate of 0.5 K/min. Phase analysis
was performed by room-temperature XRD using a Bruker DS Ad-
vance diffractometer with Cu Ka radiation and a LynxEye position
sensitive detector. The Ce gPr,0,_5 powder was a single fluorite
phase after sintering at 1500°C in air. A grain size in the range of
1-5 pm was determined by scanning electron microscopy (Zeiss
Supra 35).

CT and TG.— Sintered disks were crushed into powders, exam-
ined for phase purity by XRD, and used for CT and TG. A schematic
of the experimental setup used for CT is shown in Fig. 1. A small
alumina cup with a known mass of sample powder (~2 g) was
fitted in a ZrygsY( 150, (YSZ) cup covered with a YSZ lid and
sealed with glass (MgO/sodium aluminosilicate glass composite,
30/70 vol %) at 1000°C. The contact surfaces between the YSZ cup
and the lid were polished using SiC paper and 3 wm diamond paste,
and external uniaxial pressure was applied to the system to ensure a
good seal. Four electrodes (two at the inner surface and two at the
outer surface of the YSZ cup) served as working electrodes for
electrochemical pumping of oxygen and reference electrodes for the
determination of Pq_ inside the cup. Pt paste was used for the ref-
erence electrodes, whereas a thin (~10 pm) sprayed layer of
YSZ/Lag gSrg-MnO3 (LSM) cermet covered with Pt paste was used
for the working electrodes. Integration of the current passing
through the working electrodes over time yielded, by application of
Faraday’s law, the total amount of oxygen removed from the sample
powder.

The leak rate of oxygen through the glass seal and/or cup poros-
ity, [ (dAd)/dt]ca, Was determined in three ways.

A.  The [(dPo,)/dt]cmpry of an empty titration cell (no sample)
was measured at various Po, values and temperatures over an ex-
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atP =5"0" bar ]
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Figure 2. Estimation of the leak rate at 800°C at Po, ~ 5 X 1073 bar
using method C. The time dependence of the Py, in the titration cell after the
oxygen pumping step is shown on the left and the Po, dependence of
[(dA8)/dPo, Jgineq is shown on the right.

tended period of time. The pressure was transformed to the number
of moles (np,) using the ideal gas law, [(dno,)/dt]empy, and finally
expressed as [(dAS)/dt]ea, assuming that the change in oxygen
content originates from a change in 8 of an equal amount of sample
as in the filled cup. The leak rate estimated in this way was of the
order of 10732, 107!°, and 10™° s~! at 600, 700, and 800°C, respec-
tively, indicative of a very good seal.

B. The difference in pumped charge over an isothermal CT
cycle was determined, and a mean leak rate was obtained from

(dA_S) Qou = Oin
dr )T 2Fn

where Q,, is the total charge needed to be pumped to reach the
lowest Po, value of the titration cycle, Q;, is the total charge that has
to be pumped to return to the starting point in Po, n is the amount
of powder in the titration cell expressed in moles, and ¢ is the dura-
tion of the titration cycle. The advantage of this method is that the
estimated leak rate is for the specific titration cell. Leak rates deter-
mined by this method were of the order of 1071°-107% s~! between
600 and 900°C.

C.  The[(dPo,)/dt]sieq of the filled titration cell was measured
at steady state, and the leak rates were estimated from

(22) _(dPOz) (fm) 2]
dt /) eax dr / finea\ dPo, filled

This approach allowed us to estimate the variation in the leak rate
over time. The estimation of the leak rate with this method at 800°C
at Po, ~ 5 X 107!8 bar is shown in Fig. 2. After equilibration, the
rate of change in Po, in the titration cell is approximately constant
and equal to 2.1 X 10 23 bar/s. By differentiating the A3(Po,) plot,
we find that the slope [(dA8)/dPo lsnea at 800°C at PO ~5
X 1078 baris 6 X 10'* bar™!. Therefore, the leak rate for thls spe-
cific titration cell at 800°C at Po, ~ 5 X 107!8 bar is estimated to
be 1.3 X 1078 571, The leak rates determined in this manner were
practically 1dent1ca1 to the mean leak rates obtained by method B
without a significant variation over time.

From the three estimates of the leak rates, it can be concluded
that the relative error introduced in the measurement of & by gas
leaks, [d(A3/8)]/dt, is of the order of 1078 s~!, and thus the titration
cells could be allowed to equilibrate over extended periods of time
without introduction of a significant error. The measured values of &
have been corrected for the determined leakages, and the magnitude

(1]
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Figure 3. The oxygen partial pressure dependence of the oxygen nonstoichi-
ometry determined at (a) 600, (b) 700, (c) 800, and (d) 900°C by CT, TG,
and TB in the current investigation is compared to literature data.'**

of the correction is taken as an uncertainty estimate (the experimen-
tal uncertainty of 8, as indicated in the plots, is twice the magnitude
of this correction). The variation in the oxygen nonstoichiometry of
LSM and of the oxygen content of the gas present in the dead
volume of the cup are estimated to contribute by less than 0.1% of
the measured change in 8 in the Pq_range related to the reduction of
Pr and have therefore been neglected. However, in the PO2 range
related to the reduction of Ce, decomposition of the inner LSM
working electrode may be expected.zz’23 This (assuming full decom-
position of the LSM) gives rise to an error contribution of less than
10% of the change in oxygen nonstoichiometry Ad. This potential
error has been taken into account in the depicted uncertainty esti-
mates along with the error due to leakages.

TG was performed using both a Netzsch STA 409CD thermo-
gravimeter and a Netzsch TG 439 thermobalance (TB). The P, of
the sample atmosphere was varied by appropriate gas mixtures at
constant temperature and measured with the help of a YSZ Pg,
sensor connected downstream. An equilibration time of 2 h was
allowed after each gas change. This duration is expected to be more
than adequate because the time constant for the relaxation, which
may be estimated from the relation T ~ L?/D o, 18 T ~ 107 s
using a value of Depen ~ 1 X 107 cm?/s for the chemical diffu-
sion coefficient®** and L ~ 1 pm for the grain size. The weight
loss, measured with the thermogravimeter, was corrected for buoy-
ancy effects using an alumina powder reference sample of the same
volume, measured under identical conditions.

Results and Discussion

The oxygen nonstoichiometry of CeggPry,0,_5, measured by
CT, TB, and TG as a function of Pg, at 600, 700, 800, and 900°C,
is shown in Fié% 3a-d, respectively. Literature values are shown for
comparison.w’ In Ref. 19, the change in oxygen nonstoichiometry
A3 is reported as a function of oxygen partial pressure with respect

to air. To compare with our data, the AB(POZ) values of Ref. 19 have
been transformed to B(Poz) by shifting them by a constant to match
with the & value of the present study at the highest Po, reported in
Ref. 19. Good agreement is observed between the oxygen nonsto-
ichiometry data determined in the present study and those of Ref. 19
at 800 and 900°C, the difference being within the scattering ob-
served for the present data determined by CT, TB, and TG. The
oxygen nonstoichiometry reported for Ce( gPry,0,_5 202t 700 and at
600°C in the Po, range 107'-1073 bar is somewhat higher than the
one determined in the current study. The discrepancy at 700°C
might be due to the errors in the determination of the absolute value
of 3. At 600°C though, the reported Po, dependence of d shows a
different behavior from our data, where oxidation appears sooner
with increasing Po,. This difference is most likely because nano-
sized powder was used in Ref. 20, which facilitates the loss of
oxygen.””

Five defect models were considered in the analysis of the mea-
sured oxygen nonstoichiometry at varying Po,.

1. Ideal model: The reduction of Pr and Ce is treated in an ideal
manner (AH° and AS° independent of 8). The defect formation re-
actions and equilibrium constants read

OF + 2P, « 30,(g) + Vg + 2Pt

AHS, - TAS§r> _ PO IVGIPre T’
RT [OBIIPrET
AH,ASp, = const [3]

OF + 2Cef, + 30,(g) + Vg + 2Ce,

. ( AHS, — TAS"CC) PGAVGICe )
= eX - = N
Ce = XP RT [OX][Ce:, 2
AHZ,,ASZ, = const [4]
The mass, site, and charge conservation conditions for this case are
[Prf.] + [Pré.] = 0.2 [5]
[Cece] + [Cece + [Pree] + [Pre] = 1 (6]
[06] + [V5l=2 [7]
2[Vg] = [Pree] + [Cegel [8]

AGy. = AHp, — TASp, and AGZ, were used as the fitting variables
for the modeling of the oxygen nonstoichiometry data as a function
of Po, at each temperature.

2. Association model: defect interaction among reduced Pr spe-
cies and oxygen vacancies is taken into consideration, in addition to
the ideal reduction of Pr and Ce (Eq. 3 and 4). The defect interaction
is assumed to lead to the formation of a singly charged defect asso-
ciate, according to

Pri, + VG < (Pré., Vo)
RT

Pr. V)
= w AH;)SSDC’ ALS‘ESSOC
[Vo][PICe]

The mass, site, and charge conservation conditions are modified in
this case to

Kassoc = CXp(—

= const [9]

[Prée] + [Pr] + [(Pree, Vo) = 0.2 [10]

[05] + [V5] + [(Pre, VE)T =2 [11]
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2[Vel + [(Pree. Vo] = [Pree] + [Cec] [12]

Three parameters, AGp,, AG,, and AGy., are necessary in this
case for the fitting of the experimental data at each temperature.

3. Regular solution model: This model includes the reduction
reactions for Pr and Ce, Eq. 3 and 4, with an excess enthalpic term

contributing to the reduction of Pr

AH, = AHS, oo + AHES = AHY, oo + 105(1 — 108)Q [13]

0=%8=0.1

where the parameter () represents the magnitude of the deviation
from the ideal solution and accounts for all the interatomic interac-
tions collectively. Ce,gPr;,0,_5 is considered to be the solid solu-
tion of Ceo_gpr()‘zOz and CeoAgproAzoLg with Xce()_gpro.zoz = 1-108 and
XCey gPro 201 0 = 103. The equilibrium constant for the reduction of Pr
becomes

AHp s + AHp — TAsgr) _ PoIVSIPre
kT AN

AHp, 5-0.€,ASp, = const [14]

Five variables (AH‘;nS:O, Q, AS.. AHZ,, and AS?,) were used for
the fitting of the oxygen nonstoichiometry data with the regular
solution model at all temperatures. The standard enthalpies and en-
tropies used, as well as the parameter (), are assumed to be
temperature-independent.

4. Nonideal solution model: This model treats the reduction of
Pr in a nonideal manner. It includes the reduction reactions for Pr
and Ce, Eq. 3 and 4, with an excess enthalpic term, linear with
respect to §, contributing to the reduction of Pr

Kpe = exp(—

AH;r = AIi(l;r,ﬁo:O + AH;};C = AI_IIOJr,B:O + aHB [15]

where the parameter ay represents the rate of change in the partial
molar enthalpy for the reduction of Pr with oxygen nonstoichiom-
etry (dAHp,)/dd. Five variables (AHp, 5o, ay, ASp, AHg,, and
AS¢.) were used for the fitting of the oxygen nonstoichiometry data
with the 8-linear solution model at all temperatures. The standard
enthalpies and entropies used, as well as the parameter ay, are as-
sumed to be temperature-independent.

5. Generalized 3-linear solution model: The reduction of Pr is
treated in a nonideal manner by the addition of an excess term to the
standard Gibbs energy change

AGgr = AG;r,B:O + AG;)r(C = AG(;’r,S:O + aGB [16]

where the parameter ag is an indicator of the deviation from the
standard Gibbs energy change for the reduction of Pr. This term
allows for a linear 8 dependency of both the standard enthalpy and
entropy change in the reduction of Pr. Three fitting parameters,
AGp, 5-0> ag, and AG.,, were used in this case at each temperature.

To clarify the behavior of each model, a schematic illustration of
the & dependence of AG;r for the ideal, regular, 3-linear, and gen-
eralized d-linear solution models at two different temperatures, 600
and 1000°C, is shown in Fig. 4. In the ideal solution model, AGgr is
constant with respect to 8 at any temperature, whereas in the regular,
d-linear, and generalized 8-linear solution models, AG;r varies with
3. In the regular solution model, AGp. has a temperature-
independent, second-order-degree dependency on & according to
AGp, = AHp, 5o — TASp, + 105(1 — 103)(). Its value is identical to
that of the ideal model for 8 = 0 and 8 = 0.1. In the &-linear solution
model, the slope (dAGYp,)/dd has the same value at all temperatures,
as the excess term is of purely enthalpic origin, whereas in the
generalized §-linear solution model the slope (dAG,)/dd can vary
with temperature, as it comprises an enthalpic and an entropic con-
tribution.

- - - - ideal model
| - ---regular model
—— §-linear model

©
—— generalized 3-linear 1000 °C

o
AG Pr

0.00 0.05 0.10

Figure 4. Schematic illustration of the & dependence of the standard Gibbs
energy change, AGy,, for the ideal, regular, 3-linear, and generalized §-linear
solution models at 600 and 1000°C.

In the fitting of the experimental data, a sequential method”® was
adopted for the nonlinear least-squares fitting procedure in all cases,
allowing for the simultaneous contribution of all defect species in
the defect equilibrium throughout the entire Po, range, avoiding the
use of Brouwer-type approximaltions.29 Absolute values for the oxy-
gen nonstoichiometry were obtained by adjusting the & value at the
minimum slope (alAS)/dPO2 of the observed “plateau” to 0.1, cor-
responding to the complete reduction of Pr. Solving the set of the
linear and nonlinear equations for each defect model sequentially
yields a prediction for the Pq_ of each measured value of &. Because
the & values close to the plateau suffer a much greater uncertainty in
the determination of their corresponding Po,, the fitting was per-
formed by weighting the square deviation by a factor of [0.1 — 8] in
all cases.

The oxygen nonstoichiometry of CeqgPry,0,_5, measured by
CT, TB, and TG as a function of Pq, at temperatures between 600
and 900°C, is shown in Fig. 5a-g, along with the best fit obtained
from each of the defect models considered. Good agreement is ob-
served between the oxygen nonstoichiometry values determined by
the three different techniques, CT, TB, and TG, validating the accu-
racy of the data.

For ease of reading the figures, the results of the regular solution
model are not depicted, as they practically coincide with the results
of the ideal and association models. Their predictions significantly
deviate from the measured values of & for the oxygen nonstoichi-
ometry regime corresponding to the reduction of Pr(d < 0.1), at
temperatures between 600 and 700°C. A magnification of this re-
gime is shown as insets in Fig. 5a-c, where the failure of the ideal
association (and regular) solution models to describe the experimen-
tal data can be clearly observed. The measured oxygen nonstoichi-
ometry has a greater dependence on Po, than predicted by these
models. Both the d8-linear and generalized d-linear solution models
are able to accurately reproduce the Po, dependency of & over the
entire Po, range examined at each temperature. The deviation be-
tween the measured nonstoichiometry data and the ideal association
(or regular) model predictions decreases with increasing tempera-
ture, as shown in Fig. 5Sa-g. This is also evidenced by the conver-
gence of the x> values, arising from the fitting with the various
defect models, above 750°C, as shown in Fig. Sh. Above this tem-
perature, all five models describe the nonstoichiometry data well.
This is due to the much smaller 8 range covered at higher tempera-
tures in the regime corresponding to the reduction of Pr. A tempera-
ture dependence of the nonideality terms, AHp* and ASp:, which
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either has been neglected (8-linear solution model) or has not been
taken explicitly into account (generalized 3-linear solution model),
could also play a role.

At temperatures above 750°C, the oxygen nonstoichiometry is
well described by an ideal model consistent with the behavior re-
ported in Ref. 19. Another study20 performed at lower temperatures,
600-750°C, at the Po, range between 107> and 10~! atm suggested
ideal behavior. However, the examined powder was nanosized,
which significantly alters the reduction propel’ties.%’27

The reduction of Ce was modeled in an ideal manner, i.e., AH‘ée,
ASZ, = const, in all cases. Nevertheless, the d(log Poz) behavior
estimated from the various defect models, in the oxygen nonstoichi-
ometry regime corresponding to the reduction of Ce(d > 0.1), over-
all, agrees well with the experimentally determined values. The
measured 8(log Poz) values in this regime indicate a larger
dd/(d log Po,) slope than that predicted from the ideal solution
model for the reduction of Ce in all cases, especially at temperatures
below 750°C. The limited oxygen nonstoichiometry range covered

at low temperatures in this regime does not allow conclusion on
whether the reduction of Ce takes place in a nonideal manner. The
extended oxygen nonstoichiometry range covered for & > 0.1 at
high temperatures indicates ideal behavior. However, this observa-
tion is not adequate to conclude ideal behavior because it could arise
from a temperature dependence of the nonideality parameters. The
reduction behavior of Ceg gPrj,0,_5 for & > 0.1 bears a close simi-
larity to that of CeO,_g 6 and Ce(3Gdp,09_5 8 at a total vacancy
concentration above 0.1, namely, a small or almost negligible &
dependence of the partial molar enthalpy for oxidation.

The change in the Gibbs energy of formation of CeggPry,0,_5
relative to Ce gPr,0; ¢ can be estimated from

3 RT ]
AG; = f [ko(8) — poldd = 7[ In 1302(8)118 [17]
0.1 0.1

R being the universal gas constant. A comparison between the
change in the Gibbs energy of formation directly obtained from the
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Figure 6. Comparison of the change in the Gibbs energy of formation AG;
obtained directly from the nonstoichiometry data with those estimated from
the various defect models at 600°C.

nonstoichiometry data and the one estimated from the various defect
models has been suggested13 to be more appropriate than a compari-
son of the measured and fitted 3(log Poz) curves when trying to
compare the success of the different defect models. For SrFeO5_s,
although an ideal model appeared more successful in reproducing
the 3(log Poz) curve for & smaller than ~0.2, when comparing the
Gibbs energy of formation as a function of 3, the regular solution
model gave the best agreement.13 A comparison of AG; directly
obtained from the nonstoichiometry data with those estimated from
the ideal, &-linear, and generalized d-linear solution models for the
oxygen nonstoichiometry regime corresponding to the reduction of
Pr is shown in Fig. 6 for T = 600°C. Very good agreement is ob-
served between the change in the Gibbs energy of formation ob-
tained directly from the nonstoichiometry data and those estimated
from the d-linear and generalized §-linear solution models through-
out the entire oxygen nonstoichiometry range examined. The value
estimated from the ideal model significantly deviates. The associa-
tion and regular solution models are not discussed further as they
yield results very similar to the ideal one.

The partial molar enthalpy and entropy for oxygen incorporation
were determined from the nonstoichiometry data using the relations

Rd In PO
ho®) = h)y = ———2 18
o® = 5| [15]
RA(T In Py)
so(d) — s =— ETZ [19]
5

Values of Pg,, corresponding to the same amount of d at different
temperatures, were obtained by a linear interpolation of the experi-
mental data. The partial molar quantities were only estimated for
values of 8, where Po, values for at least four temperatures could be
used, as this is expected to increase the accuracy of the determined
partial molar quantities from Eq. 18 and 19.

Values for ho — he) and sg — s, may also be estimated from the
fitting parameters and defect concentrations obtained from the vari-
ous defect models using expressions derived from a statistical ther-
modynamic analysis (see the Appendix)

ho(®) — hd = — AHY, +

4 [Pr(’Ze] ( AH(ée — AI—IIODr — AH;?)
Jad 2
[20]
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Figure 7. (a) Partial molar enthalpy hq — hQ and (b) entropy sq — sg for
oxygen incorporation as a function of & for CeggPry,0,_s.

s E)onf

[21]
conf

where 53" is the configurational part of the partial molar entropy of
oxidation of Ce(gPry,0,_5 given from Eq. A-11, and the partial
derivative of the concentration of Pr(, with respect to 8 is given as
a function of the equilibrium constants of Reactions 3 and 4 and the
defect concentrations from Eq. A-12. In the Po, range, where the
change in oxygen nonstoichiometry is related to reduction of Pr, i.e.,
when [Pr(,,] = 28, Eq. 20 and 21 become

J [Prée] ( ASoCe — Asgr — AS;);C>

50(8) = s = = ASE, + :

ho(®) = hg = — AHy, — AHE* [22]
0 0 €XC [V.':”:Pr, e]z
5o(8) — 53 =~ — ASS. — ASZC + R 1n(m [23]

whereas in the Po range where the change in oxygen nonstoichi-
ometry is related to the reduction of Ce, i.e., when [Ce(,] = 28
— 0.2, we obtain

ho(d) = hd ~ — AH2, [24]

[VollCec.)’ )
[O5][CeE.l?
The & dependency of the partial molar enthalpy and entropy, as
directly determined from the nonstoichiometry data, is shown in Fig.
7a and b, respectively, and compared with the values estimated from
the various defect models. The values of ho — hQ and s — sg) esti-
mated from the d-linear and generalized &-linear solution models
agree with those directly determined from the oxygen nonstoichiom-
etry data using Eq. 18 and 19. The values of hg — &g and s — s
estimated from the ideal model are significantly underestimated in
the nonstoichiometry range related to the reduction of Pr(8 < 0.1).

5o(8) — 53 ~ — AS%, + R ln< [25]
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The generalized 8-linear solution model yields larger values for the
slopes [d(ho — h()1/dd and [d(sg — s3)]/dd than the values directly
determined from the nonstoichiometry data for 8 < 0.1, whereas the
8 dependency of ho — hQ and sg — sg estimated from the 3-linear
solution model agrees very well with the one directly determined
from the oxygen nonstoichiometry data over the entire d range ex-
amined. The observed nonideality in the reduction of Pr should
therefore be attributed to a change in the enthalpy for oxygen incor-
poration with varying oxygen nonstoichiometry.

According to the definition of the ideal, regular, and 8§-linear
solution models, the value of iig — ) should be identical at & = 0 in
all three cases. Also, the 8 dependence of s — s should be identi-
cal because there is no excess entropic term present in any of these
models, and a random distribution of defects is assumed in all cases.
None of these conditions is true though when comparing the hq
— h¢, and sg — s¢, values for the ideal and 3-linear solution models
in Fig. 7a and b. This is because AngS _o and ASp. were not con-
strained to have the same values in all defect models but instead
were allowed to vary freely in each defect model. Because each
defect model has a different number and type of fitting parameters,
the best fit in each case is not expected to result in the same AHp, 5_
and ASP, values.

The negative sign of hg — h) indicates that the incorporation of
oxygen is an exothermic process. The value of hg — hg for 8
< 0.1 is related to the oxidation of Pr and varies between —103 and
—93 kJ/mol in the nonstoichiometry range between 0.053 and 0.08.
A value of —73 = 6 kJ/mol has been reported ? for the partial mo-
lar enthalpy for the oxidation of Pr in Ce(gPr;,0,_s from the non-
stoichiometry data obtained in the temperature range of 800-950°C
after fitting with an ideal defect model. The value of hg — kY in-
creases with increasing 8, indicating a more facilitated expulsion of
oxygen with increasing fractional concentration of trivalent Pr. A
similar behavior has been observed for the reduction of Ce in
CeO,_s > and Cey9Gdp 101 95-5 7 at a similar total oxygen vacancy
concentration range. This is probably related to the decrease in the
strength of the metal-oxygen bond with decreasing valency and in-
creasing ionic radii of the cations. This possibility is discussed in
more detail later on. A sharp decrease in the value of hg — hy) is
observed in the nonstoichiometry range between 0.08 and 0.09. This
is attributed to increased uncertainty in this region, arising from
increased experimental errors, errors in the shifting of the
A3(log POZ) curves to obtain absolute values of 3, as well as in-
creased errors entering the analysis due to the sparser data points in
this region.

In the oxygen nonstoichiometry range 8 > 0.1, where the incor-
poration of oxygen is related to the oxidation of Ce, the values of
ho — h¢ and s — s¢ estimated from the various models are slightly
underestimated relative to the values obtained directly from the oxy-
gen nonstoichiometry data. A mean value of hg - hy of
—340 = 7 kJ/mol is obtained from the experimental data in the &
range between 0.103 and 0.168, whereas values between —353 and
—359 kJ/mol are estimated from various defect models. This indi-
cates that a nonideal solution model might be more appropriate for
the modeling of the reduction of Ce as well, but the limited amount
of data in this region does not allow for a definite conclusion. The
reduction of Ce was modeled in an ideal manner, i.e., AH%e, AS2
= const, in all cases. The small differences observed in the values of
ho — h¢ and so — s§) estimated from the various models in this re-
gion are a result of the influence of the way the reduction of Pr was
treated and of uncertainties arising from the fitting.

The values of the nonideality parameters, ay and ag, obtained
from the fit of the d-linear and generalized 3-linear solution models
to the d(log Po, ) curves at temperatures between 600 and 850°C,
are shown in Flg 8. A constant value of —354 + 1 kJ/mol®> was
determined for ay from the fitting of the 3(log Poz) curves at all
temperatures (it is assumed to be temperature-independent). The val-
ues obtained for ag from the fitting of the 3(log Pg,) curves at each

-200-
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<
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=
~
g o
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Figure 8. Nonideality parameters, a; and ag, as a function of temperature.

temperature show considerable scattering without indicating a cer-
tain temperature dependence. The mean value of ag in this tempera-
ture range is —350 = 70 kJ/mol®, agreeing with the value deter-
mined for ay from the d-linear solution model within experimental
uncertainty. The temperature independence of ag indicates the lack
of an excess entropic term for the nonideal reduction behavior of Pr.
The negative value of ay causes an increase in hgo — hg with in-
creasing oxygen nonstoichiometry (Eq. 15 and 20), which results in
a facilitated expulsion of oxygen with increasing 8. The value of ay
or ag estimated here for Ce, 8Pr%02 _s 1s of the same magnitude as
found for perovskite systems. The value of ag varies between
—400 and —250 kJ/mol? for La,_,Ca,CrO;_s, depending on x and
temperature,12 whereas the value of ay varied between 7600 and
—100 kJ/mol? for Lag 9Cay 1Cr;_,Al,O3_3, depending on y.

A linear relationship between the excess Gibbs free energy and
the oxygen nonstoichiometry was confirmed in La;_,Ca,CrO;_g 12
on the basis of changes in the interatomic potentials due to the
defect induced volumetric expansion. A similar approach is under-

taken here, describing the 1nteratomic interactions by a
Buckingham-type shell-model potentlal
s C.
Uij = AlJ CXp(— _11) - _611 [26]
Pij Tij

where Ajj, pij» and Cy; are constants characteristic of the pair i—j and
j is the distance between ions i and j. Au’ pij» and Cj; values refined
for ceria were used,”” and the interatomic distances rij were deter-
mined by Rietveld refinement of the room-temperature XRD pattern
of Ce gPry,0, and values of the deconvoluted thermal and chemical
expansion  coefficients,® @, (30-600°C) = 11.3 X 1076 K~!,
a;n(30-800°C) = 12.6 X 107% K~!, and B = 0.084 mol~!, assum-
ing isotropic expansion of all interatomic distances. The excess en-
thalpy may then be estimated from
AHp = E AU; = E [Uij(rij + Arij) -

ij#i ij#1

Uij(rij)] [27]

where Arjj = Br; is the defect induced (chemical) expansion of the
interatomic distance ry;. The summation of the pair potentials in Eq.
27 was restricted to the first neighbors only in this simplistic calcu-
lation. The estimated dependence of the excess enthalpic term on
oxygen nonstoichiometry at 600°C is shown in Fig. 9.

As shown in Fig. 9, the estimated excess enthalpy is far from
zero that would be required for an ideal solution behavior. Further-
more, an almost linear relationship between excess enthalpy and &
can be observed from Fig. 9, with a slope of —332 kJ /mol?, which
agrees semiquantitatively with the experimentally determined value
of =354 = 1 kJ/mol? for ay. A value of —328 kJ/mol®> would be
calculated at 800°C, indicating no temperature dependence of the
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Figure 9. Excess enthalpy as a function of oxygen nonstoichiometry. The
straight line is the result of linear fitting, yielding a slope oy =
-332 kJ/mol’.

nonideality parameter. This calculation is in support of the 3-linear
solution model that was able to describe the experimentally deter-
mined nonstoichiometry data, while at the same time it suggests a
decrease in the mean metal-oxygen bond strength to be the reason
for the observed nonideal behavior of the reduction of Pr in
Ce gPro 20,5

Conclusion

The oxygen nonstoichiometry of Ce, gPr,,0,_5 was measured by
CT and TG over a wide Po, range, covering both the reduction of Pr
and Ce at temperatures between 600 and 900°C. Five defect models
were applied to the nonstoichiometry data. The reduction of Pr could
not be modeled in an ideal manner (constant AHp, and ASp) even
with an additional defect reaction taking into account the association
of reduced Pr species and oxygen vacancies. A regular solution
model was also unable to explain the Pq_dependence of the oxygen
nonstoichiometry. A nonideal solution model with a linear & depen-
dence of AHp, (3-linear) and a nonideal solution model with a linear
8 dependence of AG}, (generalized 8-linear) for the reduction of Pr
could accurately reproduce the 3(log Poz) curves in the entire non-
stoichiometry range examined and at all temperatures, at the same
time yielding a & dependence of AGy, which agrees very well with
the one directly determined from the nonstoichiometry data. The
partial molar enthalpy and entropy of oxidation estimated from the
ideal model were significantly underestimated relative to the values
obtained directly from the nonstoichiometry data, whereas the
d-linear solution model yielded a very good agreement. This indi-
cates that the observed nonideal behavior of the reduction of Pr is
due to a d-dependent hg — hQ) giving rise to a facilitated loss of
oxygen with increasing fractional concentration of trivalent Pr. This
is tentatively attributed to a decrease in the strength of the metal—
oxygen bond with decreasing oxidation state and increasing ionic
radii of Pr.
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Appendix

The standard Gibbs free energy change in Reactions 3 and 4 may be expressed as a
function of the standard chemical potential of the quasi-chemical species involved as

1
AGy, = Zﬂg,ée + M%; + Ep‘%z,gas - ZME,& - Mgé [A-1]
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1
AGEe = 20y + By + 31, 005 ~ 2Heex ~ Box (A-2]

The Gibbs free energy of CegPrj,0, 5 is
G= E Xip; = 2 X + RTE X In v [A-3]
i i i

The chemical potential of oxygen of CegPr,0,_s relative to that of the standard state
can be estimated from

G d x; J
- = — - ":_2 o— _ °—RT—§ . In
Ko ~ Ko 9(2-3) Ko i M 95 Ko 75 i X Rl

d x;
- RTE In 'Yiﬁ_ﬁl [A-4]
i

The combination and differentiation of the mass, site, and charge conservation condi-
tions, Eq. 5-8, yield

[Pl __ dlPre]

s ad [A-5]
9 [Ceg] _ 9 [Ceg [A-6]
93 ad
9[08) _ Vel __, ]
ad ad
9 [Cetel o 9 [Prg] [A-8]
ad ad
The configurational entropy of Ce(gPrg,0,_5 is
geonf _ k[ln( _ (2Ny)! _ ) . ln( (0.2N))! )
VeIV L[ - [VEDINL]! ([PrecINA) ! ([PIEcN)!
1n< (0.8V,)! ) + ln( N,/ )] [A-9]
([CC,CC]NA) ! ([CCEC]NA)! (0.2N4) ! (0.8Ny)!

where k is Boltzmann’s constant. The configurational part of the partial molar entropy
of oxidation of Ce(gPry,0,_s is then estimated from

5 seonf 5 geont
conf
=—=- A-10
0T 520 PR [A-10]
Substituting R = kN, and Eq. A-5-A-9 in Eq. A-10 yields
cont ( (25 - [Pre.])% )
so =R|In )
(0.8 = 28 + [Pr(.])°(2 - d)
3 [Pre, Pr( (0.8 — 28 + [Prg,
. [ rCL]l ( [Pre.]( , [ rC:,]) ) [A-11]
ad (0.2 = [Pre])(28 = [Pre )

Dividing Eq. 3 and 4, differentiating with respect to 8, and solving for the partial
derivative of the concentration of Pr¢, with respect to 8, we obtain
a[Pre] _ 4Kp{ Ceg [Pl + 4Ko[CelI[Pr ]
38 2Kco([PréJ[Ced I + [Cef JPre ) + 2Kp([PreJ[Cego]? + [Cel J[Pre. )
[A-12]
Substituting Eq. A-1, A-2, A-5-A-8, and A-11 in Eq. A-4, and separating the enthalpic
from the entropic contribution, we obtain
2 [PreJ(AHa — A, - AH;t°)
ad 2

ho(3) — hS = — AHZ, +

[A-13]

d [Pré.) [ ASE, — ASp, — ASp®
SO(S) _ S(Z) __ AS%e + [ Cg]( Ce Pr Pr

Py 5 ) +sg" [A-14]
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