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The oxygen nonstoichiometry (8) of CegPr,Tby,_,0,_5 (x =0, 0.05, 0.10, 0.15, 0.20) was measured as a function of PO2 at
temperatures between 600 and 900°C by coulometric titration and thermogravimetry. A nonideal solution model, allowing for a
linear 8 dependence of the partial molar enthalpy of reduction in the dopants, could successfully reproduce the experimentally
determined oxygen nonstoichiometry. X-ray absorption near-edge spectroscopy measurements were performed at the Ce/Pr/Tb L3
and L2 edges. The valence state of each dopant was affected by the presence of the co-dopant. The redox properties strongly
depended on the lattice strain energy and the mean metal-oxygen bond strength. The thermal and chemical expansion coefficients
were determined by dilatometry. The strongly nonlinear behavior of the thermal expansion coefficient originated from the chemi-
cal strain due to increasing oxygen nonstoichiometry with increasing temperature.
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Significant scientific effort has been devoted to the study of
ceria-based oxides, as they exhibit transport and catalytic properties
that render them appropriate for a variety of applications, such as
electrolytes and electrodes for solid oxide fuel cells (SOFCS),1
three-way catalysts,2 oxygen sensors,” and oxygen permeation
membranes.

Fast oxide ion conduction can be achieved by the introduction of
oxide ion vacancies, for example, as a result of charge compensation
when substituting Ce** with lower valency cations (e.g., Gd** or
Ca*). The oxygen nonstoichiometry (8) of pure and doped ceria
increases with decreasing oxygen partial pressure and increasing
temperature, accompanied by partial reduction of Ce** to Ce*. This
induces electronic conductivity, which takes place via a small po-
laron hopping mechanism.”” The electronic conductivity limits the
use of the material as an electrolyte for SOFCs at low temperatures
(500-600°C) '° but makes it attractive for applications where mixed
ionic—electronic conduction is required. Mixed conduction in ceria
can be extended to a broader Po, range by doping with multivalent
cations, such as Pr or Tb, both of which can have a mixed (3 + /4
+) valence state. This has enhanced the electronic conductivity of
ceria within the high PO2 regime (1075-10"" atm).”’16

The solubility limit of Pr in ceria has been assessed by X-ray
diffraction (XRD) to be 30 atom %.'*!” The oxygen nonstoichiom-
etry of the 20 atom % Pr-doped ceria has been previously investi-
gated in the high Po, regime over the temperature ranges of
800-950°C (for microcr?/stalline powder)18 and 600-750°C (for
nanocrystalline powder)'" by coulometric titration (CT). In both
cases, a simple defect model treating the reduction of Pr** to Pr3* in
an ideal manner [i.e., not allowing the partial molar enthalpy for
oxygen incorporation (hg—hQ) to vary with the degree of nonsto-
ichiometry] accounted well for the nonstoichiometry data. We have
presented the oxygen nonstoichiometry and defect chemistry of mi-
crocrystalline Ce gPry,0,_g in a previous publication.19 A nonideal
solution model with linear 8 dependency of ho—h() for the reduction
of Pr (called linear & for simplicity) was necessary to reproduce the
3(log P02) curves in the entire nonstoichiometry range examined at
each temperature.

Various examples of a nonideal reduction behavior exist in the
literature; The reduction of the perovskite compounds
La;_Sr,CrOs5_g 2 and La;_,Sr,CoO5_; ?! has also been observed to
follow a regular solution behavior (which for small 8 corresponds to
a linear dependence of ho—hQ on ). For La;_,Ca,CrOs_s, a linear
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relationship should be expected between the excess standard Gibbs
energy change (AG?, ) and & based on the estimation of pair poten-
tial changes due to the defect-induced lattice expansion.22 The de-
viation of the redox energetics of SrFeO;_s from ideality could be
successfully interpreted by an excess term of purely configurational
entropic origin.

Oxygen loss upon heating in air gives rise to a highly nonlinear
thermal expansion coefficient (TEC) ranging between 10 X 1076
and 36 X 10 K~! over the temperature range of 30-1000°C. 18
The effect of co-doping Pr-doped ceria with either Gd 18 or zr 1224
on & and TEC has also been investigated. Co-doping with 15 atom
% Gd caused a decrease in the fractional concentration of Pr**,
leading to smaller changes in 8 and therefore slightly smaller TEC
values. The value of ho—hQ decreased from 73 £ 6 to
42 £ 4 kJ/mol, resulting in a more facile reduction of Pr. Co-
doping with 10 atom % Zr also increased the fractional concentra-
tion of Pr3* and substantially decreased the TEC to values between
13 X 107° and 18 X 10°° K~! in the temperature range of
30-1000°C.

Tb is soluble in ceria to even higher amounts than Pr, exceeding
50 atom %.>%% No thorough study on the oxygen nonstoichiometry
of Tb-doped ceria has been performed so far. X-ray absorption near-
edge spectroscopy (XANES) measurements at the Tb L3 edge on
samples with various amounts of Tb doping, published by three
different groups,15 2829 have indicated an increase in the fractional
concentration of Tb*+ with increasing Tb amount. The TEC of nano-
crystalline Tb-doped ceria determined by high temperature XRD in
the temperature range of 25-800°C decreased from 11.7 X 107 to
10.8 X 107° K~! with increasing Tb content from 0 to 30 atom %.1
Co-doping with Zr yielded unexpectedly high concentrations of
Tb3*, which is not seen in TbO,_g or Cel_XTbXOz_B.30 Density func-
tional calculations indicated a significant change in the energetics
for the removal of O, from being a highly endothermic process for
pure ceria to becoming slightly exothermic for the ternary oxide. It
should be stressed though that in the ternary oxide the expulsion of
O is related to reduction of Tb and not Ce, Tb being intrinsically
more easily reduced than Ce. However, stabilization of the tetrava-
lent state of Tb was observed when co-doping with Ca’!

In this contribution, samples of ceria doped with Pr and Tb are
examined. CT and thermogravimetry (TG) are used to determine the
oxygen nonstoichiometry over a wide Py_range, covering both the
reduction of Pr/Tb and Ce, at temperatures between 600 and 900°C.
The defect chemistry of these materials is modeled with a 3-linear
solution approach for the reduction in the dopants. Thermodynamic
parameters determining the redox behavior are determined and dis-
cussed with respect to their compositional dependence. XANES
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measurements have been performed to estimate the valence state of
each cation and to investigate the effect of co-doping on the redox
properties of the two elements in the ceria lattice. Finally, the ther-
mal and chemical expansion coefficients of Ce,gPr,Tby,_,0,_5 are
determined.

Experimental

Sample preparation and phase analysis.— Powders of CeggPr,
Tby,_0,_5 with x = 0, 0.05, 0.10, 0.15, 0.20 were synthesized by
coprecipitation. Aqueous solutions of Ce(NOs);-6H,0 (Alfa Aesar,
99.99%), Pr(NO3)5-xH,O (Alfa Aesar, 99.9%), and Tb(NO3)3-5H,0
(Johnson Matthey, 99.9%) were prepared. The solution concentra-
tions were determined gravimetrically and by titration. Appropriate
amounts of each solution were mixed in a glass container at 200°C.
Coprecipitation of the metal oxalates was achieved by adding oxalic
acid (1 M) while stirring the solution. The solutions were dried
overnight at 300°C, and the resulting powders were calcined at
600°C. The powders were shaped into disks at a uniaxial pressure of
3 MPa and further isostatically compressed 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 D8 Advance diffractometer with Cu Ka radiation and a
LynxEye position sensitive detector. The diffractograms were re-
corded at the 26 range of 20-80° with a step of 0.02° using a scan
rate of 1 s/step. Unit cell parameters were determined by whole
pattern Rietveld refinement using Fullprof.32

XANES.— As-sintered disks were further annealed at 800°C in
air for 12 h and were quenched to room temperature in air. These
samples are hereafter denoted as Q800CAir (quenched from 800°C
in air). Approximately 5 mg of the powdered quenched disks was
thoroughly mixed with 50 mg of cellulose in a mortar and was
subsequently pressed into disks. XANES measurements at the Ce/
Pr/Tb L3 and L2 edges were performed in the transmission mode at
HASYLAB/DESY [extended X-ray absorption fine structure (EX-
AFS) E4 beamline] at room temperature and at a pressure of
107 atm using a Si(111) double-crystal monochromator at 40% de-
tuning to suppress harmonics. A metal foil reference was used with
each sample to accurately calibrate and align the energy scale for all
spectra. In the near-edge region, equidistant energy steps of 0.2 eV
were used. The intensity of the monochromatic X-ray beam was
measured by three consecutive ionization chambers filled with argon
and nitrogen at appropriate pressures. Leaking of the incident beam
through parts of the sample having a less absorbent material results
in an amplitude reduction in the XANES si%nal and an apparent
shift of the absorption edge to lower energies. 334 To minimize the
effects of sample inhomogeneity, we scanned the X-ray beam along
the diameter of the disk and carefully selected a region of homoge-
neous absorption. The analysis of the XANES sspectra was per-
formed with IFEFFIT program package Athena.® All absorption
spectra were normalized in the following manner. The background
fitted below the edge was extrapolated by a linear function and was
subtracted. The spectra were then normalized to unity by a linear
function fitted in the EXAFS region and extrapolated to the edge.

Two series of reference samples, one with fully oxidized dopants
and one with fully reduced dopants (Pr/Tb), were prepared by an-
nealing samples of CegPrj,0,_5 and Ce,sTby,0,_s under appro-
priate conditions. To obtain the oxidized reference samples, powders
of as-sintered disks were annealed at 500°C in pure O, at a pressure
of 40 atm for 2 days, and furnace cooled to room temperature in the
same environment. For the fully reduced reference samples, sintered
disks were annealed in a gas mixture of 0.4% H, + 79.6% N,
+ 20% H,0 at 800°C for 10 h, 700°C for 20 h, and 600°C for 40
h, defining a Pq, of 1072! atm at 600°C and finally cooled to room
temperature in the same gas mixture at a rate of 5 K/min. These
reference samples are hereafter denoted Oxidized and Reduced, re-
spectively.
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Figure 1. Lattice constant of Ce,4Pr,Tb,_,O,_5 as a function of composi-
tion after annealing at different conditions and comparison with values esti-
mated from Kim’s empirical relation.*® The dashed lines serve as a guide for
the eyes.

CT and TG.— As-sintered disks were crushed into powders, ex-
amined for phase purity by XRD, and used for CT and TG. A small
alumina cup with a known mass of sample powder (~2 g) was
fitted in a ZrygsY( 50, (YSZ) cup covered with a YSZ lid and
sealed with glass at 1000°C. The contact surfaces between the YSZ
cup and the lid were polished using SiC paper and 3 pm diamond
paste, and external uniaxial pressure was applied on 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
the electrochemical pumping of oxygen and as reference electrodes
for the determination of the Po, inside the cup. Pt paste was used for
the reference electrodes. A thin (~10 pwm) sprayed layer of
YSZ/Lay ¢Sty ,MnOj3; cermet covered with Pt paste was used for the
working electrodes. A detailed description of the CT measurements
can be found elsewhere.'’

TG was performed using both a NETZSCH STA 409CD thermo-
gravimeter and a NETZSCH TG 439 thermobalance. The Po, of the
sample atmosphere was varied by appropriate gas mixtures (of air,
N,, and H,) at a constant temperature and was measured down-
stream with a YSZ P, sensor. After each gas change, the sample
was left to equilibrate for 2 h. The measured weight loss was cor-
rected for buoyancy effects using an alumina powder reference
sample of the same volume measured under identical conditions.

Dilatometry.— The thermal and chemical expansion coefficients
were estimated from dilatometry measurements performed with a
NETZSCH DIL 402CD differential dilatometer with a sample load
of 0.3 N. The thermal expansion of the sample rods was measured in
air (100 mLn/min) by heating the samples from room temperature to
1000°C at a rate of 1 K/min. The samples were then cooled to
800°C, where the chemical expansion coefficient was determined,
by varying the Po, of the sample atmosphere while keeping the
temperature constant. The Py control and monitoring were under-
taken as described for the TG measurements. An Al,O3; rod mea-
sured simultaneously with the sample rod served as a standard for
the calibration of the instrument.

Results and Discussion

A single fluorite phase was observed by room-temperature XRD,
for all compositions and annealing conditions, indicating a solid
solution of the dopants in the lattice of ceria in all cases. The lattice
constants were determined by Rietveld refinement of the X-ray dif-
fractograms. The variation in the lattice parameter with composition
and annealing conditions is shown in Fig. 1. The lattice parameter
increases upon reduction and with increasing relative amount of Pr,
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as expected from the increase in the mean ionic radius of the dop-
ants. An empirical relation was published by Kim, relating the
lattice constant of ceria with the ionic radii and the oxidation state of
the dopants

a=0.5413 + >, (0.0220Ar, + 0.00015Az,)m, [1]
k

where a (nm) is the lattice constant of the ceria solid solution at
room temperature, Ar, (nm) is the difference in the ionic radius
(r¢ — rce) of dopant “k” and the Ce** radius in the eightfold coor-
dination taken from Shannon,37 Azy is the valence difference (zy
—4), and my is the mole percent of the kth dopant in the form of
MO,.

The determined lattice parameters compare well with those pre-
dicted from Kim’s empirical relation (Eq. 1) using the tetravalent
fraction of each dopant determined by XANES (presented later).
The lattice constant obtained from Kim’s relation is slightly under-
estimated for Tb-rich compositions and slightly overestimated for
Pr-rich compositions, especially for the Oxidized samples. This
could be because Kim’s relation has been derived from the data of
lattice constant variation as a function of trivalent dopant
concentration.*®

Oxygen nonstoichiometry and defect chemistry.— The oxygen
nonstoichiometry and defect chemistry of Ceg ¢Pr;,0,_s have been
discussed in detail in a previous publicaltion.l The reduction of
Pr could not be modeled in an ideal manner [constant standard en-
thalpy (AHp,) and standard entropy (ASp,) of reduction], even with
an additional defect reaction taking into account the association of
reduced Pr species and oxygen vacancies. However, a nonideal so-
lution model with a linear 8 dependency of AHjp, for the reduction of
Pr (3-linear model) could accurately reproduce the d(log Po,)
curves in the entire nonstoichiometry range examined and at all
temperatures, at the same time yielding a & dependence of the Gibbs
energy of formation (AGy) and the partial molar enthalpy (ho—hJ)
and entropy (so — s3), which agrees with the one determined di-
rectly from the nonstoichiometry data. Because a similar defect for-
mation behavior can be expected for the compounds
Ceq gPr, Tby,_O,_5, a &-linear solution model for the reduction of
the dopants was adopted for the defect modeling of these com-
pounds.

The &-linear solution model includes for the reduction reaction of
the dopants, M = Pr/Tb, an excess enthalpic term, linear with re-
spect to &

AHYy = AHSy o + AHSy oo = AH oo + agd [2]

Lexc

where the parameter ay represents the rate of change in the partial
molar enthalpy for the reduction of the dopants with oxygen nons-
toichiometry, dAHy,/d3. The defect formation reactions and equilib-
rium constants (K) using the Kroger—Vink notation for the point
defects are

OF + 2ME, « 30,(g) + Vg + 2Mg,

AHy 50 + AHY,
RT

_ PIO/Z2 : [Va] : [M/Ce]2
[05] - [MEF

.exc

— TASY
KyE = exp(— M)

M.s=0-a1: ASy = const  [3]

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

AH?Ze - TAS%e)
RT
Pg; - V5] - [Cee. ]
~ [O8]-[Ce:P

The mass (Eq. 5), site (Eq. 6 and 7), and charge (Eq. 8) conservation
conditions can be written as

AH?,,AS?, = const [4]

[ME] + [Mc.] = 0.2 (5]

[Cefe] + [Cege] + [ME] + [Me] = 1 [6]
(03] + V5l =2 [7]

2[V5] = [Mc] + [Cec] (8]

Five variables, AHK/[,B:O? ay, ASy, AHZ,, and AS?,, were used
for the fitting of the oxygen nonstoichiometry data with the d-linear
solution model at all temperatures. A sequential method®® was
adopted for the nonlinear least-squares fitting in all cases, allowing
for the simultaneous contribution of all defect species in the defect
equilibrium throughout the whole range, avoiding the use of
Brouwer-type approximations.39 The reduction of Pr and Tb in the
co-doped compositions is not treated separately though, as they both
occur within the same P range, making it impossible to distin-
guish between them. In all 3(log P02) curves, a clear “plateau” is
observed when [M/Ce] = 0.2. Absolute values for the oxygen nons-
toichiometry were obtained by adjusting the & value at the minimum
slope, dAB/dPOZ, of the observed plateau to 0.1, corresponding to a
complete reduction of the dopants, Ce remaining in the fully oxi-
dized state, as evidenced from the XANES results (see XANES
subsection in the Results and Discussion section). Sequentially solv-
ing the set of linear and nonlinear equations describing the defect
model yields a prediction for the Py of each measured value of 3.
Because the & values close to the plateau suffer a much greater
uncertainty in the determination of their corresponding Po,. the fit-
ting was performed by weighting the square deviation by a factor of
[0.1 — 8] in all cases.

Oxygen nonstoichiometry data for the compounds
Ce( gPr, Tby,_,0,_5, determined by CT and TG, together with the
fits obtained with the 3-linear solution defect model, are shown in
Fig. 2a-c for 600, 700, and 800°C, respectively. The d-linear solu-
tion model is able to reproduce the Po, dependence of & over the
entire Po, range examined at each temperature for all compositions.
At the oxygen nonstoichiometry regime related to the reduction of
the dopants and at low temperatures, the Pr-rich compounds have a
higher oxygen content (smaller oxygen nonstoichiometry) and are
observed to release oxygen easier than the Tb-rich compounds with
decreasing P, as can be seen at the insets of Fig. 2a and b. For
values of 8 above 0.08, the d(log Pp,) behavior of the dopants
becomes almost identical for all compositions. This is the reason
why at temperatures above 800°C it is not possible to distinguish
between the reduction behaviors of the dopants for the various com-
positions. In the oxygen nonstoichiometry regime related to the re-
duction of Ce, the Pr-rich compounds start reducing at slightly
higher Po, values than the Tb-rich ones.

The thermodynamic parameters, deduced from the fitting of the
oxygen nonstoichiometry data of each composition with the 8-linear
solution model, are listed in Table I. The parameters obtained for the
partial molar enthalpy of reduction are plotted as a function of com-
position in Fig. 3a and b for the dopants and Ce, respectively. The
positive sign of the partial molar enthalpies of reduction of both the
dopants and Ce indicates that the expulsion of oxygen is an endo-
thermic process.

The partial molar enthalpy for the reduction of the dopants at the
fully oxidized state, AHy, 5_, increases with increasing Pr concen-
tration; i.e., the reduction of Tb** to Tb>* demands less heat than the
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Figure 2. Oxygen nonstoichiometry and fit of the 8-linear solution defect
model for the compounds CegPr,Tby,_O0,_5 at (a) 600, (b) 700, and (c)
800°C.

reduction of Pr** to Pr3* in the lattice of ceria. The difference might
arise from lattice strain energy due to the host—dopant mismatch. As
discussed in reference to the XANES results, this contribution plays
a significant role in the determination of the redox properties of the
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Figure 3. 3-linear solution model parameters for the partial molar enthalpy
of reduction as a function of composition.

dopants. The ionic radius of Pr** is only slightly smaller than that of
Ce**, whereas that of Tb** is significantly smaller. The reduction of
Tb** to Tb* at the strongly oxidized state would lead to a signifi-
cant reduction of the lattice strain, whereas the reduction of Pr** to
Pr3* might even result in a slight increase in the lattice strain energy
as Pr3* has a significantly larger ionic radius than Ce**. Values for
the ionic radii discussed here are given in Table .Y’

The value of the nonideality parameter, ay, is almost zero for the
Tb-rich compositions and decreases fast with increasing Pr content
to large negative values, as shown in Fig. 3a. This results in a more
facilitated expulsion of oxygen with increasing oxygen nonstoichi-
ometry (Eq. 2) for the Pr-rich compositions in the oxygen nonsto-
ichiometry regime related to the reduction of the dopants. We at-
tribute this to a decrease in the strength of the metal-oxygen bond
with decreasing oxidation state and increasing ionic radii of the
cations. However, the Tb-rich compositions appear to behave in an
ideal manner.

The reason for the different reduction behaviors of Pr and Tb in
the lattice of ceria is not clear. It should be stressed though that the
presence of two counteracting & dependencies on ay, canceling out
and therefore resulting in an apparent ideal behavior for the Tb-rich
compounds, cannot be excluded.

Table I. Thermodynamic parameters obtained from the fitting of the oxygen nonstoichiometry with the &-linear solution model.

AI-IOM,S:O ay ASI?/I AH(ée As%e
[Pr] = 0.20 - [Tb] (kJ/mol) (kJ/mol?) (J/K mol) (kJ/mol) (J/K mol)
0.20 125 —354 69 360 91
0.15 122 —237 76 380 99
0.10 118 —156 76 387 111
0.05 103 —27 73 398 114
0.00 101 —24 72 399 113
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Table II. Ionic radii for eightfold coordination.”’

Radius
Ton (A)
Ce** 0.97
Ce’* 1.143
Pr** 0.96
Pr3* 1.126
Tb** 0.88
Tb>* 1.04
Zr** 0.84
Ca?+ 1.12

The value of the standard entropy change for the reduction reac-
tion of the dopants is very similar for all compounds, at 69-76 J/K
mol, as shown in Table 1. The larger dd/d log Pg, slope observed
in Fig. 2a and b for the Pr-rich compositions is the result of the
increased nonideal behavior of these compounds relative to the Tb-
rich ones, leading to a decreasing partial molar enthalpy of reduction
with increasing & and therefore to a more facilitated expulsion of
oxygen and increasing slope dd/d log Po,.

Both the partial molar enthalpy and the standard entropy for the
reduction of Ce decrease with increasing Pr concentration. This
leads to the observed more facilitated expulsion of oxygen for the
Pr-rich compositions in the oxygen nonstoichiometry range related
to the reduction of Ce. The difference among the various composi-
tions decreases with increasing temperature due to the increasing
entropic contribution for the Tb-rich compositions.

XANES.— The L3 white lines of Pr, Tb, and Ce are shown in
Fig. 4a-c, respectively. A clear shift of the absorption edges to lower
energies is observed in Pr and Tb upon reduction, indicating a de-
crease in the value of their valence state, whereas no change can be
detected for Ce. This means that any change in & within the Po,
range defined by the annealing conditions for the Oxidized and Re-
duced samples should be attributed to the reduction of the dopants.
Double-peaked white lines are observed in all cases, apart from the
Pr and Tb edges of the Reduced samples, which agree with the L2
and L3 near-edge spectra generally observed in rare-earth (RE)

B303

L4042 . L
ions. Peak A arises from a transition of a 2p core electron from

the 4f" (RE*) initial configuration to the crystal field split 5d empty
states. Peak B is the sum of two transitions from two initial configu-
rations with different valences: 4f**! (RE**) and 4f**'L (RE*),
where n = 0, 1, and 7 for Ce, Pr, and Tb, respectively. Therefore, the
ratio of the integrated intensities of the two peaks can only provide
an indication and not a direct measure of the valence state of each
cation.

To examine whether reoxidation of Pr or Tb might occur at room
temperature, which would imply that quenching of the samples is
not effective, XANES spectra at the L2 edge of Pr and Tb recorded
a few days after quenching and 6 months later were compared. The
comparison for Pr depicted in Fig. 4d shows a small decrease in the
ratio of the integrated intensities of peaks B and A, indicating a
slight reoxidation of the sample. Quantifying this decrease (as de-
scribed later) would yield a change of around 5% in the valence
state of Pr over the period of 6 months, indicating that a very slow
reoxidation of Pr3* might occur at room temperature. This very
small value (being close to the uncertainty of the measurement), as
well as the fact that no change was observed in Tb, allows us to
assume that the samples remain in the quenched state at room tem-
perature over a sufficiently long period of time not to invalidate our
results. The oxygen nonstoichiometry of the Q800CAir samples
(3 = 0.065, as determined from the total tetravalent dopant fraction,
Fig. 6), which agrees with the equilibrium value at 800°C shown in
Fig. 2, is also indicative of a successful quenching. Finally, the
absence of peak A in the Pr and Tb spectra of the Reduced samples
indicates the complete reduction of the dopants. This shows that the
reduced state of Pr and Tb is indeed preserved by quenching.

Various methods for obtaining semiquantitative or even quanti-
tative information for the oxidation state of the element in question
from the absorption spectra have been suggested in the
literature.***’ Principal component analysis and linear combination
(LC) of XANES reference spectra to fit the experimental
spectrum 347 were selected here as these approaches have proven to
be reliable and sensitive tools for the determination of the type and
relative amount of each component that contributes to the absorption
spectrum of multicomponent systems, when the absorbance spec-
trum of each individual component significantly differs, and when
proper reference compounds with similar structures, compositions,
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Figure 5. LC fit of (a) the L3 absorption edge of Tb for Ce¢Tby,0,_5
quenched from 800°C in air and (b) its first derivative.

types of neighbors, and local symmetries as in the examined mate-
rial can be used. A mean value of the oxidation state of each element
in the Q800CAIr samples was estimated by LC fitting of the L3
absorption edge and its derivative, using the spectra of the Reduced
and Oxidized samples as references. As an example, the LC fit of the
absorption edge and the derivative of Ce,gTb,0,_5 are shown in
Fig. 5a and b, respectively. x> values below 0.02 were obtained in
all cases, indicative of a very good fit. It should be stressed that only
one parameter was varied to obtain the fit, the relative weight of the
reference spectra, directly giving the relative amount of each va-
lence state.

The relative fraction of tetravalent Pr and Tb, estimated in this
manner, is shown in Fig. 6 as a function of the concentration of Pr,
the total amount of doping being 20 atom % in all cases. The fit of
the absorption and the derivative of the absorption spectra gave very
similar results. It can be seen that the tetravalent fraction of each
dopant depends on the relative concentration of the co-dopant, in-
creasing for Tb with an increasing amount of Pr and decreasing for
Pr with increasing Tb concentration. The same trend was observed
when using the edge shift or the ratio of the integrated intensities of
peaks A and B as an indication of the tetravalent dopant fraction.

The observed dependence of the redox properties of Pr/Tb on the
concentration of the co-dopant can be rationalized on the basis of
minimization of the lattice strain energy by matching the average
ionic radius of the dopants to that of the host. The presence of the
voluminous Pr stabilizes the tetravalent state of Tb as a means of
relaxing the strain in the lattice, stemming from the host—dopant
mismatch. However, Tb, having a smaller ionic radius than Ce,
tends to stabilize the trivalent state of Pr. The values of the ionic
radii discussed are given in Table IL.°" Other studies have also
shown a correlation between the redox properties of Pr and Tb in
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Figure 6. Fraction of tetravalent Pr and Tb and total tetravalent dopant
fraction as determined from XANES for Q800CAir samples and CT at
800°C in air. The lines are a guide for the eyes.

ceria with the amount and type of doping or co-doping.13‘18’24’30’31

Minimization of the lattice strain energy can account for most of the
observed dependencies, such as the increase in the trivalent fraction
of Tb or Pr when co-doping with Zr and the increase in the tetrava-
lent fraction of Tb when co-doping with Ca.

The overall tetravalent dopant fraction, as determined from
XANES for the Q800CAir samples, remains constant within experi-
mental uncertainty, as shown in Fig. 6. Good agreement is observed
between the values obtained from XANES and CT at 800°C in air,
validating the analysis and the quantification of the oxidation states
deduced from the absorption spectra.

The relative tetravalent fraction of Tb in CegTby,0,_5, as de-
termined by CT at 700, 800, and 900°C, is compared to that of
TbO,_; *® at the same temperatures and Po, range (Fig. 7). The
tetravalent fraction of Tb decreases much faster with decreasing Po,
in Ce(gTby,0,_s than in TbO,_g at all temperatures. This is in ac-
cordance with the speculated facilitated reduction of Tb in the lattice
of ceria for reasons of minimization of the lattice strain energy.

Thermal and chemical expansion.— The strain, AL/L;, and
TEC, a = d(AL/Ly)/dT, measured upon cooling specimens of the

Ce,,Tb,,0,, 700°C
05 — — Ce,,Tb,,0,, 800°C
: - - - Ce,,Tb,,0,, 900°C
o TbO,, 700°C
0.4+ O TbO,, 800°C
S TbO, . 900 °C 5
l_ 25 [m] 2
= 0.31 o4
£ A
<
0
E 02 L
0.1 ) .-
T T
-4 2 0
Iog(POZ [bar])

Figure 7. Comparison of tetravalent fraction of Tb in TbO,_s and
Ce3Tby,0,_5 at 700, 800, and 900°C as a function of Po,.
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Figure 8. (a) Strain and (b) TEC as a function of temperature in air.

various compositions from 1000°C to room temperature are pre-
sented in Fig. 8a and b, respectively. Apart from Ce, ¢Gdg 0 95, all
compositions demonstrate a nonlinear strain behavior with an inflec-
tion point at around 650°C (i.e., a maximum in the TEC, Fig. 8b).
This highly nonlinear behavior is attributed to the contribution of
thermally induced chemical strain arising from the changing oxygen
nonstoichiometry with temperature in air.

The maximum TEC value increases with increasing concentra-
tion of Pr, reaching a value of 40 X 107% K~! for Ceo_qPro_zOz_B,
which agrees with a reported value of ~36 X 1070 K=1.'® The ob-
served peak becomes sharper with an increasing relative concentra-
tion of Pr. Both observations are related to the larger dd/dT| Py, =const

2

slope of the Pr-rich compositions (Fig. 2) in air, which leads to a
faster increase in chemical strain. The integrated TEC increases with
an increasing concentration of Pr from 18.2 X 107° to 22.7
X 107 K~! in the temperature range of 100-950°C (Table III).

Table III. Integrated thermal expansion and chemical expansion
coefficients.

ay, (100-950°C) gM [
[Pr] = 0.20 — [Tb] (X107 K1) (mol™") (mol™")
0.20 227 0.084 0.108
0.15 225 0.069 0.105
0.10 21.0 0.071 —
0.05 18.9 0.068 0.096
0.00 18.2 0.090 0.092
CGO10 125 — —

0.024

0.0211
o
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| s E
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Figure 9. (a) Chemical strain as a function of oxygen nonstoichiometry for
Ce gPry,0,_5 at 800°C and (b) chemical expansion coefficients due to re-
duction of Pr/Tb and of Ce as a function of Pr concentration. The dashed
lines are a guide for the eyes.

The chemical strain of Ce(gPry,0,_5 is shown in Fig. 9a as a
function of oxygen nonstoichiometry at 800°C. The slope of
(AL/Ly)(3) with respect to § yields the chemical expansion coeffi-
cient, B,. As can be seen in Fig. 9a, the slope changes at & = 0.1.
The value of B¢ for 8 < 0.1 corresponds to the chemical expansion
coefficient resulting from the reduction of the dopants, whereas the
value of 3, for 8 > 0.1 is related to the reduction of Ce. The chemi-
cal expansion coefficients related to the reduction of the dopants and
Ce determined at 800°C are plotted in Fig. 9b as a function of the
concentration of Pr. The continuous line corresponds to the value of
Vegard’s slope, estimated from Kim’s empirical relation’® using the
ionic radii given in Table II. Although the determined values of BE/I
are very similar to the estimated values of Vegard’s slope, BISV[ is
observed to acquire lower values for the co-doped compositions,
whereas Vegard’s slope predicts a slow linear decrease in BJSVI with
increasing Pr concentration. This is probably related to the enhanced
flexibility of the co-doped compositions to adjust their redox prop-
erties to minimize the lattice strain, as concluded from the XANES
results. The chemical expansion coefficient related to the reduction
of Ce, Bsce, is slightly larger than the one related to the reduction of
the dopants and linearly increases with increasing Pr concentration.
Values of the chemical expansion coefficients are listed in Table III.

Having determined the value of the chemical expansion coeffi-
cient related to the reduction of the dopants, BL‘A, the chemical strain
induced upon changing the temperature in air can be estimated from
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Figure 10. Deconvolution of (a) total strain upon temperature change and
(b) TEC into their chemical and thermal components.

(B5) n=p-am [9]
LO chem

The temperature dependence of the oxygen nonstoichiometry in air
can be estimated from the thermodynamic parameters obtained from
the fit of the 8(log Pp,) data with the 3-linear solution model. The
deconvolution of the total strain, induced on Ce(gPry,0,_5 upon
heating from room temperature to 1000°C in air, into its chemical
and thermal components is shown in Fig. 10a. The thermal compo-
nent is simply obtained by subtracting the chemical component from
the measured total strain.

Differentiation with respect to temperature yields the chemical
and thermal contributions to the TEC. These are shown in Fig. 10b.
Values of a,, determined both during heating and cooling are pre-
sented and are almost identical. This indicates that the specimen was
always close to equilibrium during the heating and cooling ramps.
The temperature at which the maximum in ag, is estimated
matches very well with the temperature where the maximum in a,,
is observed. It can also be seen that the shape of a,.,, matches very
well with the shape of the peak of a,. These are clear indications
that the nonlinear behavior of the TEC originates from thermally
induced chemical strain. @y, increases from ~11 X 107 K~! at
low temperatures to ~16 X 107 K~! at high temperatures, with a
sharp increase observed at the region where the reduction of Pr
proceeds at a fast rate. The increase in @y, should therefore be
primarily attributed to the decreasing metal-oxygen bond strength
upon reduction of the dopants. An increase in the value of the TEC
is generally observed in rare-earth-doped cerias upon increasing the
dopant content or ionic radius.*>! The TEC of CeO, has been re-
ported to increase from 11.7 X 107® K~! for the undoped composi-

tion to 15.0 X 107 and 16.4 X 107% K~! for the 20 atom % La-
and Bi-doped compounds, respectively,5 253 4 similar change in mag-
nitude to that observed here.

Conclusion

The oxygen nonstoichiometry of CeqgPr,Tby,_Os_5 (x
=0, 0.05, 0.10, 0.15, 0.20) was measured as a function of Po, at
temperatures between 600 and 900°C by CT and TG. A nonideal
solution model allowing for a linear 8 dependence of the partial
molar enthalpy for the reduction of the dopants could successfully
account for the measured 3(log Poz) data. In the fully oxidized
state, Tb is more readily reduced in the lattice of ceria than Pr. The
partial molar enthalpy for the reduction of the dopants decreases
with increasing oxygen nonstoichiometry for the Pr-rich composi-
tions, resulting in an easier release of oxygen from the lattice,
whereas it remains unaffected for the Tb-rich compositions.

The valence states of Ce, Pr, and Tb in Ce gPr, Tb,,_,0,_s solid
solutions, quenched from 800°C in air, were determined by XANES
at the L3 edge of each element. The oxidation state of Pr and Tb
depended on the relative amount of the two dopants. The tetravalent
fraction of Tb increased with increasing relative concentration of Pr,
whereas the tetravalent fraction of Pr decreased with increasing rela-
tive concentration of Tb. This behavior is attributed to the minimi-
zation of the lattice strain energy, as further supported by reported
results. The overall tetravalent dopant fraction determined from
XANES remained approximately constant for all compositions and
agreed with values determined by CT at 800°C in air.

The thermal and chemical expansion coefficients have been de-
termined from dilatometry measurements. A strong nonlinear behav-
ior was observed in the TEC, which originates from chemical strain
due to increasing oxygen nonstoichiometry with increasing tempera-
ture. The co-doped materials show a smaller chemical strain on re-
duction than the end members, Ce,gTb,,0,_5 and Ceg gPrj,0,_s.
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