
Journal Identification = JECS Article Identification = 8326 Date: July 15, 2011 Time: 2:36 am

A

U
r
e
t
l
a
c
©

K

1

s
b
t
i
s
i
o
<
c
d

O

w
c
m

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 31 (2011) 2351–2356

Chemical expansion of nonstoichiometric Pr0.1Ce0.9O2−δ: Correlation with
defect equilibrium model

Sean R. Bishop a,∗, Harry L. Tuller a, Yener Kuru a,b, Bilge Yildiz b

a Department of Materials Science and Engineering, Massachusetts Institute of Technology, 77 Massachusetts Ave #13-3126, Cambridge, MA 02139, USA
b Department of Nuclear Science and Engineering, Massachusetts Institute of Technology, 77 Massachusetts Ave #24-210, Cambridge, MA 02139, USA

Received 24 March 2011; accepted 22 May 2011

bstract

ndoped and acceptor doped cerium dioxide is known to exhibit non-stoichiometry induced chemical expansion at elevated temperatures and
educing environments with impact on the mechanical integrity of solid oxide fuel cells and permeation membranes. In this paper, the chemical
xpansion of Pr0.1Ce0.9O2−δ is measured and analyzed with respect to its defect equilibria and the chemical coefficient of expansion, analogous to
hermal coefficient of expansion, is extracted. The addition of Pr to CeO2 leads to major deviations from stoichiometry, and correspondingly to

arge chemical expansions, under readily accessible experimental conditions (e.g. in air at elevated temperatures). Pr0.1Ce0.9O2−δ, therefore, serves
s a model system for studying chemical expansion in ceria-based solid solutions in order to predict the conditions in which they exhibit suppressed
hemical expansion.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Cerium dioxide crystallizes in the fluorite structure, and like
tabilized zirconia, can accommodate a high oxygen deficiency
y the substitution of lower valent elements on the cation sublat-
ice, e.g. Gd′

Ce.  This leads to the high oxygen ion conductivities
n Gd doped ceria (GDC) and its interest as a solid electrolyte in
olid oxide fuel cells (SOFCs).1 At the same time, ceria, CeO2,
s also well known to release significant levels of oxygen at low
xygen partial pressures (PO2 ) and elevated temperatures (e.g.
∼10−15 atm O2 at 800 ◦C) leading to mixed ionic electronic
onductivity (MIEC). This can be described by the following
efect reaction, written in Kröger–Vink notation.2

×
O ↔  V

••
O +  2e′ + 1

2
O2(g) (1)

••

here O×

O, VO , and e′ are oxide ions in the lattice, doubly
harged oxygen vacancies, and electrons in the conduction band
ade up of Ce 4f energy states, respectively.3 The electrons
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hemomechanics

ormed during reduction are often treated as being localized on
erium, thereby converting Ce4+ to Ce3+ ions. This is consistent
ith the demonstration that electrons in ceria can be described

s small polarons, i.e. they move through the lattice via a ther-
ally activated hopping process.4 Perhaps less appreciated is

hat, associated with the loss of oxygen, a significant dilation in
he crystalline lattice occurs upon reduction.5–7 This can lead
o a major build-up of stresses in SOFC and oxygen perme-
tion membrane structures and, if not properly compensated
or, lead ultimately to device failure.8–10 In this study, the cor-
elation between thermally and chemically induced changes in
attice parameter and the oxygen nonstoichiometry (δ) in the
olid solution Pr0.1Ce0.9O2−δ (PCO) is investigated. PCO serves
s a model system for such studies since there are experimen-
al regimes, on the one hand, at reduced PO2 for which Pr acts
n a similar fashion to Gd, as a fixed valent dopant, with lit-
le change in the oxygen vacancy concentration with changes
n temperature and PO2 , and on the other hand, under oxidizing
onditions for which the oxygen vacancy concentration becomes
trongly dependent on temperature and PO . This leads to an
2

bserved 2–3 times increase in the thermal expansion coef-
cient due to oxygen loss upon heating.11–13 Additionally, at
igh PO2 and sufficiently high Pr concentration (including the

dx.doi.org/10.1016/j.jeurceramsoc.2011.05.034
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evel studied here), PCO exhibits mixed ionic electronic con-
uctivity (MIEC), a characteristic of high performance SOFC
athode materials.14–16 This has led to the study of PCO as an
OFC cathode and oxygen permeation membrane, thus requir-

ng characterization of its chemical expansion among other
hermochemical properties.17,18

Upon the substitution of Ce by Pr in PCO, the loss of oxygen
i.e. increased δ) from the lattice upon heating and/or exposure
o reducing conditions, initiates at much higher PO2 than in
ndoped ceria. This reaction, resulting from the reduction of
r, may be described by:

×
O +  2PrxCe ↔  V

••
O +  2Pr′Ce + 1

2
O2(g) (2)

here PrxCe and Pr′Ce are Pr4+ and Pr3+ ions substituting on Ce
on sites, respectively. When Eq. (2) dominates defect generation
for PO2 >  10−18 atm O2 at 700 ◦C), charge neutrality requires
hat:

Pr′Ce] ≈  2[V
••
O ] (3)

As mentioned earlier, undoped and ceria doped with fixed
alent acceptor dopants (e.g. Gd3+) are reported to exhibit lat-
ice dilation with increasing δ, termed chemical  expansion. The
hemical expansion is believed to originate from the increase
n radius of cations upon reduction and/or electrostatic consid-
rations upon removal of oxygen, both mechanisms occurring
imultaneously (Eq. (3) for PCO), and is not specific to ceria or
uorites, occurring also, for example, in transition metal systems
or high temperature SOFCs to low temperature superconductor
aterials.19,20

Analogous to the thermal coefficient of expansion, a chem-
cal coefficient of expansion (αC) can be defined through the
ollowing equation.

C =  αC(δ  −  δref) (4)

here εC is the chemical expansion induced by non-
toichiometry δ relative to a reference δref. Written in terms of
, αC is unitless. It has been observed in undoped and Gd doped
eria, that αC is a decreasing function of δ  (but insensitive to
emperature) and this is believed to be the result of defect inter-
ctions leading to clusters or complexes of defects at high δ.5,6

n recent thermodynamic and electrical modeling of PCO, such
efect complexes were found to be unnecessary or inconsistent
ith defect equilibria and conductivity measurements.14,21,22

herefore, in the present investigation of chemical expansion,
t is expected that αC will be a constant with respect to the Pr
eduction reaction (Eq. (2)).

Previous researchers have measured the thermo-chemical
xpansion of PCO, typically heating and cooling the sample
n air and observing the linear length change by dilatome-
ry or high temperature X-ray diffraction (HTXRD).13,23–25

hile these measurements show the large effect of chemical

xpansion when qualitatively compared to oxygen loss, αC was
ot derived. To the authors’ knowledge, in only one instance
as αC for PCO determined, using stoichiometry measured by

oulometric titration and thermogravimetry with length change

d
o

ε

eramic Society 31 (2011) 2351–2356

easured by dilatometry at 800 ◦C for Pr0.2Ce0.8O2−δ.12 In
his paper, we use our previously developed defect equilib-
ia model,14 experimentally verified through thermo-gravimetry
nd electrical conductivity measurements, along with dilatome-
ry and HTXRD to determine αC in Pr0.1Ce0.9O2−δ over 1 atm <

PO2 <  ∼10−16 atm from 650 to 900 ◦C and then use these
esults to model the thermo-chemical expansion.

. Material  and  methods

Sample preparation is detailed in a previous report14 with a
rief description given here. Pr and Ce nitrates were precipi-
ated using oxalic acid with the precipitate calcined at elevated
emperature (>700 ◦C) to form single phase Pr0.1Ce0.9O2−δ as
onfirmed by X-ray diffraction and wavelength dispersive spec-
roscopy. The powder was pressed into a disk that was sintered
t >1400 ◦C to yield a >95% dense specimen that was sub-
equently cut into a 10.9 mm long rectangular bar with an
pproximately 2 mm × 2 mm cross section. Samples previously
sed for both thermogravimetric analysis and conductivity mea-
urements were prepared from the same pellet.14

Dilatometry was performed on the rectangular specimen
sing a single pushrod dilatometer (Automatic recording
ilatometer; Edward Orton, Jr. Ceramic Foundation). An
ndoped ceria sample was prepared in a similar fashion and
sed as a reference in the dilatometer. The error in expansion
s estimated to be ±  0.008%. The PO2 was controlled by use
f appropriate mixtures of O2/N2 and CO/CO2 and the PO2 of
he gases was confirmed with an in situ yttria stabilized zirconia
ernst type electromotive force sensor.

. Results

The sample expansion (ε) was calculated using the formula

 = �l

lo
= p −  pref

lo
(5)

here p  is the sample position (read from the dilatometer output)
t the set temperature and PO2 , pref is a reference, or starting,
osition, and lo is the sample length at room temperature after
nnealing in air. For the magnitude of expansion measured here,
efining pref at a length other than lo results in a maximum error
f ∼1% of expansion and is similar to the inaccuracy in measur-
ng lo. There was no measurable dependence of the dilatometer

easurements on gas composition. At 900 ◦C, the dilatometer
isplayed an anomalous long term expansion, presumably from
he quartz sample holder and pushrod which was accounted for
s discussed in a previous work and not observed at any of the
ower temperatures.19

The variations in ε of the Pr0.1Ce0.9O2−δ (PCO) specimen for
arious programmed changes in temperature and atmosphere are
hown in Fig. 1 (see figure caption). Also shown is the tempera-
ure induced expansion of undoped ceria, derived from neutron

iffraction studies by Yashima et al.,26 along with their second
rder polynomial fit to the data

T =  2.64 ×  10−7�T 2 +  9.41 ×  10−4�T  +  5.32 ×  10−2 (6)
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Fig. 1. Measured expansion of Pr0.1Ce0.9O2−δ as a function of temperature and
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Fig. 3. Isothermal expansion (points) measured here and δ from cited defect
equilibria model (dotted – 650 ◦C; dashed – 900 ◦C) for Pr0.1Ce0.9O2−δ plotted
against PO2 .14 Below 900 ◦C, expansion exhibits a plateau at low PO2 where
δ

s

t
t
l
t
t
t
t
o
t
s
o

tmosphere. Numbered regions are described in the article text. Square points
epresent expansion of undoped ceria from reference26 shown with a second
rder polynomial fit given by Eq. (6).

The purpose of Fig. 1 is to introduce the thermo-chemical
xpansion measurement to the reader with indication of impor-
ant features discussed throughout this article. At ∼550 ◦C, there
s a clear positive deviation of ε  for PCO from undoped ceria
pon heating in air ((1), in the figure) and, as explained below,
his deviation is due to the reduction of Pr and the formation of
xygen vacancies (Eq. (2)). At (3) and (4) in Fig. 1, the PO2 was
aried isothermally in order to isolate chemical expansion from
hermal expansion. Fig. 2 shows the isothermal chemical expan-
ion measured at 650 ◦C corresponding to (4) in Fig. 1. During
his part of the measurement, the sample reversibly expands fol-
owing a decrease in PO2 and contracts following an increase in
O2 . The equilibrium expansion at each PO2 , along with δ, pre-
icted using our previously developed defect equilibria model,

s plotted in Fig. 3. At each temperature (except for 900 ◦C), ε

eaches a plateau value as PO2 drops below ∼10−9 atm. The same
henomenon has been observed for both the electrical conduc-

ig. 2. Isothermal chemical expansion of Pr0.1Ce0.9O2−δ at 650 ◦C ((4) in Fig.
) corresponding to the step changes in PO2 . The dashed lines indicate the PO2

nd sample dimension for air, showing reversibility of sample.
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 ≈ 0.05, the defined sample reference position (pref). Error in expansion is
imilar to size of data points.

ivity and oxygen non-stoichiometry in PCO, and is attributed to
he condition at which all of the Pr has been reduced to the triva-
ent state, leading to a fixed oxygen deficiency corresponding
o δ  ≈  0.05 in Pr0.1Ce0.9O2−δ.14 This plateau was thus chosen
o serve as pref for each temperature and so the percent con-
raction of each sample with increase in PO2 is then referenced
o the same δ. In order to determine pref at 900 ◦C, our previ-
usly developed defect chemistry model was used to calculate
he PO2 at which δ  ≈  0.05.14 For this temperature, the sample
hows expansion beyond the plateau at low PO2 due to the onset
f Ce reduction to the trivalent state (Eq. (1)).

After performing the isothermal expansion, (4) in Fig. 1, the
ample was heated and then cooled to room temperature, (5),
n ∼2% CO/CO2 which corresponds to approximately the low-
st PO2 for which the plateau region (δ  ≈  0.05) is reached in
ig. 3. Under these conditions, nearly no changes in stoichiom-
try should occur and so, mostly thermal expansion is observed.
ndeed this is consistent with the fact that expansion during (5)
s much less than in (1) at temperatures above 550 ◦C. At (6),
he highly reduced state, δ ≈  0.05 is frozen in so that it shows a
onger dimension (∼0.4%) than the initial condition (i.e. sample
ooled in air). Following this point, the atmosphere was changed
rom CO/CO2 to air and the specimen was heated to 100 ◦C, (7),
nd held isothermally for 15 h, resulting only in a slight contrac-
ion due to partial reoxidation. The sample was then heated to
00 ◦C and held isothermally, (8), for 70 h during which time the
ample contracted considerably from oxidation. Finally, heating
as resumed, (9), to 800 ◦C in air, after which the sample was

ooled to room temperature. The heating/cooling of (9) shows
eversible behavior and is only offset from the original heating
ycle, (1), by an initial length change that occurred at (2), pre-
umably due to shifting of the sample in the dilatometer. This

nalysis highlights the ability to induce expansion in PCO both
hermally and chemically while maintaining reversible behavior.
n the following discussion, the chemical expansion coefficient,
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Fig. 4. Isothermal expansion of PCO (Fig. 2) plotted against δ determined using
the defect chemistry model. Data sets show little dependence on temperature and
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Fig. 5. Expansion versus temperature in air, showing modeled thermal (εT),
chemical (εC), and total (εtot) expansion. Open triangles and squares are from
the present dilatometric work (ε error is similar to the size of data points), closed
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he solid line is a linear fit to all the data with chemical expansion coefficient,

C, shown. Error in expansion is similar to the size of data points.

C, is derived and used to predict the thermo-chemical expansion
f PCO.

. Discussion

Fig. 4 shows the isothermal expansion of Fig. 3 replotted
gainst δ  (with the δ  - PO2 relationship obtained from the
efect equilibria model). In the figure, each expansion data
et is observed to follow an approximate linear relationship
ith δ. Eq. (4) was fit to all the expansion data, yield-

ng εC = 0.087 ±  0.005 (uncertainty based on error in reported
xpansion), using δref = 0.05. The point at which the reduction
eaction switches from Eq. (1)–(2) (δref) is also indicated in the
gure. As mentioned in the introduction, αC was found to have

 non-linear dependence on δ  for highly reducing conditions in
ndoped and Gd doped ceria believed to be the result of defect
nteractions. Significant non-linearity is not observed here, con-
istent with the assumption of non-interacting defects, or at least,
o apparent change in the level of defect interaction. In addition,
here is little to no temperature dependence of αC, also observed
n other systems.5,19

The value of αC measured here (0.087) is less than that
eported for undoped and Gd doped ceria (0.1–0.18), but agrees
ell with values for Pr0.2Ce0.8O2−δ (0.084).6,12,27,28 Lattice
ilation, upon reduction, must derive from a superposition of
attice dimensional changes induced by the formation of oxy-
en vacancies (resulting in electrostatic repulsion of surrounding
ations and in electrostatic contraction of surrounding anions)
nd the reduction of Pr4+ to Pr3+ (resulting in an ionic radius
ncrease). The changes in crystal radii of Pr and Ce upon reduc-
ion of quadrivalent to trivalent valence in 8-fold coordination
re 15.1% (Pr) and 15.6% (Ce), respectively.29 Therefore, the
rend of smaller αC of Pr versus Ce upon reduction agrees with

he difference in crystal radius change.

Since the chemical expansion coefficient is now defined,
t becomes possible to predict the thermo-chemical expansion

t
w
E

quares are from HTXRD.30 Calculated non-stoichiometry (δ) is plotted on the
ight axis.

εtot) of PCO in air, as shown in Fig. 5 along with measure-
ents performed by dilatometry here and HTXRD from the

iterature.30 εtot in air was predicted by summing the thermal
εT from Eq. (6)) and chemical (εC) contributions of expansion
s a function of temperature at constant PO2 by the following
quation.

tot =  εT +  εC,PO2
=  αT�T  +  αC�δPO2

(7)

here the subscript PO2 denotes constant oxygen partial pres-
ure (air) and so the change in δ  is only due to temperature. The
odeled and measured data show nearly identical behavior and

he anomalous high temperature deviation from thermal expan-
ion is explained by the added contribution from the chemical
xpansion component. It is worth mentioning that the agreement
etween expansion measured by dilatometry matches that from
TXRD, showing that the chemical expansion is related pri-
arily to the change in lattice parameter and not significantly

nfluenced by interfacial volume changes or a different defect
echanism than proposed here (e.g. Schottky).31,32

The derivative of the total expansion with respect to temper-
ture (the thermo-chemical expansion coefficient, α) for heating
nd cooling of PCO in air, cooling in 2% CO/CO2 (curve (5) in
ig. 1), and the HTXRD data in air from reference30 are shown

n Fig. 6. All samples show similar α below 500 ◦C in agreement
ith pure thermal expansion. Above 500 ◦C in air, PCO shows

 large positive deviation from undoped ceria as a result of the
hemical expansion, amounting to more than a 2 fold increase
n α, at the peak. Such a large increase in α  highlights the impor-
ance of quantifying the chemical expansion for device design,
specially in composite systems typical of SOFCs.

α associated with heating PCO in air (αtot) is modeled in the
gure using the summation of the thermal expansion (αT) and
he effective chemical expansion coefficients (α∗
C). αT and α∗

C
ere derived by differentiating their respective contributions to
q. (7). The chemical expansion contribution shows a peak at the
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Fig. 6. Expansion coefficients for Pr0.1Ce0.9O2−δ as a function of temperature
with non-stoichiometry (δ) plotted on the right axis. Atmosphere conditions for
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easurements and predicted total expansion coefficient (αtot) are indicated in
arentheses. Predicted values for αT, α∗

C, and δ are for air atmosphere.

ame temperature as the inflection in δ, where the rate of oxygen
oss with increasing temperature begins to decrease, ultimately
ailing off to zero when δ  ≈0.05 (not measured or shown). As
n Fig. 5, there is generally good agreement between the data
btained by HTXRD and dilatometry in Fig. 6. Differences may
rise from small errors in temperature measurements for both
he dilatometry and XRD measurement leading to noise in the
umerical differentiation of expansion to obtain α  as well as
educed number of data points in the lattice parameter measure-
ent. It is gratifying to see that isothermally obtained αC (Fig. 4)
hen combined with thermal expansion data on undoped ceria

nd our group’s previously defined defect equilibria model for
CO, leads to such consistency in the modeling of εtot and αtot.

It has been reported that the thermal expansion coefficient of
CO appears to increase with increasing δ, though not modeled

n this work.12,30 It should be mentioned that while the expan-
ion measured by HTXRD of powder matched that of dense,
ulk sample dilatometry quite well, there are subtle differences
vident in Fig. 6. For example, in Fig. 6 if αC (and hence α∗

C)
s decreased slightly, αtot would have a better fit to the initial
ncrease in chemical expansion of the HTXRD curve, but then
n increased αT would be needed to fit the rest of the curve at
igher temperature (>750 ◦C). It is possible that there is a slight
ifference between bulk expansion and powder expansion, pre-
umably due to generation of defects at surfaces/interfaces and
emains to be studied in future work.

In order to decrease the effects of chemical expansion, PCO
ould be operated strictly in a reducing atmosphere, while at

 < 200 ◦C that atmosphere could be changed without signif-
cantly affecting stoichiometry due to “frozen-in” defects. As
entioned earlier, curve (5) in Fig. 1 and line “CO/CO2” in
ig. 6 show the expansion and expansion coefficient measured
or PCO during cooling in 2% CO/CO2. The effect of chemical

xpansion is markedly reduced since the sample remains in a
tate where δ  remains near 0.05. Taking the difference between
nitial sample position at the start of the experiment (prior to
eramic Society 31 (2011) 2351–2356 2355

1)) and sample position at point (6) in Fig. 1 and using αC
ith Eq. (4), one finds that �δ  = 0.044, showing a significant

mount of “frozen-in” defects at room temperature. Upon heat-
ng the sample in air, not until 200 ◦C (point (8)) does a large
mount of reoxidation occur with the kinetics of this oxidation
tep discussed in reference.33 Therefore, by taking advantage
f known thermodynamic equilibria, the operating conditions in
hich PCO exhibits either very large or quite small chemical

xpansion can be predicted.

. Conclusions

The non-stoichiometry dependent chemical expansion was
escribed in terms of the defect equilibria in Pr0.1Ce0.9O2−δ.
sing isothermal measurements (650–900 ◦C) in a range of oxy-
en partial pressures (10−16–1 atm), the chemical coefficient of
xpansion, αC, was derived. αC for Pr reduction agrees well
ith values derived for cerium reduction, though slightly less

n accordance with their crystal radii change upon reduction. In
ddition, αC was not found to have a significant dependence on
, indicating limited contributions from defect interactions, con-
istent with previous defect equilibria modeling assumptions.
he thermo-chemical expansion in air was modeled by utiliz-

ng the derived value for αC along with thermal expansion data
or undoped ceria. By having developed such an understand-
ng of this system, the level of expansion can be predicted and
ontrolled for given experimental conditions.
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