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Defect Chemistry of Singly and Doubly Doped Ceria: Correlation
between Ion Transport and Energetics**
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Abstract: Earlier studies have shown a strong correlation
between the enthalpy of formation, AH;,, and the ionic
conductivity, o, near room temperature in doped ceria systems,
which are promising solid electrolytes for intermediate-temper-
ature solid oxide fuel cells (IT-SOFCs). The present work
demonstrates that this correlation holds at the operating
temperature of IT-SOFCs, 600-700°C. Solid solutions of
Celfodx0270,5x’ Celfxsmx0270.5x! and CelfxsmOJXNdO.SxOZfO.jx
are studied. The AH,,, at 702°C is determined by considering
the excess heat content between 25 and 702°C combined with
the value of AH,,, at 25°C. Both o; and AH,,, show maxima at
x=0.15 and 0.20 for the singly and doubly doped ceria,
respectively, suggesting that the number of mobile oxygen
vacancies in these solid solutions reaches a maximum near
those compositions. An increase in temperature results in
a shift of the maximum in both AH,,, and o; towards higher
concentrations. This shift results from a gradual increase in
dissociation of the defect associates.

R are earth (RE) doped ceria is one of the most extensively
studied solid electrolytes for intermediate-temperature solid
oxide fuel cells (IT-SOFCs)!! because of superior oxygen ion
conductivity, g, at relatively low temperatures (500-700°C)."!
As relatively abundant and accessible rare-earth elements,”!
cerium, neodymium, and samarium could yet emerge as the
basis for financially feasible electrolytes for IT-SOFC appli-
cations. Oxygen ion conduction in such solid solutions
involves thermally activated hopping of O®" via oxygen
vacancies (V*") in the crystal lattice at a rate that depends
primarily on the concentration and mobility of the V,*" sites.
While the stoichiometric number of V,>* sites in trivalent
doped ceria increases linearly with dopant concentration, c,
because of charge compensation, the mobility of the Vy>" is
governed by a complex potential energy landscape (PEL),

[*] Dr.S. Buyukkilic, Prof. S. Kim, Prof. A. Navrotsky
Department of Chemical Engineering and Materials Science
University of California
Davis, CA 95616 (USA)

E-mail: chmkim@ucdavis.edu
anavrotsky@ucdavis.edu
Dr. S. Buyukkilic, Prof. A. Navrotsky
Peter A. Rock Thermochemistry Laboratory and NEAT ORU
University of California
Davis, CA 95616 (USA)

[**] We thank Tien Tran Roehling for the SPS experiments and Seong
Kim for technical support with the impedance measurements. This
work was supported by the U.S. Department of Energy, Office of
Basic Energy Sciences (03ER46053).

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201404618.

Angew. Chem. Int. Ed. 2014, 53, 9517-9521

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

which varies with temperature as well as with the ¢, value that
is provided by the host lattice.”! Therefore, the o; of RE-
doped ceria does not increase linearly with the number of
V" sites introduced by doping, but shows common charac-
teristics that can be summarized as follows: 1) o; presents
a maximum with increasing c4; 2) the activation energy, E,, of
o; increases with ¢g; and 3) E, at sufficiently high temper-
atures is lower than that at sufficiently low temperatures, and
the critical temperature near which the transition in E, occurs
increases with ¢,. These characteristics are generally indica-
tive of substantial interactions between the charged defects,
which become more pronounced at higher ¢; and lower
temperature, leading to the formation of various types of
defect “associates”, which induce substantial modification of
the PEL. The E, then increases accordingly, and ¢;
decreases.”) Therefore, the E, has been considered as
a primary parameter that measures the defect interactions
in O* -conducting solid electrolytes.

It has recently been demonstrated that information about
the defect interactions in oxide solid solutions can also be
obtained by measuring their formation enthalpy from the
oxides, AH,,, as a function of ¢, For instance, the
endothermic AH,,, of CeO,~REO,s" at room temperature
shows a maximum with increasing c,.[” The initial increase in
AH;,, to more endothermic values with increasing c, is
attributed to lattice strain and local site distortion caused by
the size mismatch between the host and dopant cations,
whereas the defect interactions that occur at higher ¢y
stabilize the solid solution, leading to the decrease to less
endothermic AH;,, values. These results imply that a unique
correlation may exist between macroscopic V,>" dynamics in
the oxide solid solution and the thermodynamic parameters
of the solid-solution formation. Indeed, Avila-Paredes et al.!¥!
have shown that a pronounced maximum in AH;, for
lanthanum- and gadolinium-doped CeO, determined at
room temperature appears at or near the ¢, associated with
maximum o; (namely the critical dopant concentration, c,*)
measured at relatively low temperatures. A similar correla-
tion has also been observed in RE-doped thoria systems.”

Although these results strongly suggest a correlation
between o; and the energetics near room temperature,® " the
existence of a similar correlation at higher temperatures has
not yet been confirmed. This information would be more
relevant to the application of such systems. Herein, we report
a correlation between the o; and AH,,, values of ceria doped
with Nd** (Ce,_Nd,0,_ys5, xNDC), Sm*" (Ce,_.Sm,0,_g5,,
xSDC), and co-doped with both cations
(Ce_Smy5,Ndy 5,0, g5, XSNDC) near 700°C, which is rep-
resentative of the IT-SOFC operating temperature. The AH;,
values at 702°C, AH;,,""’°, were determined as a function of
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cq by measuring the excess heat content between 25 and
702°C, AJ% SH,,, by transposed temperature drop calorim-
etry combined with AH;,, at room temperature, which was
previously reported.'”’ As demonstrated below, the correla-
tion is maintained at temperatures as high as 700°C such that
the information about the ¢,* values under IT-SOFC operat-
ing conditions can be obtained from the AH;,, values of the
solid solutions and vice versa. The calorimetric data can
further be used to directly obtain defect clustering energetics
at both high and low temperatures.

Samples were synthesized by co-precipitation methods.
Powder X-ray diffraction (XRD) patterns (see the Supporting
Information) of xXNDC, xSDC, and xSNDC solid solutions
with x=0.05-0.30 at room temperature confirmed the
formation of single-phase cubic fluorite materials. The lattice
constants of the samples determined by whole-pattern
Rietveld refinement are listed in Table 1. They increase
linearly with increasing c, (Vegard’s law)!"!! and are consistent
with the ionic radii of Ce** (0.97 A), Nd** (1.109 A), and Sm**
(1.079 A)."”l A possible reduction in the oxidation state of
cerium to Ce*" during synthesis or consolidation would result
in a positive deviation from the linear behavior because of the
substantial difference in ionic radius between Ce**
(1.143 A)™ and Ce** (0.97 A), leading to lattice distor-
tions.” The absence of such a behavior and the very light
yellow color of all samples confirm that cerium in the NDC,
SDC, and SNDC samples is fully oxidized to Ce*", which is in

[10]

Table 1: Results of electron microprobe analyses, enthalpy of formation (AH,,) at 25°C, enthalpy of
formation (AH;,,) at 702°C, heat content (A} “H) from transposed temperature drop calorimetry
between 25 and 702 °C, lattice parameters, for the xSDC and xNDC cubic fluorite solid solutions and the

end-members CeO,, SmO, 5, and NdO, ;.

good agreement with previous studies.* All of the ceria solid
solutions used for both calorimetry and impedance spectros-
copy measurements were shown to be chemically homoge-
nous by electron microprobe analysis, and no additional
impurity phases were detected by backscattered electron
images and X-ray dot maps, which is consistent with the XRD
results. The compositions of the solid solutions determined by
microprobe analysis agree well with the nominal composi-
tions as shown in Table 1.

Figure 1 shows the Arrhenius plots of ¢; of NDC, SDC,
and SNDC with different c,. The densities of the pellets of
Ce,_,LnO, 45, (Ln=Nd, Sm and x=0.05, 0.10, 0.15, 0.20,
and 0.25) used for the impedance measurements were above
94% of the theoretical densities (see Table 2 for details). As
O*" conduction in ceria is a thermally activated process, o;
increases exponentially with temperature according to the
relation:

0
¢ E

o i _ A 1

o Texp( kBT) 1)

where T, o?, and kg are the absolute temperature, the pre-
exponential factor, and the Boltzmann constant, respectively.
In general, E, is considered to be the sum of the enthalpy of
migration for V?*, AH,,, and that of defect association (AH,).
The former represents the energy required for long-range
hopping of V,*" randomly distributed in the PEL of
“undoped” ceria (ca. 0.6eV),[
and the latter concerns the extra
energy needed to dissociate V"
from the defect associates, which
may also include modulation of the
PEL through elastic deformation of

Sample Actual com- AH, ' (25°C) AHq,, (702°C) A2 EH Lattice parame-  the lattice. The E, values deter-
position®! (x [k mol™} [ mol™} (kg mol " ters [Al mined from the slopes of the Arrhe-
CeO, 0 47.9840.07 nius plots for NDC, SDC, and
SmO; 5 1 42.66+£0.32 SNDC over relatively low (150-
NdO, ! 43.34:£024 400°C) and high (400-650°C) tem-
55DC 0.048+0.001 9074117 8014122 46664034 54171400002 Perature ranges are listed in
10SDC 0.092 £ 0.002 5764130 8634138  5036+045 54225400003 lable2. The E,values for lightly
155DC 0.152+0.003 4834105 7694111  50.03+035  5.4288+00008 doped (<10mol%) samples are
20SDC 0.191+0.001 6.18+1.02  6.80+1.09 47584037  5.4316+0.0002 very close to the AH, value of
255DC 0.245+0.003 536+£1.19 6304121  47.62+£020  5.4389+0.0005 about 0.6 eV (58 kJ mol ), suggest-
30SDC 0.294 +0.003 5224116 6084117  47.284009 54437400006 ing that the vast majority of the
Vo2 sites in these solid solutions
5NDC 0.046 £ 0.001 8954130 8074140  4691+£052 54210400003 O domly distributed and freely
10NDC 0.097 £ 0.002 7.62+1.74  879+176  48.75+027  5.4304+0.0002 ane
15NDC 0.132+0.003 6.294+1.12 8.094+1.25 49.24+0.55 54377400004 Mobile in the temperature range of
20NDC 0.189+0.001 483+£1.08 754110 49524022  5.4474+00002 interest. This is to be expected as
25NDC 0.240+0.003 503+£1.14  6.34+1.15  4830+0.14  54558+0.0003 any defect associates must dissoci-
30NDC 0.302+0.003 4734126 5294127 47294011  5.4665+£0.0002 ate as an infinite dilution is
approached. Upon further doping
5SNDC 0.052£0.001 4294138 31754138 46616008 54184700001 (0 10100) F. increases rapidly
10SNDC 0.101 +0.001 6.13+£1.06  508+£1.07  46.46=0.11  5.42599-£0.0003 R
15SNDC 015340004 4304008 5841099 48794015 543320100002 “ith a (see Table2), indicating the
20SNDC 0.201 +0.001 3214127 6094129  49.91+023 5.44057+00006 cXistence of defect associates at
25SNDC 0.251+0.001 4124125 5394126  48.06+0.09 5.447814+0.0003 higher ¢4, which trap V,'" even at
30SNDC 0.297 40.002 3.26+£0.87 3.89+0.91 47.20+£0.25  5.45376+0.0002 relatively high temperatures. It

[a] Measured by wavelength dispersive spectroscopy (WDS). [b] AJ2 “H= [57¢

97SKC

»mdT. Uncertainty:

two standard deviations of the mean. [c] Lattice parameters of the solid solutions are determined by

powder XRD least-squares analysis.
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should be noted that in heavily
doped ceria, E, is always higher
than AH,, even at very high temper-
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Temperature (°C) the lattice strain energy arising from vacancy formation as
2 20070 600 st0 400 3% 2% well as the mismatch between host and dopant cation size. At
1] ik 25NDC higher ¢4, AH;,, of the solid solutions becomes increasingly
) e less endothermic owing to the formation of various types of
o1 ~NgF- 10NDC defect associates.”'®! The contribution of defect association to
-1 -4~ 5NDC AH;, must be exothermic as the association results in
2] a negative change in configurational entropy. Figure 2 also
N includes the bulk ionic resistivity, p; (= 1/0;), of NDC, SDC,
and SNDC measured at 650 °C. (The resistance of the samples
% above this temperature is too small for accurate measure-
2.5 ments within instrumental capabilities.) The p; of all solid
%‘g 14 - 255DC solutions shows a minimum (maximum conductivity) with
'§‘TE 0] b 4 fgggg increasing ¢y, which is consistent with previous results for
22 similar RE-doped ceria solid solutions.”®'! The minimum
3 = . ionic resistivity, p; ni, (i.€., Oimax), at 650°C appears at x =0.15
2 3 21 for NDC and SDC and at x=0.20 for SNDC and gradually
i ‘:; -3 1 moves to lower ¢, values with decreasing temperature (e.g., at
a2 4] 150°C, p; min appears at x =0.05, 0.10, and 0.20 for NDC, SDC,
) and SNDC, respectively). Apparently, the ¢, corresponding to
' F— the maximum AH[%  reasonably coincides with ¢,* (¢, yields
1 -4~ 20SNDC Pimin) at 650°C. It is thus evident that the strong correlation
01 = }‘;’iﬁgg between o; and AH; , previously reported for RE-doped ceria
A 2 5SNDC near room temperature is maintained at the higher temper-

5 ... atures where IT-SOFCs are operated.
.}""““l; This correlation also manifests itself in Figure 3 in which
] ; ' the enthalpies of defect association at 702°C (AH!™'C)
41 ’ calculated from the calorimetric data and the effective AH,

. r . . . r determined from impedance measurements at 400-650°C are
0 12 14 16 18 20 22 ¥ . 102°C .
Temperature, 1000/T (K™') directly compared. The AH, was estimated from the
) , o o difference between the enthalpy of mixing at 702°C, AH% ',
Figure 1. Arrhenius plot for the bulk ionic conductivities of . .
and the corresponding curves from the regular solution model
Ce,_,Nd,0,_¢s, (NDC), Ce;_,Sm,0, s, (SDC), and . 702°C
Ce;_,Smo5,Ndo 5,0, 05, (SNDC; 0.05 <x<0.25). (.1.6., AHp ™ = Qapecx - (1= x) for .IOW dOPant concentra-
tions (x <0.10), where Q¢ is the interaction parameter).
These calculations are analogous to those done for room

temperature in our prior paper!’! (for details, see the

atures as complete dissociation of
Vo> may never occur before melt- Table 2: Relative densities, activation energies (E,) between 150 and 400°C and 400 and 650°C from
. . impedance analyses, association enthalpy (AH,) at 702°C from calorimetric analyses, and association
ing [e.g., AH, of 25NDC is ca. '"P¢ V3€5, py (AH, '
0 3%6[\/ g(:”)() kJIilOl’l) as shown in enthalpy (AH,) between 400 and 650°C from impedance analyses for xXSDC, xNDC, and xSNDC.

. wn 1

Table 2, which is equal to the ther- Sample  Relative density [%] E, (T<400°C) E, (T>400°C) ~AH, (702°C) AH, (400-650°C)

mal energy, kg7, at ca. 3200°C]. [k mol ] [k mol ] [k mol ] [k mol ]
Figure 2 presents the AH[ ¢ 5SDC 97.0+£0.1 6436029  63.97+£0.68 —0.04+1.23 5.11+0.68
determined for NDC, SDC, and 10SDC 96.5+0.1 65424029  59.92+048 —6224225 1.06+0.48
SNDC from their constituent 155PC 965404  70.34£0.19  65.90-£0.58 —15.3843.45 7.04£0.58
binary oxides at different ¢, (for 20SDC 944401  7854+0.19 75554039 —21.09+4.14 16.69£0.39
5 ; 255DC 943402  86.45+0.19  84.62£0.58 —27.454+4.95 25.76+0.58
details, see the Suppoortmg Informa-  3p5pc 32274555
tion). The AH{;,“ values are snDC 95.64+0.1  62.04+0.19  60.59+0.48 —0.13£1.43 1.834£0.48
slightly endothermic regardless of 10NDC 96.9+0.1 66.96+0.19  64.07+£0.29 —7.46+2.80 5.31+0.29
¢ Upon initial increase in ¢, 15NDC 97.84£0.1  70.924£0.19  68.12£0.39 —13.2943.67 9.26+0.39
AH!C becomes more endother- 20NDC 99.6+0.2  75.844+029  74.87+£0.39 —21.724+4.91 16.02£0.39
mic to reach a maximum at approx-  23NDC 99.74+02  86.93+039  83.94+0.58 —2829+5.83 25.0940.58
. 30NDC —352746.73
imately x=0.10, 0.10, and 0.20 for ¢\ e 943+02  60.50+0.68  60.01+£0.68  0.00+1.38 2.12+0.68
NDC, SDC, and SNDC, respec- 1g9snpC 96.6£02 6657096  64.45+£1.25 —0.71+2.48 6.56+1.25
tively, and then becomes less endo-  155NDC 98.9+0.2  72.85+039  64.36+0.77 —2.74+3.58 6.46+0.77
thermic with a further increase incq.  20SNDC 97.6+0.2 77.09+0.87  71.50+£0.68 —4.82+4.44 13.60+0.68
As previously reported’m in dilute 25SNDC 97.7+0.2 84.524+0.68 74.97+£1.74 —7.74+£5.19 17.08£1.74
30SNDC —11.1545.77

ceria solid solutions, the endother-
mic AH;,, is largely attributed to [a] Uncertainty: two standard deviations of the mean.

Angew. Chem. Int. Ed. 2014, 53, 9517-9521 © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 9519


http://www.angewandte.org

Angewandte

9520

Communications

t70
60
4 i ..................... *

- + o
30

+70
60
+ 150
+40
S 130

-

Resistivity (ohm cm)

70
60
50
40
30

-
o

Enthalpy of Formation (kJ mol™)

8
6
4
2
0
0.

00 0.05 0.10 0.15 0.20 0.25 0.30
Dopant Concentration (x)

Figure 2. Enthalpies of formation at 702°C (@) from end members of
CeO,, SmO, 5, and NdO, 5 and ionic resistivity at 650°C (m) of NDC
(top), SDC (middle), and SNDC (bottom) with respect to dopant
concentration. Shaded areas represent the maximum and minimum
value regions of the enthalpy of formation and the resistivity, respec-
tively. Dotted lines connecting data points are visual aids.
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Figure 3. Enthalpies of defect association for NDC, SDC, and SNDC at
702°C (@) from calorimetric analyses and the corresponding associa-
tion energies between 400 and 650°C (0) from impedance analyses as
a function of dopant concentration. Dotted lines connecting data
points are only a visual guide.

Supporting Information). The negative (stabilizing) deviation
from the regular solution behavior at higher ¢, is due to the
formation of the defect associates. The effective AH, is taken
as the difference between E, and AH, of 0.6eV (ca.
58 kJmol ™). The values of both association enthalpies and
their dependence on c¢; for the singly doped ceria solid
solutions are in excellent agreement, especially considering
that these parameters were determined independently. This is
also true for the doubly-doped sample although the AH,

www.angewandte.org
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values are somewhat higher than the corresponding AH"¢
values at x=0.20 and above. Nonetheless, these results
unambiguously confirm that o; and AH[,. © are strongly
correlated with one another at higher temperatures.

It is worth noting that the energetics of formation of the
doubly doped ceria differ from those of the singly doped
counterparts, both at room temperature and at 702°C. Upon
an increase in temperature from 25 to 702°C, the maximum
AH;,, value for SNDC shifts from x=0.10 to x=0.20,
whereas the shift occurs from x=0.05 to x=0.10 with
a slight destabilization in maximum AH;, for both NDC
and SDC. The shift in the greatest energetic destabilization to
higher ¢, in SNDC compared to that of NDC and SNDC
implies a greater dissociation of defect associates with
increasing temperature in the doubly doped system, which
is consistent with the less exothermic enthalpy of association
seen at both ambient and high temperature.

To understand the energetics of dissociation, the AJ2 € H,
values (Figure 4) were also calculated for both singly and
doubly doped systems. A2 “H,, is the deviation of the heat
content of a solid solution from the stoichiometric sum of the
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Figure 4. Excess heat contents of NDC, SDC, and SNDC

(0.05 <x<0.30) from room temperature to 702°C. AJ® “H, with
respect to dopant concentration. The arrows mark the critical dopant
concentrations that yield the maximum defect disordering near 700°C
for a given solid solution.

heat contents of its binary oxides between room temperature
and 702 °C. The most positive AZ?E;CH s occurs in the same ¢y
range where the pronounced shift in ¢;* occurs. This indicates
that defect clusters dissociate to some extent between room
temperature and 702°C. As defect dissociation is thermally
activated, it is energetically unfavorable, yet entropically
favorable; consequently the degree of associate formation
diminishes with increasing temperature, with the most
positive AJ2 CH,, at x=0.15 to 0.20. Furthermore, A2 “H,,
diminishes to very slightly endothermic values at high
cq values, which further supports significant dissociation of
defect associates at intermediate ¢, (0.10 <x < 0.20).

For the first time, the correlations between energetics and
o; of singly and doubly doped ceria with neodymia and

Angew. Chem. Int. Ed. 2014, 53, 9517-9521
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samaria at high temperatures have been confirmed using
a combination of transposed temperature drop calorimetry
and impedance spectroscopy. The maximum AH;, values
coincide with o;,,, at molar dopant fractions of 0.10, 0.15,
and 020 in Ce_,Nd,O, s, Ce;_,SmO, (s, and
Ce,_,Sm(5Nd, 5,0, s, respectively. This result demonstrates
that calorimetric studies can provide a definitive understand-
ing of the energetics of SOFC electrolytes and assist in
tailoring such electrolytes to achieve optimum o; ,,, values.
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